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Shading of Serial Interconnected Solar Cells
Bypass Diodes and the /-V curve

® Shading of serial interconnected solar cells

I[sh = 0.51ypp
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Shading of Serial Interconnected Solar Cells
Bypass Diodes and the /-V curve

B Shading of serial interconnected solar cells 3.0

— full illuminated
25 — shaded 50 %
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Shading of Serial Interconnected Solar Cells
Bypass Diodes and the /-V curve
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B Shading of serial interconnected solar cells 3.0
' — full illuminated
25} —— shaded 50 %
20F A ,
{ \ (| I =] (1]
[sn = 0.51vpp < 15} L op — TMPP
o c 1.0f
B ], = ;4> (reduced) power generation in both solar cells g
T g 05¢
m [, = Iupp=>» power dissipation in shaded solar cell
0.0
-0.5F
_ 1.0 e
M Problem: current mismatch between solar cells 25 -20 -15 -10 5 O 5
B State of the art measure: voltage V/V
Implementation of bypass diodes
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Reduction of Shading Losses
Adapted Solar Module Topologies

B Investigated solar module topologies

) Conventional Butterfly Shingle String Shingle Matrix
Conventional full cell full sized solar cells half-cut solar cells  1/5thshingle solar cells 1/5thshingle solar cells
60 Pcs 120 Pcs. 300 Pcs. 300 Pcs.

Butterfly half cell
Shingle string

Shingle matrix [l

B LTspice shading simulations (23]
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[1] A. Mondon et al., 2018

[2] N. Klasen et al., submitted to IEEE Journal of Photovoltaics, 2021 Eﬂﬁg
[3]1 N. Klasen et al., accepted Progress in Photovoltaics, 2021 12,3]
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Reduction of Shading Losses
Adapted Solar Module Topologies

B Investigated solar module topologies

) Conventional Butterfly Shingle String Shingle Matrix
Conventional full cell full sized solar cells half-cut solar cells  1/5thshingle solar cells 1/5thshingle solar cells
60 Pcs 120 Pcs. 300 Pcs. 300 Pcs.

Butterfly half cell
Shingle string

Shingle matrix [l

B LTspice shading simulations (23]
Module topologies v
I-V data: extended two-diode model [4]V

Shading scenarios

Criterion for comparison
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[1] A. Mondon et al., 2018

[2] N. Klasen et al., submitted to IEEE Journal of Photovoltaics, 2021 E,?]E
[3]1 N. Klasen et al., accepted Progress in Photovoltaics, 2021 12,3]
[4] H. S. Rauschenbach, Solar cell array design handbook, 1980 !
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Shading Scenarios
Rectangular and Random Shading

B Shadingis arbitrary
Rectangular: Poles, antennae, chimneys, other PV modules, ...

Random: Leaves, bird droppings, branches/ trees, ...
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Shading Scenarios
Rectangular and Random Shading

B Shadingis arbitrary

Rectangular: Poles, antennae, chimneys, other PV modules, ...

Random: Leaves, bird droppings, branches/ trees, ...

® Rectangular shading
4 parameters (Wsh' Tsh, Csh(x: y))
Evaluation of Ay, from parameters

Scenarios: 2000 combinations, Latin Hypercube Sampling ['-2

y I
Sh_AO

[1] M. D. Mckay et al.,1979, doi: 10.2307/1268522.
[2] J. C. Helton and F. J. Davis, 2003, doi: 10.1016/s0951-8320(03)00058-9.
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Shading Scenarios
Rectangular and Random Shading

B Shadingis arbitrary
Rectangular: Poles, antennae, chimneys, other PV modules, ...

Random: Leaves, bird droppings, branches/ trees, ...

shaded area fraction Ay, / 1
0.02 0.13 043

s
= #'

E .
e ™

® Random shading
2 parameters (Agp, ngp)

25x25 pixel per shingle solar cell

Ngn = 10

X

Scenarios: 1250 equidistant steps in Ay, from 0 to 1 average irradiance (per solar cell) £ / kW m?
BT [

0.0 0.2 0.4 0.6 0.8 1.0

m All scenarios are transferable between topologies
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Criterion for Comparison
Shading Resilience SR

1.0 .

max function Pmax

® Limit functions
Assumption: electrically ideal interconnection

Pxl A= Phx = Po(1—Ag)

PV module power P/ a.u.
o
(@)}

0.0 05 1.0
shaded area fraction Ay, / 1

Eg = 0.2 kW/m? [1]

[1]1 M. A. Sattler and S. Sharpies, “FIELD MEASUREMENTS OF THE TRANSMISSION OF SOLAR RADIATION THROUGH TREES”, 1988
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P / W: power

I / A: current

A /m?: area

E / kW m™~2: irradiation
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Criterion for Comparison
Shading Resilience SR

1.0 .

max function Pmax

B Limit functions . = = = < min function Prmin

Assumption: electrically ideal interconnection
Pxl A= Phx = Po(1—Ag)
POCIOCESh 9Pmin=P(ASh= 1)=P0ESh

PV module power P/ a.u
o
(@)}

0.0 05 1.0
shaded area fraction Ay, / 1

Eg, = 0.2 kW/m? [1]

P / W: power
I / A: current
A /m?: area

) E / kW m™~2: irradiation
[1] M. A. Sattler and S. Sharpies, “FIELD MEASUREMENTS OF THE TRANSMISSION OF SOLAR RADIATION THROUGH TREES”, 1988
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Criterion for Comparison
Shading Resilience SR

1.0 .

max function Pmax

B Limit functions . = = = < min function Pmin

e performance function P(Ash)

Assumption: electrically ideal interconnection
Pxl A= Phx = Po(1—Ag)
POCIOCESh 9Pmin=P(ASh= 1)=P0ESh

® Performance function P(Ag,)

PV module power P/ a.u
o
(@)}

Obtain by LTpsice simulations

0.0 '
0.0 0.5 ‘I.O

/  shaded area fraction Ay, / 1
0.0 002 006 013 018 0.28 043 0.63

- *
3 = P / W: power
T e =
L e ! - I/ A: current

Solar module A/ m? area
E / kW m™~2: irradiation
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Criterion for Comparison
Shading Resilience SR

1.0

T
max function Pmax
= = = = min function Pmin
o performance function P(Ash)

B Limit functions

Assumption: electrically ideal interconnection
Pxl A= Phx = Po(1—Ag)
POCIOCESh 9Pmin=P(ASh= 1)=P0ESh

® Performance function P(Ag,)

PV module power P/ a.u.
o
(@)}

.0,
TELR 00 -0 -0 90-0 -0

Obtain by LTpsice simulations

Pmim
0.0 :
® Shading resilience SR = ,,how close is a topology 0.0 0.5 1. 0
to the ideal shading behavior?” /  shaded area fraction Ay, / 1
Integration from Ash —0to1 0.0 002 006 013 018 0.28 043 0.63
2 1 21 E SEREA !_:' *,. P / W: power
SR = - f P(Agp) dAgy — - [1] 1= Eih L . !- I/ A: current
(1 =P Jg 1=t 0 Solar module A/ m?: area

) E / kW m™~2: irradiation
[1] N. Klasen et al., submitted to IEEE Journal of Photovoltaics, 2021 /
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Results

Rectangular Shading ok § )
o !;: I SR=0.213
SN
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Shading Resilience SR el - I
Topology Rectangular  Random ?2100 f" v' v NG
Conventional ) 0213 z BTSN
Butterfly 0 R
Shingle string O A
Shlng|e matriX 0.0 0.2 0.4 0.6 0.8 1.0

shaded area fraction Ay, / 1

® Horizontal lines:
Conductive bypass diode at shaded module part

Remaining part of module unshaded
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Results
Rectangular Shading

Shading Resilience SR

Topology Rectangular  Random
Conventional 0.213
Butterfly 0.461

Shingle string
Shingle matrix

® Horizontal lines:
Conductive bypass diode at shaded module part

Remaining part of module unshaded
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Results
Rectangular Shading

Shading Resilience SR
Rectangular  Random

0.213

0.461

0.602

0.692

Topology
Conventional
Butterfly
Shingle string
Shingle matrix

® Horizontal lines:
Conductive bypass diode at shaded module part

Remaining part of module unshaded

B Shingle solar modules
Produce power output upto 4y, =1

Many data points close to P ax

[1] N. Klasen et al., submitted to IEEE Journal of Photovoltaics, 2021
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Results
Random Shading

Shading Resilience SR
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Shlngle matriX 0 692 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
' shaded area fraction A, / 1 shaded area fraction Ay, / 1
B Lower SR in random scenarios for all topologies s0fb. T 300 L ' T T
N —-—--ideal power output N —-—--ideal power output
. N SR = 0.446 . SR = 0.545
Less data points close to P« = 250 2 250
s M < Q
Reduced MPP currents 21 g 200 b_%,:/- g 200
. . . . "ol e} vess. s ‘ ) S
Less distinct horizontal ,,diode”-lines o 150} % ".‘;;'-'.. ® 150
S AN S Y |
o O >
Overall reduced SR S joof e 2 100} : /
z z g
50 50 F
B Reason: Distribution of shading on entire module . , LT " : : R
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[11 N. Klasen et al., submitted to IEEE Journal of Photovoltaics, 2021 shaded area fraction ASh /1 shaded area fraction ASh o (1]
[2] Conference Proceedings
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Summary
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®m  Definition of the Shading Resilience SR: ® Investigation of four module topologies:
Valid for arbitrary shading Shingle PV modules yield up to 3.5 times more
Applicable on arbitrary module topologies energy compared to the conventional reference.

Summarizes response to shading in one value
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Thank You for Your Attention!

Corresponding Autor:

Nils Klasen
nils.klasen@ise.fraunhofer.de
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