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SCHATTEN IN DER PV - MODULSTRESS

Rosmarie Neukomm, Renersolv Neukomm, Yverdon-les-Bains
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SCHATTENWURF VON OBJEKTEN N

« Dauer und Schattenverlauf Tages- und jahreszeitlich variierend
 Nachbargebdude, Baume, Modulreihen, Dunstrohre, etc.
« Belastung periodisch wahrend ganzer Lebensdauer

BESCHATTUNG: ABDECKUNG DER ZELLEN

« Direkt aufliegend, opak, oft temporar: Verschmutzung,
Staub, Ablagerungen in den Modulrahmen , Vogelkot z.T.
selbstreinigend

= Reinigung
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MODULE GUNSTIGER = PV STROM
GUNSTIGER

Preisentwicklung PV-Module 2010-2018: Preise um ca. 90% gefallen seit Ende 2009

35
=== Crystalline Europe (Germany)
s Crystalline Japan
3.0
es=== Crystalline China
Thin film a-Si
2.5 Thin film a-Si/u-Si or Global Index
3 (from @4 2013)
un-: Thin film Cds/CdTe
o 20 e All black
—
= High efficiency
1.5

e Mainstream
A

Low cost

IRENA (2019}, Renewabile Power Generation Costs in 2018, Intermnational Renewable Energy Agency, Abu Dhabi,

— Werden Module vermehrt in den Schatten gebaut ?
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BESCHATTUNG: UBERPROPORTIONALER AN
ERTRAGSAUSFALL UND MODULSTRESS

« Konventionelles c-Si Modul, Serieschaltung 60 od. 72
Zellen
« Falls Zellen beschattet, und Impp Modul > Isc
beschattete Zellen
—— > Zellen v jm———— — — —— —
Modul nmtL3st | i — S — S S — —
Bypass Dioden a
1 Zelle beschattet | | [ [ |
N

« Maximal fallt die Summe der Spannungen der unbeschattetten
Zellen des Diodenabschnitts ab >Bypass-Diode (BPD) wird leitend:
1 BPD pro ca. 20 Zellen

- Stress begrenzt

Erfa Swissolar 10.0kt.2019 Schatten PZ
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IV KENNLINIE MODUL ( 3 BPD, N ZELLEN PRO @)

1 Zelle teilbeschattet in Modul mit 3 Bypass

Dioden
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In vielen Beschattungssituationen verteilt sich die

Ruckwartsbelastung auf mehrere beschattete Zellen - Stress
begrenzt und meist verteilt
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STRESS-SCHATTENWURF IN DER
PRAXIS

2777 = Spl 44 ° Cjo C
--5- L Bx1 Max 93.7°C
A |
... s Min 27.2°C
:.’. !.V-EE= -- Average 46.6 ° C
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Schatten durch Pflanzen Quelle, L. Schwa g 3
> Teilbereich einer Zelle kann sich stark ¢... 7.

Beschattete Zelle: Temperatur ca. 50°C hoher als Modultemper:
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STRESS-SCHATTENWURF
LUFTUNG

Bx1 Max 116.9°C o (C
BX2 Average 69.4°C

-
»

A

Schatten durch Liftungsrohr Energie’

- Zelle kann sich stark erhitzen Quelle, F Netzwerk

Simmler
Der unbeschattete Teil einer teilbeschatteten Zelle

kann sehr heiss werden (warm...hot...)

Erfa Swissolar 10.0kt.2019 Ry P\7/
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BESCHATTUNG: MODULSTRESS C-SI MODULE

THERMISCHER IMPAKT BESCHATTUNG

« Beschattete Zellen: Sperrbetrieb - ca. 100 W thermisch in unglinstige

* Dose: Schottky-Diode Spannungsabfall ca. 0.5V - ca 5 W/ BPD, oft 3

« Modul - Teilbereich mit erhéhter Temperatur, Temperaturdifferenz im
potentiell schnellere Alterung (mehr und héhere Temperaturzyklen)

BYPASS DIODEN (BPD)

« wichtig fir sicheren Betrieb von c-Si PV-Modulen
« BPD defekt und Schatten = kann Hot Spots mit hohen Temperaturen e
insbesondere bei vorhandenem Zell-IV-Mismatch, Zelldefekten (Bruck
« BPD-Ausfall
- Uberspannungsereignisse (Blitz direkt oder nahe)
- Lebensdauer BPD hdangt von Diodendimensionierung, Dosen-Diodel
Operations- und Integrationsbedingungen der Module ab (&<—>thern
Worst case: thermisches Wegdriften «Thermal Runaway» der BPD)
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INSTALLATIONS- UND GARANTIEBEDINGUNGEKI\

LONGI

en.longigroup.com

Installationsanleitung fir LONGI PV
Solarmodule

Module sollen das ganze Jahr Ober an schattenfreien Orten installiert werden. Stellen Sie sicher,

dass sich an den Installationsorten keine lichtblockierenden Hindemnisse befinden.

stellen Sie sicher, dass die Klemme keinen Schatteneffekt erzeugt.

Wahrend des Betniebs der Module darf es keine Umweltfaktoren geben, die Schatten projizieren und
teilweise oder das gesamte Modul abdecken. Zu diesen Umweltfaktoren zahlen andere Module,

Modulsystemhalter, Vogel, Staub, Boden oder Pflanzen. Diese kénnen die Ausgangsleistung erhe-

blich reduzieren.

Garantiebedingungen fiir MegaSlate II-Module der 35 Solar Plus AG

E. Ausschliisse der Garantieanspriiche

- dauerhafte Verschattung eines Teilbereiches oder des gesamten Modules,

- Beeintrachtigung durch dulere Einflisse (Schmutz, Rauch, Salz, Chemikalien, Gase und andere

Verschmutzungen),

Ertex Solartechnik (AU), Spezialmodulhersteller

Die Beschattunsfreiheit der Module muB Bauseits sichergestellt sein.

Erfa Swissolar 10.0kt.2019
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INSTALLATIONSANLEITUNG MODULHERSTELLEI{\
Sharp: General Safety

10. Avoid uneven shade on the PV module surface. Shaded cells may Ungleichmé_ssige
become hot (“hot spot” phenomenon) which may result in permanent n
damage to the module (e.g., solder joints may peel off).
Schatten

vermeiden:
Hot Spots und
dauerhafte

Schidiauna
LS

AL EA A LB Ao

moglich
ENVIRONMENTAL CONSIDERATIONS

1) The shading of the front surface is the main cause of hot spot or
performance reduction of power generation.
2) The ground should have well drained soil.

S-energy: Installation guide, S.3 (2017)

To avoid shade by the vegetation environment, regular weeding is needed.

The shading of the front surface of the module can cause the module degradation by fire or reduce its lifecycle.

Maogliche Moduldegradation,
Brandgefahr, und Auswirkungen auf

Lebensdauer Module
Erfa Swissolar 10.0kt.2019 ot
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Uberproportionaler Ertragsausfall und Modulstress lassen S‘;\
sich teilweise reduzieren

GEEIGNETE ANLAGENKONZEPTE, SMARTE MODULE

Zentral/Strang Wechselrichter

Modul WR

Modul Optimierer DC/DC add-on mit Spezial-WR
Konventioneller WR nur Teilausstattung mit Modul Optimierern
Moduldosen mit Optimierern ,smart”

Eagle MX (JKO7B) Jinkd"

260-280 Watt

Smart-Modul

... Eliminierung von Hot Spots fUr eine geringere Degradation der Module.

Ein infegrierter intelligenter Schaltkreis zur Zelloptimierung verhindert
E| Beeintrchtigungen durch beliebige Diskrepanzen innerhalb eines Moduls (z.

_— B. durch Schatten, Verschmutzung, Alterung, ungUnstige

Gebd&udeausrichtung) und sorgt fUr maximale Ausgangsleistung.

Erfa Swissolar 10.0kt.2019 Ry f1>\1/
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SCHATTENTOLERANTERE MODULKONZEPTE 5

Rear Side Glass or Back Sheet Foil

Spezielle Modulverschaltung ——
- Halbzellen

- Parallele Zellstrange im Modul Front Glass
- Parallel-Schindeln + Matrix

-1Zelle /BPD

1 Zelle/BPD Parallele Schindel- und Matrix Module
AE SOLAR

alternative energy @0e

COMPARISON OF LAYOUTS FOR SHINGLED BIFACIAL PV MODULES IN TERMS OF POWER
AE SOLAR SMART HOT-SPOT FREE SHADING OUTPUT, CELL-TO-MODULE RATIO AND BIFACTALITY
RESISTANT PHOTOVOLTAIC MODULES

Andrew Mondon, Nils Klasen, Esther Foluhl, Max Mittag, Martin Heinrich, Harry Wirth
Fraunhofer Institute for Solar Energy Systems (ISE), Heidenhofstrafle 2. 79110 Freiburg, Germany
andrew. mondon(@ize fraunhofer.de
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EFFEKT BEI BESCHATTUNG (3BPD) N

Prinzip parallele Strange versus serielle Strange Modul Design

®Horizontal shadow occasion ®Vertical shadow occasion

Parallel Black Series Module Parallel Black Series Module
G ) o = 7o rarallel
sltl;ationundev' a =—— :?::lfo:ol:z.:r ,“{ 7-, P DeSIgn
- :  — = 3 Mit 3 BPD

The output is p— e —fe—— The output is

66% of normal g f—p— s S RN AT 0% of normal

situation under ’a s e ¢ — Epaas situation under e S T G ) B y

s ey Zusammen
i mit
Optimizer
oder Modul
WR...

Aus: Prospekt Greenway Solar-Tech (2 = swsoiar
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Vgl parallel String und Matrix Schindel Module A

(Quelle: Modon, ISE, s. Folie 12) -

BESCHATTUNGSFALLE RELATIVE LEISTUNG (@STC)
M?)Ejrliﬁ Modul Matrix Bifacial

Parallel String Modul Parallel Bifacial
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Scenario

- Matrix Design meist besser
im mono-facilalen und bi-facialen
Fall

Erfa Swissolar 10.0kt.2019 Schatten fl’z



solv

SCHLUSSFOLGERUNG

Schatten in der PV ist nicht unproblematisch
« Idealerweise kein Schatten auf Modulen
« Montage - und Garantiebedingungen der Hersteller beachten

Auswirkungen von Schatten kann teilweise abgefangen werden
« Intelligente Konzepte, Anlagen und Module
jedoch: Mehrkosten, zusatzliche Komponenten und
Komplexitat,
Langzeiterfahrung fehlt, aber wird kommen

« Konventionelle Anlagen mit Schatten haufiger kontrollieren auf
Hot Spots und defekte Bypass-Dioden: Thermographie ist sehr
effizient

* In allen Fallen: Anlageniiberwachung,

Reinigung und-evtljaten(auchvoriR=
Thermographie
oder |V. Messung)
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Lock-in Thermography for analyzing solar cells and failure analysis in other
electronic components

by O. Breitenstein* and S. Sturm**

* Max Planck Institute of Microstructure Physics, Weinberg 2, D-06120 Halle, Germany, breiten@mpi-halle.mpg.de
*InfraTec GmbH, Gostritzer Str. 61-63, D-01217 Dresden, Germany, s.sturm@infratec.de

a) +500mV

b) -500mV

-

ohmic shunts ®

breakdown sites!
3 o )

Fig. 4. (a) Forward bias and (b) low reverse bias LIT amplitude image showing shunts with linear and non-linear
characteristic, (c) high reverse bias amplitude image showing in addition breakdown sites.

Erfa Swissolar 10.0kt.2019 Schatten li\;
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Mitigating Strategies for Hot Spots in
Crystalline Silicon Solar Panels

Impact of Hot Spots on the Electrical Protection of the Panel

The consequences of hot spots can range from dramatic
fires to accelerated aging of the materials and, in most
cases, we will see the more diffuse temperature increase
leading to an accelerated aging of the backsheet/
encapsulation material set.

A hot spot resulting from, or leading to, a short circuit
between the front and the back of the cell will result in very
localized high intensity heating. This type of hot spot can
result in melting of the backsheet and can lead to fires.

HHHTTH T Hersteller «Tedlar» PVF (Polyvinylflt
Hot spots lead to bubbling R uc kwa n d fo I | e

o i Studie uber Schaden an
a ol o O Riuckwandfolien wegen ‘Hot Spots’

Extremszenario, mehrere Faktoen:
> g Wiste, hohe Operationstemperatur
TTee——— grosse Temperaturdifferenzen
Gonseimlentis NI —5' Sand und Schmutz / Beschattung
e | EEEIE

- :s;e:e?:ﬁ:gggt:_ show cracking High intensity hot spots in PVDF-based backsheets PVD F (PO vai nyl id e n fl u O ri d)
www.dupont.com/content/dam/dupont/products-and-services/solar-photovoltaic-materials/solar-photovoltaic-materials-landing /docume

Erfa Swissolar 10.0kt.2019 Ry Il)\é




CHARACTERIZATION AND SIMULATION OF THE SHADING

INDUCED HOT SPOT RELIABILITY PROBLEM IN SILICON

PHOTOVOLTAIC SOLAR MODULES

b).-

PAUL MARK LUNDQUIST
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Figure 54: Leakage current due to reverse bias voltage on the poly ¢-5i 125 mm solar cell,

with IR thermal image. The voltage stress caused a breakdown and hot spot.

solv

5-inch Zelle (Impp 4.8A)
Ohne Licht
Sperrspannung 0-18 V
- Dioden Durchbruch

Schatten PV
19
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CHARACTERIZATION AND SIMULATION OF THE SHADING
INDUCED HOT SPOT RELTABILITY PROBLEM IN SILICON

PHOTOVOLTAIC SOLAR MODULES

b}.-

5-inch Zelle (Impp 4.8A)

Verschieden Beschattung

- Grosster Strom (thermischer Stress)
bei 25% Beschattung

PAUL MARK LUNDQUIST
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£ 50

Figure 59: Reverse bias voltage with partial shade on poly ¢-5i. Thermal image and
picture had 25% shade, and generated 47 W of heat. SP1 to SP3 were illuminated.
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25th European Photovoltaic Solar Energy Conference and Exhibition /

HOT SPOT RISK ANALYSIS ON SILICON CELL MODULES

Stefan Wendlandt'?, Alexander Drobisch', Torfinn Buseth?, Stefan Krauter'** and Paul Grunow'

! Photovoltaik Institut Berlin AG, Wrangelstr. 100, D-10977 Berlin, Germany

Phone: +49 (30) 814 52 64 0, Fax: +49 (30) 814 52 64 101, e-mail: wendlandt@pi-berlin.com

2Elkem Solar AS, P.O. Box 8040 Vaagsbygd, NO 4675 Kristiansand, Norway

Phone: +47 3801 7399, e-mail; torfinn.buseth@elkem.no

5th World Conference on Photovoltaic Energy Conversion, 6-10 September 2010, Valencia, Spain

*Technical University of Berlin, Department of Energy and Automation Technology, Einsteinufer 11, D-10587 Berlin,

Germany, e-mail: krauter@iee.tu-berlin.de

4 University of Paderborn, Faculty of Electrical Engineering, Informatics and Mathematics, Institute for Sustainable Energy

Concepts, Pohlweg 55, D-33098 Paderborn, Germany, e-mail: krauter@nek.upb.de
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Table I: Critical temperature of the front glass overview

i 15. Lo
unshaded module
10
08
current-imited cell
<
T 06
2
®
E
g Bypass dindes
04 turns on point
02
voltage-imited cel
00 " n "
0.0 0.2 04 0.6 08 10
normalised VIV

Erfa Swissolar 10.0kt.2019

temperature effect module consequences
no visual normal module
<150 °C
effects performance
. delamination and less
melting of .
o . heat conduction
> 150 °C encapsulation .
material
discolouration attenuated of the
of the back electrical module
> 170 °C . . .
sheet foil isolation
irreversible performance loss at
destruction of the module under
> 200 °C the cell pn-

junction

unshaded conditions

Schatten PV
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Solar Bypass Diodes: Then and Now

Shawn A. Fahrenbruch
Principal Engineer
Microsemi Analog Mixed Signal Group

Solar Bypass Diode
technology progression

“S-Curves”
Overall market
performance as viewed
at 100000 feet of altitude

Solar Bypass Diode
Technology #3
“Lossless Diodes”

@

o

c

©

E

S

=

@

[ .

8 /“

o Solar Bypass Diode  Today (in 2010), the solar
2 Technology #2 bypass diode market is
o , Schottky Diodes yp here

olar Bypass Diode
Technology #1
PN Junction Diodes

Time or Engineering Effort

Problem: Potentieller Thermal Runaway bei Schottky Dioden

Erfa Swissolar 10.0kt.2019 Schatten 1;\2/



Typen von BPD

Welche Optionen fiir Bypass-Dioden gibt es?

p-n-Diode Schottky Aktive Dioden
Grundprinzip
Sperrspannung 200-1000V| 40-70V 30-40V
Durchlass-Spannung
@T,=125°C, I, =10 A 05->1V 0,3-0,5V 0,05-0,1V
Sperrstrom
@T,=125°C, Uy =15V HA mA - A nA - pA
\S/\t/iogggtoar:;jsfgiizslg.it uni-direkt. | uni-direkt. | bi-direktional
Preis / Stuck 02-05€ | 0,2-05¢€ 1,0-1,5€
’ Z Fraunhofer
BYPASS-DIODEN:
ZUVERLASSIGKEIT

Erfa Swissolar 10.0kt.2019
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Heribert Schmidt

Fraunhofer-Institut fir Solare
Energiesysteme ISE

Schatten PV
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Photovoltaics in the shade: one bypass diode per solar cell
revisited

Boudewijn B. Pannebakker, Arjen C. de Waal, Wilfried G.J.H.M. van Sark 5

T CATHODE
Q1
| Charge Controller
C1 and FET ——l
-[ Pump Driver laypass vF
l ANODE +
Figure 1 Open in figure viewer | [Pow

INncrease Mmismadtlcn olerdnce ana moauie periormarce unaer parudl sndaaing. severdl
companies (e.g., Texas instruments, Microsemi, and STMicroelectronics) have recently
developed these substitutes to the conventional Schottky BPD called lossless, smart, active,
or cool BPDs. They are in fact switching circuits using transistors to mimic diode-like
behavior, resulting in a 10-fold lower forward voltage (Vi) (~30 mV) compared with a
Schottky diode. As an example, a simplified schematic of the Texas Instruments SM74611 1C
15 is shown in Figure 1. Besides a body diode, an MOSFET, a controller, and FET driver, a
charge pump and a capacitor are included. Once a solar cell is shaded, current will flow
through the body diode, which creates a potential difference across the anode and cathode.
The potential difference charges the capacitor, which in turn powers the IC and turns on the
MOSFET. The key to a low V¢ is minimizing the charging time (FET off) and keeping a high
duty cycle (typical value for duty cycle is between 96% and 99% with FET on for ~240 ms).

Progress in Photovoltaics: Research and Applications, Volume: 25, Issue: 10, Pages: 836-849, First published: 29 May 2017, DOI: (10.1002/pip.2898)



Kazuhiko Kato

PV System and Application Team,
Research Center for Photovoltaic Technologies (RCPVT),
National Institute of Advanced Industrial Science and Technology (AIST),
Japan

PHOTOVOLTAIC POWER SYSTEMS PROGRAMME

How to find solder bond and bypass diode failure in the field

Infrared Camera is available to find solder bond failures
mainly on sunny condition.

“Signal Transmitter Device” is cheap (<100K JPY) and more helpful to find
both solder bond failure and bypass diode failure even on cloudy condition.

@ x\\‘lf =

TRRATE

k\“s <

\ T e

\

Transmitter

Erfa Swissolar 10.0kt.2019
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How to find bypass diode failure (open circuit) in the field

o Ty 1 el ry ek
|
p
! 1 | |
.
.
\
Mot [
c
c
)

A
No signal detected
on submodule
with
/ ~
“Working” BPD

Transmitter

Shadowed"

on submodule
with “Open Circuit” BPD
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H IO K l -ﬂ] myHioki s Sprache auswahlen | ¥ |English vl ‘ Q

I Technical Support About Hioki Global Network Contact

HOME > Products & Service > Solar panel, Photovoltaic (PV) system maintenance > BY

BYPASS DIODE TESTER
FT4310

Inspect Solar Panel Bypass Diodes for Opens and
Shorts in Broad Daylight Without Covering Panels

Bypass Diode Checker

BDC15310 Bypass Diode Checker

Inspector for the integrity of bypass diodes in
solar batterty module. (open/short).

FEATURES

eConsidering safety, the measurement is done during night and the
work in high places is not required, as the measurement can be
made at the output terminal like as connection box, etc.

#Easy operation and speedy measurement for the time of 1 sec.

Erfa Swissolar 10.0kt.2019 Ry 2\7/
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Review of [EC 61215:2016 (type approval)

MQT 18 — Bypass diode testing
= Major changes

= Purpose: To assess the thermal design and long-term reliability of the used bypass diodes and to verify
that they are still functional afterwards

MQT 18.1 — Bypass diode thermal test

0,44 —— r— T -
1) Determination of characteristic 042 + i p
= VD (diode forward voltage) vs. TJ (junction temperature) 040 1 S eR
0 : u
* Module heated to T, 4, = 30/50/70/90°C, pulsed |,. (1ms) applied, oda Foi :‘\\
Vpy4 measured s 03 | .:..\ 2
= Plot: Vj vs. T, characteristic - S
2) Test performance: determination of T, at T,,,,=75°C .
03z +
* Module heated to 75°C + 5°C, current | .(STC) applied for 1 hour g
= After 1 hour: V,, of each diode measured - i 333::3:; :
= T, obtained from extrapolation of V vs. T, characteristic g2 _'_;_ t&a‘&%ﬁwyw b0, 3523 me=-U 00114 R0 99§04
- g Tj = 3 ;
3) Test performance: higher current 0,26 - .
0 20 40 60 80 100 120 140 16C
= Applied current increased to 1.25 * I for 1 h at 75°C + 5°C Tra

Control measurements: MQT 01 (Visual inspection), MQT 15 (Wet leakage current test), MQT 18.2

38 March17  Newstructure of PV module type approval and safety qualification standards A TUVRheinland”
Precisely Right.
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MQT 09 — Hot-spot endurance test (wafer-based technologies)

Minor changes

Purpose: To determine module ability to withstand hot-spot heating effects
Classification of cell interconnection: case S (serial), case PS (parallel-serial), case SP (serial-parallel)
Selection of four test cells (lowest shunt resistance cell at module edge, (in addition) two lowest shunt

resistance cells, highest shunt resistance cell)
Determination of worst-case shading

solv

Maintenance of worst-case shading condition for 1h for each selected cell. If temperature of shadowed

cell is still increasing after 1h: total exposure time 5h.
Control measurements:

- MQT 01 (Visual inspection)

- MQT 02 (Max. power det.) (functional control)

- MQT 03 (Insulation test)

- MQT 15 (Wet leakage current test)

28 March 17 MNew structure of P\ module type approval and safety qualification standards

Erfa Swissolar 10.0kt.2019
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Module current in Amps

=
in
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=

Module characteristics

Current.voltage characteristic

with one cell totally shaded

X1
4
|

-
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M
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of the non-shaded module

Bypass diode
turns on

Cell with highest
leakage current

=

5 10

15

20 25

Module voltage in Volts

A_ TUVRheinland”
Precisely Right.
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SUBSTRING-MPPT FOR 4-TERMINAL 3-SUBSTRING MODULES

R. Brace!), A. Neumann?, T. Czarnecki®, R. Merz?
1) BRC Solar GmbH, Robert-Bosch-Str. 49, 69190 Walldorf, Germany
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Figure 1: a) Serial connection of substrings Sx in a Figure 3: Substring-MPPT for independent Isx and Vsx
standard 4-terminal PV-module b) My with protection of serial substrings Sx. Power balancing sets
diodes Dx result in a module voltage Vviy=Vs1+Vs2+Vs3 Vsx=1/3 Vmy = Vsxmep and current interface fits hay to
and a common module current hay = Isy + Is3 - Is3 for Ist and Vay to Vary:.
homogeneous irradiance.
. Schatten PV
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REDUCED SHADING EFFECT ON HALF-CELL MODULES —- MEASUREMENT AND SIMULATION REnersolv-Neukomm
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Figure 3: Schematic module designs:

(a) The standard 72 full-cell module with 6 strings and 3
bypass diodes. Each block represents a string with 12 full
size cells in series and their cell connectors.

(b) The half-cell module with 144 halved cells and 12
substrings. Each block represents a substring of 12 halved
cells connected in series and their cell connectors. Two
series connected paralleled substrings form a string [7].




