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- Inter-row shading may cause electrical mismatch between modules
and/or strings

« But this mismatch can be reduced by optimizers

Overview

- We model the impact on electrical shading losses for different fixed-
tilt row-based system layouts and optimizer choices.
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Electrical effects of partial shading 1/2

« Shading on a single module

Example: 1 submodule partially shaded

PV module JKM 315PP-72-DV of Jinkosolar: 72 cells
T r r T r T

12 T T
T T
3 diodes per module ——— 24 shaded cells

Incid. Irrad = 1000 W/m# ——— 0 other unshaded cells
Operating Cell Temp = 45 °C ~——— Submodule #1, 24 shaded cells
10F ~—— Submodule #2 unshaded
——_Submodule #3 unshaded
— "
sk 3\
E° y
| \ In this range, the shaded
submodule’s bypass diode is
2r i activated
c-’30 -2‘0 50 ‘
In this range, the shaded

submodule limits the current

Diffuse fraction
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Electrical effects of partial shading 2/2

« Mismatch among modules

Shaded modules Unshaded modules

Same principle as submodules !
(series connection)
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« Mismatch among strings

Power [W]

Unshaded string

Shaded string

Without optimizer
000

500

250

Strings
= Shaded = Unshaded = Total

Total PMPP < PMPP shaded + PMPP unshaded

Submodule
ismatch
Unshaded MPP imsma c
________ £ _________I_
“Shaded MPP TN
between
strings

0 200 400 600

Voltage [V] Hﬁgm



Shading loss normalized to a single string’s generation

1.0-
Diffuse fraction l
0.9- Y, e ————— ¢ ————————-
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/ | / 7 ~
[)] I | ‘ ~
®07 / & P -
£06 / / ya _ —H @® 1 string per MPPT
® ' e (2
< /! /7 7/ P -~ @ 2strings per MPPT
3 0.5 / / 7/ [ e -7
I /] 7 . | | @ 3strings per MPPT
=04 / / . ~ .
£ / / / /,/ | | @ 10 strings per MPPT
S 0.3 I, s = |
< / /, 2 // -~ | @ Linear shadings
0.2 / 7 - L !
ly/ =" :
0.1 /// ~ - l Sheds (landscape): l Sheds (landscape):
)/é - | 1/3 of submodules | 2/3 of submodules
1 ] 1 I 1 1 1 I ] 1 1 1
0%% 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fraction of submodules shaded



Optimizers

« Allow operating point to be displaced
while keeping the MPP power

= Extends MPP to a range

« String optimizers (usually current boost)

« Module optimizers:

— Full optimizers (voltage and current boost)
— Buck-only (only current boost)

« Sub-module optimizers (usually current

boost)
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Uutput. power [W)]
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Full optimizer (Buck-Boost) Current & Voltage boost
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Current
boost

Voltage-
boost

constant
power

Current and Voltage limits: fixed for §evice

~— MPP output (operating Pmpp = 240 W

PV module, Pmpp = 240 W
1 |

10 20 30 40 50

Output voltage [V]

“Buck-only” : Current boost

Current

boost ——

constant
power

N Lurveof the best module (current reference)
ower module VV curve (Tigo IN)
Lower medule output curve (Tigo OUT)
1 ] 1 ] ] ]

10 15 20 25 30 35
Output voltage [V]
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Optimizers and shadings

« By extending the MPP, mismatch between modules and/or strings can
be mitigated.

Without optimizer With optimizer
1000 1000
d Exa m ple: Total MP range rotal VPP
* 1 Shaded Strlng 750 Total MPP Optimizer gain 750
in parallel with 2 ) - Strings
. = Unshaded MPP = nshaae range Shaded MPP o
1 unshaded string - = w0l | SN
2 2 ‘ \ nshade
o y ) o P
o "Véﬁaded e a | Shaded MP range shaded MPP Total
* PV curve comparison 260
with and without
module Optimizer % 200 400 600 % 200 400 600
Voltage [V] Voltage [V]

String optimizers will work similarly for regular inter-row shadings
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Goal of the shading study

1. Understand the electrical effect of shadings on different system
layouts and optimizer setups

2. Describe how to best model these effects in PVsyst (detailed vs.
simplified model)

« First part of study presented at PVSEC 2021

38th European PV Solar Energy Conference (PVSEC 2021), “Analysis of Electrical Shading Effects in PV Systems”,
M. Oliosi, A. Mermoud and B. Wittmer
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https://www.eupvsec-planner.com/presentations/c50406/analysis_of_electrical_shading_effects_in_pv_systems.htm

I
Setup for the study

o Setups studied abbreviated as - Reference: “module layout”

@\ ’:, - ’ detailed IV-curve calculation

able

String 22 i the Inverter MPPT input #4

Module in the string, portrait
Globlnc = 27 W/m?, Diffl

Inc = 18 Wim, Temp = 26 °C

Abbrev.  Meaning
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Simplified model

« Designed for regular interrow shading conditions and > 1 string/MPPT

Shadow growth

1 (8 sub-modules

get shaded at a
time)

 Step-like behavior

Simplified model for 1 partiton = in general 1 string
* Parameter: '

I Diffuse fraction

Plateau after 1 cell width is shaded

Gray: direct shz-izdin

Electrical losses

Yellow: shaded
partition

...... == Linear shadings

== Simplified
Blue: no 0.1

shading 0.0

00 01 02 03 04 05 06 07 08 09 10 o
Module shading fraction T



PVSEC 2021 results  prwmmmmwes
P |pomrait |

« Only layout, no optimizers

—
Yearly results comparison Slmpllfled models
- o rulamier
Site: Marseille (MN7.3)

Electrical shadings model

[ Detailed] @ 3Dslow @ 3Dfast @ 2D model GCR = 0.65, tilt = 20°

s 10%- Circumsolar in diffuse

‘g 8%

5 Adjusted partitioning for the
B 6% simplified model

; o « 1L: 2 partitions in height.

| [
e ® " , .
» xL: x partitions in height.
2%- . I . « xLU: 2x partitions in height.
0% . . . * XxP: x partitions in height.

* xT: 2x partitions in height. B
Configuration B
0
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Optimizer results

« Optimizers help recover the submodule mismatch (SMO) or the string-
to-string mismatch (SO, FO, BO, SMO) Current boost

I|m|tat|on
1001 Optimizers

reduce electrical

- Maximum irradiance loss

| |
| |
| |
B I I
e I Extra loss from mismatch | |
8 0.75- ! effects to 1L !
< | |
[ | |
< ! level !
[ | |
9o I I
8 0.50 : :
Y= | |
(@] | |
£ | |
] - | . . o
So25 PR B 2 g B 3
w £ N £ £ . £
= N 5 B N 5
o | ) o | )
o N o o | o
z | Z b4 | Z
0.00- o — —— xS o o o S o
N2 \Vfb \Vf< \V,@ ,\v% W q}fb qy‘< qy’% qy'% NS \\jb \Vf< \V,o) .\\;6 Y
1 submodule widths shaded 2 submodule widths shaded
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I
Optimizers and simplified model

S|mp||f|ed models Yearly results: module layout

Site: Marseille (MN7.3) Electrical shadings model Site: Marseille (MN7.3)
GCR = 0.65, tilt = 20° 5%- M Completel. 3Dsiow @ 3pfast @ 20 modeII GCR = 0.65, tilt = 20°

Yearly results: module layout

Electrical shadings model
5%~ . Complete} . 3D slow . 3D fast . 2D model

s 8
8 4%- + ‘ 8 4%- |
o o
= c
5 5
5% 5% Case Number of partitions
3 g
5 2%- 5 2%- 1L-BO 2
°© ©
w w
N N . . . o :
o - ox) —— 1L-SMO 3
o 2 2 g 2 3 ) 2 g
- K 3 3 2 & & ~ KA 1L-S0 2
Configuration Configuration
Yearly results: module layout Yearly results: module layout ZL(U)'BO 4
Electrical shidimmdﬂ_l Site: Marseille (MN7.3) 70, Electrical shagi Site: Marseille (MN7.3) ZL(U )'FO 4
. 5%- [ complete| @ 30siow @ 3fest @ 20mocel] GOR = 0.65, tilt = 20° 1 complete I. 30 siow @ 3Dfast @ 20 modell GCR = 0.65, tilt = 20° ZL(U )-SMO 6
2 = 6%-
131 )
&8 4%- ©
e [ g 2L(U)-SO 4
5 8 £
5 ¢ Ba 1T-80 2
g 2 =
e % £9%- 1T-FO 2
K ©
g s

1

] 2%-
1%-
0%- —

ES

o
5 % 2 ? z 0%- e o
w > 3 3 3 = @ g
ﬁ ~ ~ = - s = i
... Configuration Configuration - .
2LU: ] s
.
.-
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Conclusion

« Optimizers mitigate the mismatch losses due to shadings.

« Depending on expected shadings and layout, some optimizers are
more effective choices than others

— Module and string optimizers can mitigate the mismatch between strings
— Submodule optimizers can also mitigate the mismatch between submodules

NB: inverter and optimizer limits (current or voltage) are very important. These
have improved over the years.

PVsyst simplified model can model most cases ! = faster simulation.
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«Staircase» shading plots vs simplified model

Case 2L module layout

1.00-

Sheds: simplified model for 1 partition
' 0.75-

0.9- | Plateau after 1 cell width is shaded I Diffuse fraction
]

Electrical losses

Shading ffctor on beam

== |inear shadings
Simplified 2D
== Simplified 3D

00 01 02 03 04 05 06 07 08 09 10 000- ¢
Module shading fraction 0.0 05 10 15 20 25 30 35 40 45 5.0
Submodule widths shaded

® Module layout: linear

Calculation '
Module layout: linear + electr.
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Shading factor on beam

Case 2L module layout

1.00-

0.75-

0.50-

0.25-

0.00-

aximum limit angle
{ ]
.

«Staircase» shading plots — case 2L

20 25 30 35 40 45
Submodule widths shaded
Module layout: linear

Calculation i
Module layout: linear + electr.

5.0

55

6.0

Shading factor on beam
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Case 2L-FO module layout

00 05 10 15 20 25 30 35 40 45 50 55 60
Submodule widths shaded

) Module layout: linear
Calculation
Module layout: linear + electr.



Simplified model: 2D vs 3D

Sheds: simplified model for 1 partition
1.0-

0.9-
0.8-
5 0.7-

O e
RS 0.6

Plateau after 1 cell width is shaded I Diffuse fraction

|

Electrical losses

== | inear shadings
Simplified 2D
== Simplified 3D

0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
Module shading fraction

rage 1s



Cell shading

Effect of the number of shaded cells within a submodule

12-
11-
10- e Unshaded Pmpp =92 W
9- R
8- -~ Unshaded submodule "
] ~e- 1 shaded cell .
6- =o- 4 shaded cells |
5. == 10 shaded cells
4- -~ [ully shaded submodule
2- Identical CU{r‘ents Shaded Pmpp = 18 W '-Pmpp ) S
1- Small voltage
0 i 1 1 1 1 1 1 1 1 differencle 1 1 1 1
2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Voltage [V]
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