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Chapter 1 - Introduction

PV installations and growth toward 75 TW by 2050
Modeled cumulative capacity going forward is based on sustaining 25%
production rate growth over the next 7 years and then reducing slowly to steady
state. Replacement needs are included by simple subtraction of installations

25 years before the modeled date.

1.1. Motivation

« Rapid expansion of solar energy consumption

100 tene=O
* Need accurate, automated data extraction to 30
assist research and PV manufacturing z o
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Chapter 1 - Introduction

VDS-5144/M6H-BG

Peak Power Watts-Pvax (Wp)* 430 435 440 a5 450
Maximum Power Voltage-Vie (V) 405 4038 411 414 a7 A AR
Maximum Power Current-lu (A) 1062 1067 1071 10.75 10.80
Open Circuit Voltage-Voc (V) 487 489 491 493 495
Short Circuit Current-Isc (A) 11.20 1129 1137 1145 11.53
Module Efficiency nm (%) 19.7 200 202 204 206

P — R A B C D E F G H I J K L

STC: Irradiance 1000W/m?, moudule temperature 25°C, AM=1.5; *Measuring tolerance: +3%

silcon Sealant
Electrical characteristics with different rear side power gain (reference to 435 Wp front) Aamiste

name | year ‘Ieng‘th|width‘ E/eff |E/pmpp‘ E/vmpp | E{'impp‘ E/voc ‘ E/isc ‘EN/pmpp

B e 5-VDS 2023 2095 1039 19.7 430 40.5  '10.62 487 11.20 325.0
T -0 » e 5VvDS 2023 2095 1039 20.0 43540.8 1067 489 1129 320.0
5-vDS 2023 2095 1039 20.2 440 41.1 1071 491 1137 3330

STC: Power Bifaciality: 70£5%

5-vDS 2023 2095 1039 20.4 445 41.4  10.75 49.3  '11.45 337.0

ELECTRICAL DATA (NMOT)

300

g W N e

Maximum Power-Puax (Wp)* 325 329 333 337 341 r F v

M P Volzge e ) B2 ®s  ms  mo  ma 5-VDS 2023 2095 1039 20.6 450 41.7 10.80 49.5 11.53 341.0
Maximum Power Current-Ime (A) 8.51 8.55 8.58 8.63 8.71 . . ' . . .
Open Circuit Voltage-Voc (V) 26.0 462 464 6.6 467 oo

Short Circuit Current-Isc (A) 9.02 9.05 9.08 9.12 9.15

M N 0] P Q R S T U |
‘EN/vmpp‘ EN/impp‘ EN/voc | EN/isc ‘ T/isc ‘ T/pmpp ‘ T/voc }/pcs_pallé/pallet_con
5 38.2 '8.51 46.0 9.02 0.040 -0.34%/° -0.25%/° 35 770
U CURVES OF PV MODULE(40W) 38.5 '8.55 46.2 9.03 0.040 -0.34%/° -0.25%/° 35 770

NMOT: Irradiance 800W/m?, module temperature 20°C, AM=1.5, wind speed 1m/s

MECHANICAL DATA

Solar Cells Monocrystalline silicon 166 mm (988)

Cell Orientation 144 cells (6 x 24)

Front Glass 2.0 mm, High Transmission, AR Coated Heat Strengthened Glass. 100

|
o - 38.8 8.58 46.4 9.08 0.040 -0.34%/° -0.25%/° 35 770
Back Glass 2.0 mm, Heat Strengthened Glass (White Grid Glass) 70 A F.
o SO ) R 39.0 8.63 46.6 9.12 0.040 -0.34%/° -0.25%/° 35 770
Junction Box P 68 rated é w0 I | 4 F oz /o os /o
Coes Photovatic Technalogy Cale 407 o 39.1 8.71 46.7 9.15 0.040 -0.34%/° -0.25%/ 35 770
Cable length 350 mm or customized length 20 1" 200wrm?
*Please refer to regional datasheet for specied connector. N
0 © » £ o % .
- Data extracted from the photovoltaic module datasheet
(ominal Module Operating Temperature) 41°C (£3°C) P.V CURVES OF PV MODULE (440W)
Temperature Coefficient of Priax -0.34%/"C 0
‘Temperature Coefficient of Voc -0.25%/°C w0 Zfoym—
Temperature Coefficient of Isc 0.040%/°C 0 N
(Do not connect Fuse in Combiner Box with two or more strings in parallel connection) _ :: /,/ 8oow/m* \\\
Operational Temperature | -40~+85°C Modules per box 35 pieces < 0 / e //ABVUJV\;/\;;\\ “\‘
Maximum System Voltage | 1500V DC (IEC) Modules per 40'container | 770 pieces ":: y - - \\\\
Max Series Fuse Rating 20A = Al
0 ) = > P ©
Voltage(V)

Example of a photovoltaic module Datasheet
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Chapter 1 - Introduction

1.2. Problems

» Unstructured, inconsistent table layouts with merged cells

and multi-level headers

* Manual extraction - time-consuming, prone to errors

» Existing pipeline struggles with complex table structures

and image-based PDFs

universitatfreiburg

M A T Sseries SUN 54MD-HBNS

iy 1134 51
FRONT VEEW SIOE WIEW EBACH VEW

MECHANICAL SPECIFICATION

Call Type N-Type Mono Crystaline 1E2x0imm
Mumber Of Cells 144 (Ex2d
Dimenslons{AxExC) 1722011 24x30mm
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SUMNERGY

SUNERGY USAWORKS LLC
W SUNSTTYWOorks. com

el 2550 PACKING CONFIGURATION
Glass 2 0¥2 0mm Tempered Low Iron Glass

3%
5460
18.08
3926
17.06
3R2m

Alumirium Frame Anoaisan Alminium Contziner 400 HO
Juriction Bax St Junction Box (IPSE thres diode) Pieces Per Paliel e
Conrector Mg Compatible Palits Per Containes 26
Cutput Cables 4.0, 300mm, -300mm Cusiomized Langth Pieces Per Contalner 936
Modue Type 4200 425W 430W 435W

STC  NOCT STC  NOCT STC NOCT STIC  NOCT
Maximum Powes Al STC(PmaEx) 4200 FITOW 425W Z208W A30W 324 6W 435W 3283IW
Short Clrcult Cumentlsc) 14024 11394 14128 114TA 14214 11544 14,324 11.634
Open Circult Voitage(Joc) IAZEV 3624V 3EATV 3638V IA5EV I652V 3TIV 3666V
Maximum Powes Cumentimpo) 13.26A 10.76A 13354 10.84A 13444 10914 13,544 10.994
MIXITLIT Power VoRageVITED) I6AV 2945V 3184V 2959V 3199V 29.75V 32,14V 2987V
Mooue Emdency 215% 2.8% 22 00% 22.3%
Power Talarance 0Q-+5W O+ 5W - SW O-+5W
M ImUIm System Woitage: VDC 1500V
Metum Sevies Fuse o
Increased Snowioad ACcAD lec 6115 S400Pa {Feference o 4200 Front)
Operaiing Tempesature A0 EST Barsite Power Gain 10% 15% 0% 5%
Number Of Bypass Dicdes ] MU Powes AL STC(Pmax) 4620 | 4830 | 5040 | 5250
Morminal Operaling Cell Temperature(Moc| ASCEFT Snont CIrcut Cumentlsc) 1536 | 1604 | 1672 | 17.40
Temperature Coeflicknt Cf Frax 0305 Opan Circult Vaitage{Joc) SICSE I ety e
Temperature CoefMclnt Of Voc -025%C Madmum Fower Cumentiimpp) 1449 | 15.13 | 1577 | 1642
Temperature CoeMoiant of lsc DOLERT Maimum Power VolageVmpp) 3189 | 3192 | 3195 | 3198
STC: 1000WnT redencs. 20 ool lemperaies, 801 5 NOCT: bedencs o B00AST”  Arbent Tempersturs 2050 | wind spesd Imis
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Chapter 1 - Introduction

1.3. Current Approaches of PV data extraction

1.3.1 Lightning-Table approach overview

» DL-based detectors to identify table
« Table extraction using Tabula / Camelot

« Maps extracted data to known categories

universitatfreiburg

Detected »
Table

M158BP-PERC-5BB

Appearance Light Intensity Characteristic
Dimension 158 .75mm x 158.75mm + 0.25mm Intensity[W/m?] Voc Isc
Thickness  190um £ 30pm 1000 1.0 1.0
Front(-) 5 bus bars (silver), width 0.7mm, 106 finger grids, Blue 900 0.99 00
anti-reflecting coating(silicon nitride) 800 0.99 08
Rear(+) Wide soldering pads (silver).8mm, 5 bus bars (aluminum), 160 600 098 06
finger grids(aluminum), Blue anti-reflecting coating (silicon nitride) 400 0.96 04
Electrical Performance
EFF Code(%) Pmpp(W) Vmpp(V) Impp(A) Voc(V) Isc(A)
226% 569 0.579 9.835 0.683 10.390
22.5% 566 0.577 9.815 0.682 10.388
22.4% 564 0.576 9.807 0.680 10.370
223% 5.62 0.574 9.792 0,679 10.344
22.2% 5.59 0.571 9.792 0.678 10.334
22.1% 557 0.569 9.792 0.677 10.333
22.0% 5.54 0.568 9.759 0.677 10.313
21.9% 5.52 0.567 9728 0676 10.290
21.8% 5.49 0.567 9.693 0.675 10.254
21.7% 5.47 0.564 9693 0.674 10.226
21.6% 5.44 0.563 9,658 0.671 10.221
21.5% 542 0.561 9.654 0.669 10.200
21.4% 5.39 0.558 9.663 0.667 10.195
21.3% 5.37 0.557 9.640 0.665 10.174
*Standard Test Condition 1000Wime, AM1 5, 25°C
Table Detection
M158BP-PERC-5BB
Appearance Light k istic
Dimension  158,75mm x 158.75mm # 0.25mm Intensity[W/m?] Voc Isc
Thickness  190pm + 30pm 1000 1.0 1.0
Front(-) 5 bus bars (silver), width 0.7mm, 106 finger grids, Blue 900 0.99 08
anti-reflecting coating(silicon nitride) 800 0.99 0.8
Rear(+) Wide soldering pads (silver)1.8mm, 5 bus bars (aluminum), 160 600 0.98 0.6
finger grids(aluminum), Blue anti-reflecting coating (silicon nitride) 400 0.96 04
T i rer
EFF Code(%) Pmpp(W) Vmpp(V) Impp(A) Voc(V) IsclA)
22.6% 5.69 0579 9.835 0.683 10.390
225% 5.66 0.577 9.815 0.682 10.388
22.4% 564 0.576 9.807 0.680 10.370
22.3% 5.62 0.574 9.792 0679 10.344.
22.2% 5.59 0.571 9.792 0.678 10.334
22.1% 557 0.569 9.792 0677 10.333
22.0% 5.54 0.568 9.759 0677 10.313
21.9% 5.52 0.567 9.728 0.676 10.280
21.8% 5.49 0.567 9,693 0.675 10.254.
21.7% 547 0.564 9.693 0.674 10.226
21.6% 5.44 0.563 9,658 0,671 10.221
21.5% 542 0.561 9654 0.669 10.209
21.4% 5.39 0.558 9.663 0,667 10.195
21.3% 5.37 0.557 9.640 0.665 10.174

*Standard Test Condibon 1000WIe, AM1 .6, 26°C
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M158BP-PERC-5BB

e . [ — = e
| Appearance | LightIntensity Characteristic
- Detected P || cimension 158 7mm x 158 75mm 2 025 Intensity[W/m?] Voc Isc < Detected
Thicki 190] 30j 1000 1.0 1.0
Chapter 1 - Introduction Table |t =ble
Front(-) § bus bars (silver), width 0.7mm, 106 finger grids, Blue 900 0.99 0.9
anti-reflecting coating(silicon nitride) 800 0.99 0.8
Rear(+) Wide soldering pads (silver)1.8mm, 5 bus bars (aluminum), 160 600 0.98 0.6
finger grids(aluminum), Blue anti-reflecting coating (silicon nitride) 400 0.96 04

* L °

,éléétrical Performance

1.3. Current Approaches of PV data extraction [Evceon oot vt oV |
- - 22.6% 569 0.579 9.835 0.683 10.390 4 Detected
22.5% 5.66 0577 9.815 0.682 10.388
22.4% 5.64 0.576 9.807 0.680 10.370 Ta bl e
N N . 22.3% 5.62 0.574 9.792 0.679 10.344
1.3.1 Lightning-Table approach overview T T
22.0% 5.54 0.568 9.759 0677 10.313
21.9% 552 0.567 9.728 0.676 10.290
e ‘ | 21.8% 5.49 0.567 9.693 0.675 10.254
. . A 21.7% 5.47 0.564 9.693 0.674 10.226 PDF Document
» DL-based detectors to identify table =l e | with Tables
21.4% 5.39 0.558 9.663 0.667 10.195
. . 1 "s'lf::;:r:’:fes?'éan:nLén'?t)logc;;.li‘h{in}ﬁ"s. '2?5-?:'5? = — - = DetECtEd
« Table extraction using Tabula / Camelot
niti
Table Recognition
« Maps extracted data to known categories
A B G D E F
1 |EFFCode(% Pmpp(W) Vmpp(V) Impp(A) Voc(V) Isc(A)
2 22.6% 5.69 0.579 9.835 0.683 10.390
3 122.5% 5.66 0.577 9.815 0.682 10.388
4 122.4% 5.64 0.576 9.807 0.680 10.370
5 122.3% 5.62 0.574 9.792 0.679 10.344
6 122.2% 5.59 0.571 9.792 0.678 10.334
7 (22.1% 5.57 0.569 9.792 0.677 10.333
8 122.0% 5.54 0.568 9.759 0.677 10.313
9 21.9% 5.52 0.567 9.728 0.676 10.290
10 21.8% 5.49 0.567 9.693 0.675 10.254
11 121.7% 5.47 0.564 9.693 0.674 10.226
12 21.6% 544 0.563 9.658  0.671 10.221 Raw Values
13 21.5% 5.42 0.561 9.654 0.669 10.209
14 121.4% 5.39 0.558 9.663 0.667 10.195 EXtraCtEd
15 |21.3%  5.37 0.557  9.640  0.665 10.174 from Tables
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Chapter 1 - Introduction

1.3. Current Approaches of PV data extraction
1.3.1 Lightning-Table approach overview
» DL-based detectors to identify table

« Table extraction using Tabula / Camelot

« Maps extracted data to known categories

A B C
1 | EFFCode(% Pmpp(W) Vmpp(V)
2 22.6% 5.69 0.579
3 122.5% 5.66 0.577
4 122.4% 5.64 0.576
5 122.3% 5.62 0.574
6 122.2% 5.59 0.571
7 (22.1% 5.57 0.569
8 122.0% 5.54 0.568
9 121.9% 5.52 0.567
10 121.8% 5.49 0.567
11 [21.7% 5.47 0.564
12 |21.6% 5.44 0.563
13 121.5% 5.42 0.561
14 21.4% 5.39 0.558
15 121.3% 5.37 0.557

D

Impp(A)
9.835
9.815
9.807
9.792
9.792
9.792
9.759
9.728
9.693
9.693
9.658
9.654
9.663
9.640

E

Voc(V)
0.683
0.682
0.680
0.679
0.678
0.677
0.677
0.676
0.675
0.674
0.671
0.669
0.667
0.665

Isc(A)

10.390
10.388
10.370
10.344
10.334
10.333
10.313
10.290
10.254
10.226
10.221
10.209
10.195
10.174

Raw Values
Extracted
from Tables

l Final Step

Efficiency = [122.6%", “22.5%", “22.4%",

ey 21.3%7]
Power @ Max Power Point = [*5.69", *5.66", *5.64", ..., "5.377]

Validated &
Structured
Values

universitatfreiburg
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Chapter 1 - Introduction

1.3.2 Lightning-Table Drawbacks

universitatfreiburg

Electrical Specifications

Module Type  GH40OME-BEGHSBT-C | GHA05ME-BE6HSBT-C GHA10MB-BEEHSBT-C | GH415ME-BEEHSBT.C
Testing Condition STC STC STC STC
Pmax(W) 400 405 410 415
Imp(A) 10.77 10.86 10,95 11.04
Vimp{V) 3TAT Tz ar.4s 3763
Isc(A) 11.20 1.30 11.40 | 11.50
Vioe(V) A5 6T 45.82 45897 46.12
Module Efficiency 17.86% 18.08% 18.31% j 18.53%
Bilfacialty, %2 10%  STCAMI S 1000WRT 28T Measuromen! uncertainty-: 3%
Example of a table

A A L | c | o | £ | F | 9 =

1 Electrscal Specrhcations

2 |Medule Type GHAOOME-BSEHS/BT-C  GHAODSME-BOSHS/BT-C  _GHAIOME-BSSHS/BT-C  GHALSME- BT-C

3 Testing Condition STC STC ()] sTesTe

4 pmanw] (b} 400 s 10415

5 fimpla) 10.77 1086

& 10.9511.04

7 [vmpiv) 717

8 . YTABYT6Y

9 [iscta) .0 1130 11401150

10 vociv) 5.2 45.9746.12

1 25,67

17,563 18.08% 18.31%18.53%

12 | Module Efse
HE(:]

Bifaciality; TURE10%  STCAMLS 1000W/i I5°C  Messurement uncertainty:3% I

aa

Data extracted using Lightning-Table
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Chapter 1 - Introduction
1.3.2 Lightning-Table Drawbacks

I Electrical Parameters

SPICNG(LAR)-60-375/IH SPICNG(LAR)-60-380/IH SPICNG(LAR)-60-385/1H

Module Type
S5TC NOCT STC NOCT STC NOCT
Maximum Power (Frmax/W) 375 282 380 286 385 290
Maximum Power Voltage (Vmpp/V) 351 325 353 327 35.5 32.9
Maximum Power Current (Impp/A) 10.69 8.68 10.77 8.75 10.85 8.82
Open Circuit Voltage (Voc/V) 41.6 398 4.7 39.9 41.8 40.0
Shart Circuit Current (lsc/A) 11.50 9.23 11.61 9.32 n.72 9.42
Module Efficiency 20.9% 21.2% 21.5%
Example of a table
. A B C D E F G H [ )
1 |Module Type SPICNB(LAR)-60- 375/1H SPIC N6(LAR)-60- 380/IH SPICNG(LAR)- 60-385/1H
2
3 STC NOCT|| STC NOCT| [sTC NOCT
4
5 Maximum Power (Priax/W) 37 282 |[380 286 |fa8s 290
6
7 |Maximum Power Voltage (Vmpp/V) | 35.1 32.5 |]35.3 327 ||25.5 32.9
8
9 |Maximum Power Current Impp/A) |10.69 %68 |[10.77 %75 |f10.85 B.82
10
11 |Open Circuit, Voltage (Voc/V) 41.6 39.8 |[217 399 ||a18 40.0
12
13 Short Circuit Current (Isc/A) "1.50 523 ||1161 B3 |fin2 %42
14
15 Module Efficiency 20.5% 21.2% 21.5%
16

Data extracted using Lightning-Table
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Chapter 1 - Introduction

1.4. Thesis Objectives

1. Objective 1. Develop an automated DL pipeline for
detecting tables, recognizing its structure and extracting

complex tabular data from PV module datasheets

2. Objective 2. Enhance table recognition performance for

various table layouts (horizontal, vertical, dual-axis)

3. Objective 3: Integrate post-processing techniques to

validate and structure key data for advanced analysis

universitatfreiburg
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Chapter 2
Approach and Results
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Chapter 2 — Approach and Results

2.0. Thesis overview

Data Preparation Model Development

Table Classification

@ Table Detection (TD)
: Data
S o

Acquisition

Table Structure
Recognition (TSR)

=zl Pre-Processing ﬁ Tabular Data
Extraction (TDE)

be e?} Data

Row/Column
|dentification

@ Data Validation
and Extraction

universitét‘freiburg Swathi Thiruvengadam | Master thesis Defense | 23 April 2025 13



Chapter 2 — Approach and Results

Data Preparation

Data
Acquisition

DEE]
Pre-Processing

universitatfreiburg

2.1. Data Acquisition
2.1.1. Data gathering and annotation
» Publicly Available PV Datasheets from manufacturers website

« Manual Annotation using Labellmg

2.1.2. Data Augmentation
* Increasing Dataset size and variety

» Resolves Class Imbalance

Swathi Thiruvengadam | Master thesis Defense | 23 April 2025
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Chapter 2 — Approach and Results

2.1.1. Data gathering and annotation

Packing Configuration

Pieces per pallet 36

Size of packing (mm) 2130*1140*1190
Weight of packing (kg) 1040

Pieces per container 792

Size of container 40°’HC

An example of input image

universitatfreiburg

—

LN

Labellmg

Annotation tool

__Size of container

Packing Configuration
Pieces per pallet 36
Size of packing {(mm) 2130*1140*1190
Y\Nemhtofpacmng(kg) 1040
_ Pieces per container 792
40’HC

table

table row

table row

table row

table row

table row

table row

table column
table column
table row header
table name

table spanning cell

v<object>
<name>table</name>
<pose>Unspecified</pose>
<truncated>@</truncated>
<difficult>e</difficult>
v <bndbox>
<xXmin>24</xmin>
<ymin>1e</ymin>
<xXmax>741</xmax>
<ymax>316</ymax>
</bndbox>
</object>
v<object>
<name>table row</namej>
<pose>Unspecified</pose>
<truncated>@</truncated>
<difficult>re</difficult>
v <bndbox>
<Xmin>30</xmin>
<ymin>18</ymin>
<Xmax>737</xmax>
<ymax>78</ymax>
</bndbox>
</object>

An example of annotated image with class labels

Position annotations

Swathi Thiruvengadam | Master thesis Defense | 23 April 2025 15




Chapter 2 — Approach and Results

2.1.2. Data Augmentation

Temperature co- efflments (TC) and
permnssmle operatlng condltlons | _
TC.of open mrcmt \mttage (B} . 0 31% f’C
TC of short circuit current (u) By F '. ‘0. 065 %I'C § =
TCofpower{y) = "~ .. . o “0.40%/C
Temperature co-efficients (TC) and s | Moximum Svstem_‘m"a.g_?f o 1500V (ECEUL).
permissible operating conditions NOCT e . - e G o - A4Cs2C [
TC of open circuit voltage (B) -0.31% /"C Scaled and cropped image with Gaussian noise
TC of short circuit current (a ) 0.065 % /°C
TC of power (Y) -0.40 % /°C
Maximum system voltage 1500 V (IEC & UL) ﬁ Temperature co-efficients (TC) and
NocT a4c£2°C permissible operating conditions
Temperature range ~40°C to + 85°C : TC of open circuit voltage (B ) -0.31% /*C
TC of short circuit current (a ) 0.065 % /*C
An example of input image TC of power (Y) -0.40 % /°C
Maximum system voltage 1500 V (IEC & UL)
NOCT 44°C £ 2°C
Temperature range -40*C to + 85°C

Augmented image with Channel shift and random partial mask

UniVGrSitét'freiburg Swathi Thiruvengadam | Master thesis Defense | 23 April 2025 16



Chapter 2 — Approach and Results

2.2.1. Converting PDF documents to images

« Multi-Page rendering to preserve layout and graphics

Data  Standardized input
Acquisition

2.2.2. Image Pre-processing
« Enhancement techniques to improve table lines and clarify text
2.2.3. Data extraction using Optical Character Recognition (OCR)

« Extract word tokens and bounding-boxes

» Multi-modal input

uniVGrSitét'freiburg Swathi Thiruvengadam | Master thesis Defense | 23 April 2025
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Chapter 2 — Approach and Results

2.2.2. Image Pre-processing

Temperature co- effncnents (TC) and
permlssmle operatlng condltlons

TC.of open C}rcmt voitage (|3} - o i O 31% /"C

TC of short CIr'CUIt current (u) _ L e O 065 %!’C 5 '.
TC of. power ) T s aw | g e % -0 40 %/"
Mamr_nurn eys:em voltag:e' e - .' ‘ 1500 V (IEC BUL)"__ |

NOCT | » : . l_ . . ) o 44°C + 2°C

- - - - -

Temperature co-efficients (TC) and
permissible operating conditions

TC of open circuit voltage (B ) -0.31% /°C

TC of short circuit current (a) 0.065 % /°C
TC of power (Y) -0.40 % /°C
Maximum system voltage 1500 V (IEC & UL)

NOCT 44°C £ 2°C

Image after applying grayscale conversion and a bilateral filter

¥

An example of input image

universitatfreiburg

Ternperature co-efficients (TC) and
permissible operating conditions

 TC of open clrcult voltage (8 ) . _ ' -0.31% /°C

TC of short clrcult current {a ) - 0.065% /°C

TC of power {Y) . T T 0.40%/C
‘Maximum system voltage , B 1500 V.(IEC & UL)

Noct . -~ 4aT*2C

Image after thresholdlng, morphologlcal opening and sharpening

Swathi Thiruvengadam | Master thesis Defense | 23 April 2025 18



Chapter 2 — Approach and Results

2.2.3. Data extraction using OCR

[Temperatureco-efficients (TC)and =~ = Temperature coeficients || (10) | [ane
permissible]pperating conditions - permissble || operating | |__conditons
@mn[ﬂ | [-05TRI¢ TC | bfl open| [circuit]|voltage| [(8) [ 2031% ][EC]
[mr@ “ Ezg [TC] [of short][circuit] |current| [(a) [0.0651[ */C |
MOpRpowedl¥] .. [o40%Fq || med power] ] [840.8]7d
'E@ . s @&U_EJ [Maximum] [system][voltage [ 1500 N(E¢ [uD)
NOCT T . 44 ci2Cc

Original image with detected bounding boxes. Extracted text tokens represented spatially.

universitatfreiburg
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Chapter 2 — Approach and Results

Model Development

Table Detection (TD)

Table Structure
Recognition (TSR)

E Tabular Data
Extraction (TDE)

universitatfreiburg

2.3. Table detection (TD)

Preprocessed
images

l l

DETR transformer for
Table Detection (TD)

{

Table Refinement stage

l

Detected Tables

OCR tokens

Swathi Thiruvengadam | Master thesis Defense | 23 April 2025
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Chapter 2 — Approach and Results

2.3. Table detection (TD)

series.:

%

30-Year Linear Power Warranty

100%
97.5%

92,5%

©
°
#

T™™ 650-670M-132HC

HALF CELL

r operating temperature

R P

Mechanical parameters

Cell Orientation

single crystal PERC210x105mm (132 pieces)

Junction Box IPEB, three diodes

‘Output Cable

4.0mm?* 1200mm(+) / 1200mm(-) or customized

Glass 3.2mm tempered coated glass. low iron
Frame Anodized aluminum alloy frame
Weight 32 kg

Dimensidn 2384x1303x35mm

Packaging 31 pes*pallet / 124 cs"20GP / 558 pes*40HC

Electrical Characteristics

STC: AM1.5 1.000W/m2 NOTC: AM1.5 800W/m2 20° 1 m/s Test uncertainty for Pmax +-3%

Module type TM - 650 M-132 HC TM - 655M-132 HC TM - 660 M-132 HC TM - 665M-132 HC TM - 670 M-132 HC
Testing condition STC NOTC STC NOTC STC NOTC STC NOTC STC NOTC
Maximum Power (Pmac/w) 650 484 655 487 660 491 665 495 B70 498
‘Open Circuit Voltage (Voc/V) 45 42,6 45,2 428 454 43.0 456 43.1 458 43,3
Short Circuit Current (Isc/A) 18.39 14.41 1843 14,43 18,47 14,48 1851 1457 1855 14,58
Voltage at Maximum Power (VmpiV) 376 35.7 37.8 35.9 ag 36.05 38.2 36.1 38.4 36.3
Current at maximum Power (Imp/A) 17.29 13,56 17.33 13,57 17.37 13,62 1741 13.71 17.45 13,72
Module Efficiency (%) 20,90% 15,58% 21,10% 15,68% 21.30% 1581% 21,40% 15,94% 21,60% 16,03%

Red Bounding
boxes indicate
the tables
detected by the
TD model.

VDS-S144/M6H-BG

ELECTRICAL DATA (STC)

Peak Power Watts-Puax (Wp)* 430 435 440 445 450

Maximum Power Voltage-Wp (V) 405 a0.8 411 ar4 41.7

Maximum Power Current-Ime (A} 10.62 10.67 10.71 10.75 10.80
Open Circuit Voltage-Voc (V) 48.7 ag.9 49.1 49.3 49.5

Shert Circuit Current-lsc (A} 11.20 11.29 11.37 11.45 11.53
Module Efficiency nm (%) 19.7 200 20.2 0.4 206

Power Tolerance-Puax (W) 045

STC: Irradiance 1000W/m”, moudule temperature 25°C. AM=15; *Measuring tolerance: 3%

MECHANICAL DATA

Operating Parameters

Mechanical Loading

Operaticnal Temperature -40°C - +85°C Front Side Maximum Static Loading 5400 FA
Power Output Tolerance (0, +3%) Rear Side Maximum Static Loading 2400 PA

Voc and Isc Tolerance *3% Hailstone Test o il 17
Maximum System Voltage 1500V DC

Maximum Series Fuse Rating 30 A Temperatura ratings (STC)

Nominal Operating Cell Temperature 45:2°C Temperature Coefficient of Isc +0.05%/°C
Protection Glass Class I Temperature Caefficient of Vo -0.27%/C

Fire Rating Class C Temperature Coefficient of Pmax -0.35%/°C

AP75 score — 64.2%

universitatfreiburg

\4

Peak Power-Pruax (Wp)* 457 479 500 522 544
Maximum Power Voltage-Wmr (V) 40.8 40.8 40.8 40.8 40.8
Maximum Power Current-lme (A} 11.20 11.74 12.27 12.80 13.34
Open Circuit Voltage-Voe (V) 49.0 49.1 492 49.3 29.4
Short Circuit Current-lsc {A) 11.80 12.36 1293 13.49 14.05
Pmax gain 5% 10% 15% 20% 25%

STC: Power Bifaciality: 70£5%

ELECTRICAL DATA (NMOT

Maximum Power-Prax (Wp)* 325 129 333 337 341
Maximum Power Voltage-Vae (V) 38.2 385 38.8 38.0 39.1
Maximum Power Current-Ime (A) 851 855 8.58 8.63 871
Open Circuit Voltage-Voc (V) 46.0 46.2 46.4 46.6 46.7
Short Circuit Current-Isc (A) 9.02 9.05 9.08 9.12 9.15
NMOT: Ireadiance 800W/m?, module temperatyre 20°C _AM=1.5 wind speed 1m/

Solar Cells Monocrystalline silicon 166 mm (988)

Cell Orientation 144 cells (6 x 24)
Module Dimensions 2095x1039%30 mm

Weight 285 kg

Front Glass 2.0 mm, High Transmission, AR Coated Heat Strengthened Glass

Encapsulant Material POE/EVA

Back Glass 2.0 mm, Heat Strengthened Glass (White Grid Glass)
Frame 30 mm Anodized Aluminium Alloy

Junction Box IP 68 rated

Cables [ Photovoltaic Technology Cable 4.0 mm?

Cable length 350 mm or custemized length

TEMPERATURE RATINGS

NMOT (Neminal Module Operating Temperature] 41°C (£3°C)

Temperature Coefficient of Prax -0.34%/"C

Temperature Coefficient of Voc -0.25%/°C

0.040%/"C

PACKAGING CONFIGURATION

Modules per box 35 pleces

Temperature Coefficient of Isc

MAXIMUM RATINGS

Operational Temperature -40~+85°C

Maximum System Voltage 1500V DC (IEC) Modules per 40°container 770 pieces

Max Series Fuse Rating 204

MENSIONS OF PV MODULE (mm

P

Front View

AP75 score — 38.3%

Swathi Thiruvengadam | Master thesis Defense | 23 April 2025
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Ground truth box

Chapter 2 — Approach and Results

Detected box

Area of Overlap

Ground truth box

Area of Union
2.3. Table Detection (TD)

* PubTables-1M dataset - 460,589 annotated document pages

* PV module training dataset — 169 images Test dataset — 15 images

AP50 AP75 AP AR

Trained on PubTables-1M dataset 50.7% 14.1% 24.9% 36.8%
Fine-tuned on PV module training dataset |87.8% 80.5% 66.5% 75.4%
Fine-tuned on PV module training dataset |87.1% 81.8% 67.3% 74.3%
including OCR tokens

Fine-tuned on modified PV module training | 88.7% 81.1% 66.0% 72.6%
dataset with negative samples

Performing Hyperparameter optimization 89.5% 80.9% 68.6% 77.5%

universitatfreiburg
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Chapter 2 — Approach and Results

2.4. Table Structure Recognition (TSR)

Model Development

Detected

I OCR tokens
ables |
Table Detection (TD) 1 1
Non-maximum

DETR transformer for S

Table Structure l

Recognition (TSR) _

Table Structure J S;;;':r?.::f

Recognition (TSR) Table Structure l

Refinement stage
Handling table
headers

X E Tabular Data
Extraction (TDE)

Table structures = Canonicalization
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Chapter 2 - Approach and Results

2.4. Table Structure Recognition (TSR)

Electrical Characteristics

Power level 435 440 445 450 455
ELECTRICAL CHARACTERISTICS WITH DIFFERENT POWER BIN (reference to 5 % &10 % backside power gain) Pmax(W) ' 435 440 445 450 455
Backside Power Gain 5% [10% 5% 10% 5% (10% 5% [10% 5% 10% 5% 10% Vmp V) ATod W34 A AiE3 | ALE
Total Equivalent power -PMax(Wp) 446 468 452 473 457 479 462 484 467 490 473 495 Imp (A) ' 10.60  10.67  10.74  10.81  10.88
Maximum Power Voltage-Viwe (V) 429 429 432 432 436 436 440 440 443 443 446 446 Voc V) 4925 4944 1965 4989 50.06
S ———— Isc(A) 11.11 11.17 11.24 11.31 11.38
Maximum Power Current-Inpe (A) 10.42 10.91 10.46 10.96 10.49 10.99 10.51 11.01 10.55 11.06 1059 11.10
S— Module efficiency (%) 20.01 20.24 20.47 20.70 20.93
Open Circuit Voltage-Voc (V) 50.9 509 514 514 51.8° (518 522 522 526 526 5291 1523
‘ Maximum system voltage (V) 1500
Short Circuit Current-Isc (A} 11.08 11.62 1112 11.65 1117 1170 11.20 11.74 1125 11.78 11.e8 1181 s
- Fuse Rating (&) 20
o AGE0 2R, Temperature coefficient Pmax(%°C) -0.350
Data cell 2221 Column header cell Table name cell Temperature coefficient Isc(%°C) b
Row header cell Projected row header cell 771 Projected column header cell Temperature coefficient Voc (%°C) -0.275
QT Irradiance 1NNMA /m2 madila tamnaratira 75°C. AM=1 &
Data cell L Column header cell Table name cell
......... ! Row header cell Projected row header cell 2% Projected column header cell
AP75 score —47.1% AP75 score — 71.0%
Swathi Thiruvengadam | Master thesis Defense | 23 April 2025 24
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Chapter 2 — Approach and Results

2.4. Table Structure Recognition (TSR)

» PubTables-1M dataset - 947,642 fully annotated tables

* PV module training dataset — 545 table images

Test dataset — 65 table images

AP50 AP75 AP AR
Trained on PubTables-1M dataset 10.4% 6.8% 6.2% 6.7%
Fine-tuned on PV module training dataset | 9.1% 8.4% 6.9% 7.5%
Fine-tuned on PV module training dataset |61.8% 50.3% 43.1% 56.9%
with enhances canonicalization algorithm
Performing Hyperparameter optimization 71.3% 57.3% 49.0% 58.3%

universitatfreiburg
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Chapter 2 - Approach and Results

2.4. Evaluation Metric - Grid Table Similarity (GriTS)
» Assess model’s accuracy in capturing table layout, content location, and cell relationships

« Variants - Topological GriTS , Content GriTS & Location GriTS

Table Type Acc_con GriTS_Top | GriTS _Con | GriTS_Loc
Fine-tuned model with | Simple tables 83.21% 89.18% 83.21% 77.13%
Hyperparameter Complex tables 95.03% 94.93% 95.03% 92.18%
Optimizaion

All tables 91.89% 93.40% 91.89% 88.18%

UniverSitét_freiburg Swathi Thiruvengadam | Master thesis Defense | 23 April 2025
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Chapter 2 — Approach and Results

Model Development

2.5. Tabular Data Extraction (TDE)

Table Detection (TD) « Simplify table structures assuming - row/column alignment and

logically consistent tables

Table Structure » Duplicate cell content across the corresponding rows/columns that

Recognition (TSR) a merged cell spans

X E Tabular Data
Extraction (TDE)

« Extract and export data to CSV/Excel files for further analysis

universitét‘freiburg Swathi Thiruvengadam | Master thesis Defense | 23 April 2025 27



Chapter 2 - Approach and Results

Table structure recognized
by the TSR model

Extracted data and
exported to Excel

universitatfreiburg

I Electrical Parameters

SPICNB(LAR)-60-375/IH

SPICNG6(LAR)-60-380/1H

SPICNG(LAR)-60-385/IH

Module Type
STC NOCT STC NOCT SIC NOCT
Maximum Power (Pmax/W) 375 282 380 286 385 290
Maximum Power Voltage (Vmpp/V) 35.1 325 35.3 32.7 35.5 32.9
Maximum Power Current (Impp/A) 10.69 8.68 10.77 8.75 10.85 8.82
Open Circuit Voltage (Voc/V) 41.6 308 41.7 399 41.8 40.0
Shert Circuit Current (Isc/A) 11.50 9,23 11.61 9.32 11.72 9.42
Module Efficiency 20.9% 21.2% 21.5%
A B C D E E €}
SPICNG(LAR)}-60-  SPICNG(LAR)}-60-  SPICNG(LAR)-60-  SPICNG(LAR)-60-  SPICNG(LAR)-60-  SPICN6(LAR)-60-
1 | Module Type 20.0kg 375/IH | SIE 375/IH | NOCT 380/IH | STC 380/IH | NOCT 385/IH | STC 385/IH | NOCT
2
3 |Maximum Power (Pmax/W) 375 282 380 286 385 290
4
5 Maximum Power Voltage (Vmpp/V) 35.1 32.5 35.3 32.7 35.5 32.9
6
7 |Maximum Power Current (Impp/A) 10.69 8.68 10.77 8.75 10.85 8.82
8
9 |Open Circuit Voltage (Voc/V) 41.6 39.8 41.7 39.9 41.8 40
10
11 |Short Circuit Current (Isc/A) 11.5 9.23 11.61 9.32 11.72 9.42
12
13] | Module Efficiency 20.90% 20.90% 21.20% 21.20% 21.50% 21.50%
Swathi Thiruvengadam | Master thesis Defense | 23 April 2025 28




Chapter 2 — Approach and Results

2.6. Table classification
« Multinomial Naive Bayes classifier with a TF-IDF word vectorizer.

Table Classification
2.7. Row / Column identification

* Regular Expression Pattern Matching

« Large Language Models

Row identification

2.7. Data Validation and Extraction

Data Validation * Regular expressions to validate and extract relevant data
» Output saved in Excel format

and Extraction

UniVGrSitét'freiburg Swathi Thiruvengadam | Master thesis Defense | 23 April 2025 29



Chapter 2 — Approach and Results

2.6. Table classification

[ ] o =
Overall Accuracy -87% Class Precision Recall F1-Score
.. . « »  Electrical Characteristics at Standard Testing 0.75 0.60 0.67
« Strong performance distinguishing “Thermal,” ... (STC)
“Mechanical,” and “Packaging” tables Elecrtrit_“ﬂl {?lmraa:terist.ic's at Nominal Module Op- 0.33 0.67 0.44
erating Temperature (NMOT)

L . . Thermal Characteristics 1.00 (.88 0.93
» Poor classification performance on Electrical Mechanical Characteristics 1.00 1.00 1.00
.y « ” “ » Packaging 0.80 1.00 0.89
characteristics table at “STC" vs. "NMOT" ., .. 1.00 0.04 0.97

conditions due to nearly identical keywords
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Chapter 2 — Approach and Results

2.7. Row / Column identification

Electrical Characteristics  STC: AM1.5 1.000W/m2 NOTC: AM1.5 800W/m2 20° 1 m/s Test uncertainty for Pmax +-3%

Module type TM -650 M-132 HC TM -655M-132 HC TM - 660 M-132 HC TM - 665M-132HC TM - 670 M-132 HC
Testing condition STC NOTC STC NOTC STC NOTC STC NOTC STC NOTC
Maximum Power (Pmax/w) 650 484 655 487 660 491 665 495 670 498
Open Circuit Violtage (Vioc/V) 45 426 452 428 454 43,0 456 431 458 433
Short Circuit Current (Isc/A) 18,39 14,41 18,43 14,43 18,47 14,48 18,51 14,57 18,55 14,58
Voltage at Maximum Power (Vmp/V) 37,6 35,7 378 359 38 36,05 38,2 36,1 ag4 36,3
Current at maximum Power (Imp/A) 17,29 13,56 17,33 13,57 17,37 13,62 17,41 13,71 17,45 13,72
Module Efficiency (%) 2090% 1558% 21,10% 15,68% 21,30% 15,81% 2140% 1594% 2160% 16,03%

Regular expression — ‘eff((?!code).)*$|ncell|model\(%\)’
Efficiency data extracted using Regular expression —["20.90%", "15.58%", "21.10%", "15.68%",
"21.30%", "15.81%", "21.40%", "15.94%", "21.60%", "16.03%"]

Natural Language Prompt — ‘From the electrical characteristics table, extract the module efficiency data (in
percentage) for Standard Testing Conditions (STC) only. Round the value to two decimal places.’
Efficiency extracting using LLM - ["20.90%", "21.10%", "21.30%", "21.40%", "21.60%"]

université.t‘freiburg Swathi Thiruvengadam | Master thesis Defense | 23 April 2025
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Chapter 2 — Approach and Results

2.7. Data Validation and Extraction

Data extraction accuracy of the complete pipeline on test set consisting of 10 PDF files — 52.66% AP

A B C D E F G H I J K L M N 0] P Q R S T U |
1 name ‘ year ‘Iength| width‘ E/eff ‘E/pmpp‘ E/vmpp ‘ E/impp‘ E/voc ‘ E/isc ‘EN/pmpp‘ EN/vmpp‘ EN/impp| EN/voc | EN/isc | T/isc ‘ T/pmpp ‘ T/voc Hpcs_pall&/pallet_con
2 0 |5-VDS '2023 2095 1039 19.7 430 40.5 '10.62 48.7 '11.20 325.0 38.2 '8.51 46.0 9.02 0.040 -0.34%/° -0.25%/° 35 770
3 1 |5-VDS ’2023 2095 1039 20.0 435 40.8 '10.67 48.9 '11.29 329.0 38.5 '8.55 46.2 9.03 0.040 -0.34%/° -0.25%/° 35 770
4 2 |5-VDS '2023 2095 1039 20.2 440 41.1 '10.71 49,1 '11.37 333.0 38.8 '8.58 46.4 9.08 0.040 -0.34%/° -0.25%/° 35 770
5 3 |5-VDS '2023 2095 1039 20.4 445 41.4 '10.75 49.3 '11.45 337.0 39.0 '8.63 46.6 9.12 0.040 -0.34%/° -0.25%/° 35 770
b éS—VDS '2023 2095 1039 20.6 450 41.7 '10.80 49,5 '11.53 341.0 39.1 '8.71 46.7 r9.15 0.040 -0.34%/° -0.25%/° 35 770

Example of Manually extracted data

A B C (] E _ L % M i P ] R 5 ]
1 name  year | length | width E!aH| E/pmpp Ehlmpp| Efimpp | Efvoc| Efisc EN}"pmpp|EM.|"'.rmpp| Er'd.uftmpp| Evaucl ENfisc |  T/isc | T/pmpp | T/voe |fpes_pallefpallet_con
2 i 5-YWD5 FIUIEI- 2095 1039 r-Il-E? 40.8 rl 1.20 45.0 325.0 38.2 FE.SI 46.0 9.02 0.040%/" -0.34%" -0.25%/" 770
3 i S5-VD5 FII:I.?E 2085 1039 ':1?9 40.8 r].l.?l‘l 49.1 3129.0 38.5 FB.EE 46,2 Q.05 0,040%™ -0,34%/" -0.25% Fr0
4 2 |5-VDs rEUE?- 20095 1039 r‘j-ﬂﬂ 40.8 rl?.?? 49.2 3320 188 FEE-E 46.4 9.08 0.040%, -0.34% -0.25%/ 70
5 3|s-wDs 2023 2095 1039 522 408 280 493 337.0  39.0 '8.63 46.6 9.12  0.040%" -0.34%/° -0.25%/" 770
&6 | 4 [5-VD5 FIUIE 2085 1039 III'E-dni 40.8 13.34 49.4 341.0 349.1 III'Ei.fl"fl 46.7 III'Q.fIE- 0.040%" -0.34%/" -D.25% Fr0

— B—

Example of data extracted using the pipeline
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Chapter 3 - Summary and Outlook

3.1. Summary

* Integrated DETR with OCR tokens to enable multi-model input for table TD and TSR tasks
« Enhanced canonicalization algorithm for handling horizontal and dual-axis tables

* Robust handling of merged cells, multi-row/multi-column headers, and image-based PDFs
» Streamlined data extraction pipeline and improved its reliability

* Quicker, large-scale analysis of PV module datasheets for improved decision-making

» Demonstrated feasibility and strong potential for broader application in other domains with complex tables

universitét-freiburg Swathi Thiruvengadam | Master thesis Defense | 23 April 2025
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Chapter 3 - Summary and Outlook

3.2. Limitations
* Dependence on OCR extraction quality
« Capturing complex table structures in densely-packed tables

» Misclassifying tables with similar headers or minimal textual cues

3.3. Future work
« Advanced OCR engines or domain-focused fine-tuning OCR
« Advanced models to perform context-aware validation and extraction of data

« Expanding dataset coverage to handle even more diverse table layouts

universitét‘freiburg Swathi Thiruvengadam | Master thesis Defense | 23 April 2025
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Chapter 1 - Introduction

1.0. Importance of automated data extraction

» Widespread Industrial Applications — Healthcare,

legal, Financial sectors
» Scalable, efficient, and saves operational costs

 Enables Informed decisions

universitatfreiburg
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Chapter 2 — Approach and Results

2.1.1. Manual annotation

Maximum Ratings

Operating Temperature(°C) -40~85

Operating humidity(°C) 5~85
25mm ice-ball with velocity of 23m/s

Allowable Hail Load

Table name cell

Data cell Column header cell
1 Projected column header cell

! Row header cell Projected row header cell

An example of a table with structures recognized by the TSR model

universitatfreiburg

-40~85

Maximum Ratings
| Operating Temperature() 485 |

Operating Temperature(°C)

Operating humidity(°C) 5~85

Allowable Hail Load 25mm ice-ball with velocity of 23m/s

Example of a Manually annotated row

Maximum Ratings

Operating Temperature(°C) -40~85

Operating humidity(°C) 5~85
25mm ice-ball with velocity of 23m/s

Allowable Hail Load
Example of a Manually annotated column

Maximum Ratings
Operating Temperature(°C)

-40~85

Operating humidity(°C) 5~85
25mm ice-ball with velocity of 23m/s

Allowable Hail Load

The corresponding cell derived
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Electrical Properties (NMQT)

Chapter 2 — Approach and Results Hodel LEAONIE
Maximum Power (Pmax) [W] 261
2.1.1. Manual annotation MPP Voltage (Vmpp) V] 330
MPP Current (Impp) [A] 791
| Open Circuit Voltage (Voc) | [V] 38.80
Short Circuit Current (Isc) | [A] 8.53

Example of a Manually annotated row

Electrical Properties (NMQT)

Electrical Properties (NMOT)

Model LG350N1C-V5
Model LG350N1C-V5

Maximum Power (Pmax) (W] 261
Maximum Power (Pmax) || [W] 261
—_— MPP Voltage (Vmpp) [V] 330
MPP Voltage (Vmpp) [V] 330
————— ' MPP Current (Impp) [A] 791
MPP Current (Impp) [A] 791 -

_ S - Open Circuit Voltage (Voc) | [V] 38.80
Open Circuit Voltage (Voc) | [V] 3880
L et Shert Circuit C t(l A 8.53
Short Circuit Current (Isc) | [A] 853 gt et Cimrent (=) | I8
Example of a Manually annotated column
Data cell Z22 Column header cell Table name cell

271 Row header cell

Projected row header cell 271 Projected column header cell

Electrical Properties (NMQT)

Model LG350N1C-V5
Maximum Power (Pmax) (W] 261
Since Predicted bounding box is fully MPP Voltage (Vmpp) [V] 330
contained in the ground truth, loU<1 MPP Current (Impp) [A] 791
Open Circuit Voltage (Voc) | [V] 38.80
Short Circuit Current (Isc) | [A] 8.53

universitatfreiburg

The corresponding cell derived
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Chapter 2 - Approach and Results

2.1.2. Image augmentation

Type U5280ME0B U5250M60B U5300ME0B

Pmax [W] 280 290 300
Vmpp [V] 32.94 33:32 33.72
Impp [A] 8.50 8.72 8.93

Voc [V] 359.06 35.46 39.87

Isc [A] 9.07 9.18 9.29

Max. System Voltage 1000V DC 1000V DC 1000V DC
Data cell E58 Column header cell Projected row header cell

Table structures initially recognized without augmentation

universitatfreiburg
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Chapter 2 - Approach and Results

2.2.2 Image Preprocessing and OCR enhancement

I Electrical Parameters

SPICNG(LAR}-60-375/IH

SPICNG6(LAR)-60-380/1H

SPICNB(LAR)-60-385/IH

Module Type
STC NOCT STC NOCT SIC NOCT

Maximum Power (Pmax/W) 375 282 380 286 385 290

Maximum Power Voltage (VYmpp/V) 35.1 325 35.3 327 35.5 329

Maximum Power Current (Impp/A) 1069 8.68 10.77 8.75 10.85 8.82

Open Circuit Voltage (Voc/V) 41.6 39.8 41.7 399 41.8 40.0

Sheort Circuit Current (Isc/A) 11.50 9.23 11,61 9.32 1.72 9.42

Module Efficiency 20.9% 21.2% 21.5%

Table with its internal structure recognized
A B C D E ; A C D E E G
SPICNG(LAR)}-60-  SPICNG(LAR)}-60-  SPICMB(LAR)-60-  SPICNB(LAR}-60-  SPICNG(LAR)-60-  SPICNG(LAR)-60- SPICN6(LAR)}-60-  SPICNG(LAR)}-60-  SPICN6(LAR)-60-  SPICNG(LAR)-60-  SPICNG(LAR)-60-  SPICN6(LAR)-60-
1 | Module Type 20.0kg 375/IH | SIC 375/IH | NOCT ~ 380/1H | STC 380/IH | NOCT 385/IH | S1E 385/IH | NOCT 1 | Module Type 20.0kg 375/IH | SIE 375/IH | NOCT ~ 380/IH | STC 380/IH | NOCT 385/IH | STC 385/IH | NOCT
2 2
3 Maximum Power (Pmax/W) 375 282 380 286 385 290 3 Maximum Power (Pmax/W) 375 282 380 286 385 290
4 4
5 Maximum Power Voltage (Vmpp/V) Ee| 525 35:03:00 32.7 35:05:00 329 5 Maximum Power Voltage (Vmpp/V) 35.1 32.5 35.3 32.7 35.5 32.9
6 6
7 Maximum Power Current (Impp/a) 10.69 8.68 10.77 875 10.85 8.82 7 Maximum Power Current (Impp/A) 10.69 8.68 10.77 8.75 10.85 8.82
B 8
9 Open Cireuit Voltage (Voc/V) 416 39.8 ALT 38.9 Al8 40 9 Open Circuit Voltage (Voc/V) 416 39.8 417 39.9 41.8 40
10 10
11 Short Circult Current (IscfA) 11.5 9.23 11.61 9.32 11.72 9.42 11 Short Circuit Current (Isc/A) 11.5 9.23 11.61 9.32 11.72 9.42
12 12
13 | Module Efficiency 20.50% 20.50% 21.20% 21.20% 21.50% 21.50%) 13| Module Efficiency 20.90% 20.90% 21.20% 21.20% 21.50% 21.50%
Data extracted before image preprocessing Data extracted after image preprocessing
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Chapter 2 - Approach and Results

2.3. Table detection (TD)

Input Image

universitatfreiburg

ResNetl8
Backbone

Object
Queries

v

Self-Attention

¢

Cross-Attention

'

FFN

Classification Head

Decoder Layer 1

[ |
¥

= > @ -— “
Spatial encoding
Image ~
Features
f ( Y
| Self-Attention
4
| FEN |
Encoder Layer 1
Encoder Layer 6
\, J A

Decoder Layer 6

Encoder

Decoder

Table Detection architecture diagram

Bounding Box Head

Prediction Head

!

I Table refinement I

!

Detected Tables
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Chapter 2 - Approach and Results Ersdicieg

2.3. Table detection (TD) Evaluation Metrics " > Positive Negative .
COCO metrics Positive True False
sitive negative
Actual e !
. . TP - p J
Precision = ————
TP+ FP Nagative False True
9 positive negative
- Y J
TP
Recall = b 7N
F1 Score — 2 x Prects?:m % Recall ol = Area of Overlap
Premfﬁmn + Recall Area of Union
1 .
AP = / Precision(r) dr
Jo
Foor Good Excellent
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Chapter 2 - Approach and Results

2.3. Table Detection

Ferformance at 510U (Fower [olerance O ~ +3%) Table -1
Maximum Power (Pmax/WV) 390 395 400 405 410
Operaling Voltage (Vmpp/V) 40.2 40.5 40.8 41.1 41.4
Operating Current (Impp/A) 9.71 9.76 9.81 9.86 9.91
Open-Circuit Voltage (Voc/V) 48.5 48.7 48.9 49.1 49.3
Short-Circuit Current (Isc/A) 10.25 10.29 10.33 10.37 10.49
Module Efficiency nmi{%) 19.0 19.2 19.5 19.7 20.0
[Performance atNMWOT ~ Table-2 |
Maximum Power (Pmax/\W) 290 294 298 301 305
Operating Voltage (Vmpp/V) 38.0 383 38.6 38.8 39.1
Operating Current (Impp/A) 7.64 7.68 1.72 3 i 7.82
Open-Circuit Voltage (Voc/V) 45.7 459 46.1 46.3 46.4
Short-Circuit Current (Isc/A) 8.25 8.28 8.35 8.35 8.38
STC: Imadiance 1000Wim?®, Cell Temperature 25°C, Air Mass AM1.5  NMOT. Iradiance at 800W/m?, Amblent Temperatue 20°C, Air Mass AM1.5, Wind Speed 1mis
Electrical characteristics with different rear side power gain (refer to 400W front) Table -3
Pmax gain Pmax/W Vmpp/V Impp/A Vaoclv/ Isc/A
5% 420 40.8 10.30 48.9 10.84
10% 440 40.8 10.79 48.9 11.36
15% 460 40.8 11.28 48.9 11.87]
20% 480 40.8 11.77 48.9 12.39
25% 500 40.8 12.26 48.9 12.91

Poor detection performance on densely-packed datasheet with missing gridlines
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2.3. Table Detection

Enhanced Performance Warranty

LG NeON® 2 has an enhanced
performance warranty. After 25
years, LG NeON® 2 is guaranteed at
least 90.08% of initial performance.

Enhanced Product Warranty

LG has extended the warranty of the
NeON® 2 to 25 years including labor,
which is top level in the industry.

Years

10

15

20 25 30

universitatfreiburg

Well-structured text misidentified as a table
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2.4. Table Detection (TD)

universitatfreiburg

Hyperparameter Value
Learning rate 5x 107
Batch size 4
Weight decay 1x 1074

LR scheduler
LR drop

Exponential wﬁth Gamma — 0.9

1

Hyperparameter configuration of the best table detection model.
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Chapter 2 - Approach and Results

2.3. Table Detection

 PubTables-1M dataset - 460,589 annotated
document pages

* PV module training dataset — 169 PDF images
» Test dataset — 12 PDF files with15 images

universitatfreiburg

2.4. Table Structure recognition

 PubTables-1M dataset - This dataset has 947,642
fully annotated tables

* PV module training dataset — 545 table mages
» Test dataset — 12 PDF files with 65 table images

Swathi Thiruvengadam | Master thesis Defense | 23 April 2025
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Chapter 2 - Approach and Results

2.4. Table Structure Recognition (TSR)

Detected Table

> > '@‘— “ F-. Object

1 - Queries
Spatial encoding

Image ;
BResll':l l;et18 i Tatble rr ™
ackbone eatures P
Self-Attention . Classification Head
([ ) ¥ B ding Box Head
| Self-Attention Cross-Attention ouncing Box ed
L { Prediction Head
| FFN | FFN ‘
Encoder Layer 1 )
v — Decoder Layer 1 Table structure
E |I| refinement
Encoder Layer 6 Decoder Layer 6
\, v \ S
Encoder Decoder Identified Table

structure

Table Structure Recognition architecture diagram
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Chapter 2 — Approach and Results

2.4. Table Structure Recognition (TSR) - Canonicalizaiton Algorithm

Operation

Purpose

Split blank
spanning-cells

Break header-wide blanks into single grid cells.

Prevent giant empty boxes
that hide structure

Add missing header
rows

If a table row starts with blanks, treat it as an extra
column-header row

Capture multi-level column
headers.

Expand header
rows/cols

Recursively add header rows/cols until every physical
column has at least one header cell and vice-versa.

Ensure one-to-one
mapping between headers
and leaf columns/rows.

Merge identical
header spans

Adjacent header cells with the same row/column
span are merged.

Remove
over-segmentation.

Merge contiguous
blank cells

Blank cells touching each other inside a header block
are combined.

Keep header trees
compact.

Project row headers

In dual-axis or horizontal tables, merge all header
cells in the projected-row-header row

Support horizontal and
two-axis layouts.

Validation

Check that every grid row/column has equal length;
drop tables that violate the matrix property.

Guarantee a well-formed
output for TDE.

universitatfreiburg
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Chapter 2 - Approach and Results

2.4. Evaluation Metrics — Grid Table Sinilarity (GriTS)

« Topological GriTS - Capture cell adjacency and relational structure within a table
« Content GriTS - Associating content with the correct cell structure
« Location GriTS - Assess the accuracy of cell positioning within the table

Number of Correct Cell Locations Number of Correct Relationships

1. _ GriTS Top =

GriTs_Loc = Total Namber of Colls MR OP = ot Relationships in Ground Truth
GHTS Con — Number of Correctly Matched Content Cells GriTS¢(A.B) = 2 Zf‘j f{Ai:j:Bi'j}.
s Lo = Total Number of Cells in Ground Truth Al +[B]

Number of Correct Cells

Accuracy_Con = Total Number of Cells

universitét-freiburg Swathi Thiruvengadam | Master thesis Defense | 23 April 2025
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2.4. Table Structure Recognition (TSR)

Hyperparameter Value

Learning rate 1x 10~

Batch size 8

Weight decay 1x1073

LR scheduler Cosine Annealing with 7, = 50
LR drop 15

Encoder and decoder layers 6

Hyperparameter configuration of the best performing structure recognition model.
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Chapter 2 - Approach and Results

2.5. Tabular data extraction

Type I\g?fr;gg ggﬁ%n Length 2024 mm £ 2 mm
Cell Number 144 pes, Half Cut Mgi‘::'e Width 1004 mm £ 2 mm
Size 158,75 mm x 79.375 mm Thickness 6 mm
Bypass Diode 3 pcs Clamp Number 6
S pozipss | | Miouting | [Clmplenath | [T e0wmm
Jué‘:;ion Cable Length (Cus?gn'?i;nabl o) M"”“t{iffng‘gi‘;zf“i"g 512/355/485 mm £ 1 mm
Connector MC4 Compatible Weight B ot A 29 kg + %5
Rated Current 220 A Glass Half Tempe?gd?ggt:?n Thickness
Data cell Column header cell Table name cell

A | Row header cell

Projected row header cell

777 Projected column header cell

Cell
Cell

Cell
Juncti Ba
JunctiBa

7 JunctiBa
8 JunctiBa

Juncti Ba

Type
Number

Size

Bypass Diode
Degre of Protection
Cable Length

Connector

Rated Current

C D E F
Mono-C Silicon
Bifacial PERC Moats Length 2024 mm 2mm
144 pes, Half Cut ~ Moats Width 1004 mm 2mm
158,75 mm x 79,375
mm Moats Thickness 6mm
3 pes Clamp Number [;
IP67/1P68 Mounting Measures Clamp Length 80mm
it Mounting Hae  512/355/485 mm
iustone stk e) opacing f1mm
MC4 Compatible ~ Weight [ 29 kg +%5
(b)| AR Coating Glass AR Coating Glass AR Coating Glass

220A mm Thickness

Half Tempered, 2.5 Half Tempered, 2.5

mm Thickness

Half Tempered, 2.5
mm Thickness

Table structure recognized by the TSR model

Extracted data and exported to Excel

Extraction with significant OCR error and incorrect merged cells captured.

universitatfreiburg
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Chapter 2 - Approach and Results

1.3. Lightning-Table vs Table Transformer

I Electrical Parameters

SPICNG(LAR)-60-375/IH

SPICN6(LAR)-60-380/1H

SPICNGB{LAR)-60-385/I1H

Module Type
STC NOCT STC NOCT STC NOCT

Maximum Power (Pmax/W) 375 282 380 286 385 290

Maximum Power Voltage (Vmpp/V) 35.1 325 35.3 32.7 35:.5 32.9

Maximum Power Current (Impp/A) 1069 8.68 10.77 8.75 10.85 8.82

Open Circuit Voltage (Voc/V) 416 39.8 41.7 399 41.8 40.0

Short Circuit Current (Isc/A) 11.50 9,23 11.61 932 1.72 9,42

Module Efficiency 20.9% 21.2% 21.5%

Table with its internal structure recognized
! )y B C D E F G H [ J - R - . -
; Module Type SPICNG(LAR)-60- 375/1H SPIC N6(LAR)-60- 380/1H SPICNG(LAR)- 60-385/1H SPICNG(LAR)}-60-  SPICNG(LAR)F60-  SPICNS[LAR)-60-  SPICNG(LAR)-60-  SPICNG(LAR)-60-  SPICNG(LAR]-6O-
3 sTC noctl| st nocTllste NOCT 'i Module Type 20.0kg 375/IH | SIC 375/IH | NOCT 380f1H | STC 380/1H | NOCT 385/IH | S1E 385/IH | NOCT
‘ [
5 |Maximum Power (Priax/W) E7 282|380 25 |[285 2% 3 Maximum Power (Pmax/W) 375 282 380 286 385 230
6 4
7 |Maximum Power Voltage (Vmpp/V) | 35.1 325 |[35.3 327 ||z55 329 5 Maximum Power Voltage (Vmpp/V) Ee| 525 35:03:.00 327 35:05:00 329
8 ]
9 |Maximum Power Current (Impp/A) [10.69 %68 ||10.77 %75 |[1085 .82 7 Maximum Power Current (Impp/A) 10.69 8.68 1077 875 10.85 B.82
10 8
11 |Open Circuit, Voltage (Voc/V) 416 398 ||217 39.9 ||41.8 40.0 9 Open Cireult Valtage (Voc/V) 41.6 39.8 ALT 3199 A18 40
12 10
13 |Short Circuit Current (Isc/A) "1.50 5.23 ||1161 9.32 |[172 9.42 11 short Circult Current {lsc/A) 115 9.23 1161 532 11.72 9.42
14 12
15 \Module Efficiency 20.5% 2.2 21.5% 13 | Module Efficiency 20.50% 20.90% 21.20% 21.20% 21.50% 21.50%)
16
Data extracted using Lightning-Table Data extracted using Table Transformer
Swathi Thiruvengadam | Master thesis Defense | 23 April 2025 57
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Chapter 2 - Approach and Results

1.3. Lightning-Table vs Table Transformer

Power level 435 440 445 450 455
Pmax (W) 435 440 445 450 455
Vmp (V) 41.04 41,24 41.44 41.63 41.82
Imp (A) 10.60 10.67 10.74 10.81 10.88
Voc (V) 49,25 49.44 49.65 49.85 50.06
Isc(A) 11.11 11.17 11.24 11.31 11.38
Module efficiency (%) 20.01 20.24 20.47 20.70 20.93
Maximum system voltage (V) 1500

Fuse Rating (A) 20

Temperature coefficient Pmax (%°C) -0.350

Temperature coefficient Isc(%°C) 0.05

Temperature coefficient Voc (%°C) -0.275

Table with its internal structure recognized

A B C
|ElectricaICharacteristics |
Powerlevel %435
Pmax (W) "a35
Vmp (V) 41.04
Imp (A) "10.60
Voc (V) 49,25
Isc (A) 11.11
Moduleefficiency (%) 20.01
Maximumsystemvoltage (V)
FuseRating (A)
Temperaturecoefficient Pmax (%°C)

Temperaturecoefficient Isc (%°C)

Temperaturecoefficient Voc (%°C)

"a40
"a40
41.24
/
10.67
49.44
1117
20.24

"a45
"a45
41.44
"10.74
49.65
"11.24
20.47
"1500
"0
-0.350
0.05
-0.275

7450

"450

41.63
"10.81
49.85
"11.31
20.70

"ass
"a55
41.82
a
10.88
50.06
| A
11.38
20.93

A B C D E F G
1 IEIectricaI Characteristics Electrical (Electrical (Electrical (Electrical (Electrical Characteristics
2 Power level 435 "aa0 "aas "as0 "ass
3 Pmax (W) '35 "a40 "a45 "450 "as5
4 Vmp (V) 4104 3124 4144 63 41.82
5 Imp (A) 1060 1067 1074 1081 1088
6 Voc (V) 49.25  49.44  49.65 49.85  50.06
7 lsc(A) 1111 1117 "124  M131 M138
8 Module efficiency (%) 20.01 20.24 20.47 20.70 20.93
9 Maximum system voltage (V) :1500 so0 500 "1so0 1500

10 Fuse Rating (A)

11 Temperature coefficient Prax (%°C)
12 Temperature coefficient Isc (%°C)
13 Temperature coefficient Voc (%°C)

20 "0 "0 "0 "0
0350 -0.350 -0.350 -0.350 -0.350
0.05 0.05 0.05 0.05 0.05

-0.275 -0.275 -0.275 -0.275 -0.275

Data extracted using Lightning-Table

universitatfreiburg

Data extracted using Table Transformer

Swathi Thiruvengadam | Master thesis Defense | 23 April 2025 58




Chapter 2 - Approach and Results

1.3. Lightning-Table vs Table Transformer

Encapsulant Material
Back Glass
Frame

Junction Box

POE/EVA

2.0 mm, Heat Strengthened Glass (White Grid Glass)
30 mm Anodized Aluminium Alloy

IP 68 rated

Cables

Photovoltaic Technology Cable 4.0 mm?®
Cable length 350 mm or customized length

Encapsulant Materiai

Back Glass

2.0 mm, Heat Strengthened Glass (White Grid Glass)

Frame

30 mm Anodized Aluminium Alloy

Junction Box

IP 68 rated

Cables

Photovoltaic Technology Cable 4.0 mm?
Cable length 350 mm or customized length

Table with its internal structure recognized

universitatfreiburg

Data extracted using Lightning-Table

5 Encapsulant
|Material POE/EVA
2.0 mm, Heat Strengthened Glass (White Grid
|Back Glass Glass)
|Frame 30 mm Anodized Aluminium Alloy
Junction Box IP 68 rated
Photovoltaic Technology Cable 4.0 mm? Cable
Cables length 350 mm or customized length

Data extracted using Table Transformer
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