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Abstract — Large scale implementation of PV in urban areas

asks for more shadow tolerant modules and more siZtexibility.

Power optimizers and micro inverters can be used tamprove

shadow tolerance of standard c-Si modules but theleztrical

interconnection and the size of cell groups in thstandard module
design is a limiting factor when it comes to furthe increase
shadow tolerance. In this work another approach isised in which
the cells in the module are smaller and series coecated in
building blocks. The resulting lower currents allow the use of
small in laminate diodes and the building blocks gie access to
more size flexibility and improved shadow robustnes Yearly
yield calculations will be shown and compared to atandard 3-
sub-string module with either power optimizers or nicro

inverters. It is shown that for a typical Dutch howe the
TESSERA concept outperforms the other by up to 6%.

|. INTRODUCTION

Solar photovoltaic (PV) systems today play a gigait
role in the energy mix and their penetration isst@sted to
keep growing in the future [1]. Particularly thepéipation of

building integrated PV (BIPV) and building added PV

(BAPV) systems are projected to thrive in the foilog years
as a result of increasing electricity prices foe ttesidential
sector and decreasing PV component costs. Resitlemtd
small commercial PV systems are typically instaliadan
urban environment. Roofs and terraces are oftesciaffi by
shade coming from the close proximity of buildingsles,
antennas, dormers, etc. introducing electrical #mermal
mismatch losses between cells and modules. Soldule®are
connected in series and thus sharing the samenturmea
string. This topology is prone to power lossehd solar cells
in the module are not operating under the same itonsl
thereby reducing the current of the module and egumsntly
of the whole string. Partially shaded solar cellsynbecome
reverse biased because of the series connectiothasdct as
a load consuming the power that is generated bwurnisbaded
cells. Two negative effects occur from partiallyadhd
operation of a PV system: power loss and
temperature of the shaded cells (hot-spot). By-piiedes
have been applied
consumption from shaded cells and to prevent hotssipy by-
passing the shaded substrings of the solar molidst of the

solar modules include one by-pass diode connectdd a

parallel per 16-24 cells [2]. However, it is knowhat
increased granularity of cell groups can increasdopmance
under partial shading conditions [3].

increasel

in solar modules to prevent powe

The TESSERA concept makes use of this knowledde an
offers increased granularity. It includes 6 inchtdewrap
Through (MWT) c-Si cells which have been cut todurce 16
mini cells. The mini cells are connected in seaed protected
with an in-laminate low current by-pass diode (Fig). In
total 64 mini cells are connected in series fogmian
maximum power point (MPP) voltage of around 31V at
standard test conditions (STC). Blocks of 64 miellsc are
then connected in parallel forming modules withteos size
and thus custom current levels. A full size TESSERédule
has been built based on ECN’s back contact tecggaad is
shown in Fig. 1b. The module consists of a whitelldie
backsheet with Cu foil on top. The cells make conta the

e

Low-current dipde

Figure l1a: A building block of the TESSERA conceptsisting
of 64 mini cells connected in series and protebted low current
in laminate diodes; 1b: a full size TESSERA module.
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Figure 2: Presentation of the build-up of a MWT lbaontact
module using an interconnecting backst

patterned Cu foil via an electrically conductivehasive.
Outside the dots, the cells are isolated from thkebly white
EVA. Transparent EVA is used as the encapsulamdest the
cells and the front side glass. A schematic reptatien of the
module stack is shown in Fig. 2.

The use of module level power electronic devicegoles).

(MLPE) has been proposed to mitigate electrical gmedmal
mismatch losses [4-6] in the field by tracking thmeximum
power point of individual modules. In general MLBEvices
consist of two main categories: micro inverters aquiver
optimizers. In this paper micro inverters (Ml) ampdwer
optimizers (PO) (boost DC-DC converter) are corrgdeor
the TESSERA system.

. METHODOLOGY

A simulation model is developed [7] to quantify thenefits
and drawbacks of different PV system architecturglse
simulation model takes into account different meddésigns
(standard cells with 3, 6, 10 by-pass diodes, aB&IJERA)

and different system architectures (string inversdadow

mode on-off (Sl+), micro inverters (MI), power apizers

Figure 3. System layout for the yearly yield caddigns. A typical
Dutch roof including a dormer, chimney and exhaadés,

(PO)). The characteristics of the inverters andvegro
optimizers used in the calculations are shown ipld &

In Fig. 3 the 3D design of the roof can be seefuding the
shading obstacles of the roof (dormer, chimney,aagh
By providing input on the orientation anbet
inclination of the PV panels as well as the PV niedu
configuration, the determination of the exactifims of all
the cells in the system can be achieved. Thisisbazed with
information on the geographical characteristics afject
shading from the location. This determines the stgadn all
the cells, see Fig 4a, and placed in a lookup tablshading
fraction per cell for a specific date and time. Tiesulting
blocked irradiance on an annual level is around«d] See Fig
3b. Next the PV module characteristics and thediarece
(direct and diffuse ratio is taken into accounngsihe Reindl-
2-model [8]) and temperature information is addem t
determine the IV curve of the substrings. The IMveuis
generated using a simplified double diode model.r&duce
the calculation time it was assumed that the stturaurrent

a Simulated PV system cell shading D
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Figure 4. a. Placement of modules on a typical Butof including a dormer, chimney and exhaust gobe Effective irradiance

reaching the modules in a typical meteorologicalryfer NL.
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density of the first and second diode are equalessribed in
[9]. The resulting diode equation is:
Vs + IR
L) (S_)

Rsh

Vs+IR

( Vs+IRs
I= Iyp—1,\e Ven

+e 2Vtn

on-off, micro inverters, power optimizers). Theaddcteristics
of the inverters and power optimizers used in thieutations
are shown in Table II.

Table II: characteristics of the inverters and powgimizers used in

the calculations.

Subsequently the DC output is determined and aftduding

the conversion losses of the specific AC converteg, AC mi PO S

output is derived. Further settings for the moatel given in | Power electronic | Heliox SMI- | Femtogrid SMA Sunny

Table I. devices 300 PV300+Krato | Boy SB 2500
s Inverter TLST-21

Table I: parameters used in the model. 2400

Parameter Value Voltage range 16V- 48V 8V — 42V 180V - 500V

Simulation interval 10 minutes European 93.6% 93.1% 95.6%

TMY data interval 60 minutes efficiency (97%*96%)

TMY data  resampling Simple interpolation MPP granularity Module Module System (9

method modules in

IAM model (Snell's and Bougher’s laws series)

Effective cell temperature Faiman model Input power/current | > 5.0 W >0.03A; > >32W

Albedo factor 0.15 constraints 6.7 A

Irradiance separation model Perez model (in Meteonorm) Output <285.0W <10.5A <10.9A

Tilt  (in-plane) radiation Perez model (in Meteonorm) power/current

model constraints

Irradiance data period 1991-2010 Efficiency Linear- Linear- Double linear

Ambient temperature data 2000-2009 determination interpolation interpolation interpolation of

period methodology of V- of V- P, V-dependent

POA azimuth tilt angle 180°; 40° (0°; 40° in Meteonorm) dependent dependent efficiency

Latitude, longitude, elevation 51.4° N; 5.5°E; 30 m efficiency efficiency curves (PV

Other meteorological output | Local wind speed (for temperature) curves (MLPM | curves (MLPM | Syst)

TMY: Typical Meteorological Year, IAM: Incident Arg data) data)

Modification, POA: plane of array. System elements 9*(4S * 15P) | 9*(4S*15P) | 36S * 15P

The energy yield of three leading architecturesadafirmed
(string inverter (SI), power optimizer, micro inten) for clear
and partial shading conditions by means of an arntdield
test [8] and IV curves from a solar simulator [Bar this work
the model has been tuned to accommodate differeaula
and PV system designs in an effort to compare tuigh
shading response of the TESSERA concept with stdno&i
design of three substrings of 20 cells.

[ll. RESULTS-DISCUSSION

By using the typical meteorological year's irratat data of
Meteonorm [10], a full year simulation for unshadadd
partially shaded scenarios has been performed. dvieten
provides measured irradiance data for a varietjocétions.
Moreover, the data can be decomposed and transepesl
by using known irradiance models. A constant albiadtor of
0.15 has been used for the simulations. The siiounlahodel
takes into account different module designs (stechdzells
with 3, 6, 10 and 60 by-pass diodes, and TESSER®A) a
different system architectures (string inverter dsiva mode

In Fig. 5 the simulation results can be seen ircifipeyield

kWh/kWp per annum. The total length of the barsdatd the
total kWh/kWp that can be generated per year i§imading is
present. Under these circumstances, the stringtewsystem
(Fig. 5a). seems to be the best performing sysitdms. is due
to the higher efficiency of the string inverter quemed to the
power optimizer and micro inverter. However, wigartial

shading is introduced, then the performance draestd the
shading losses. This drop is indicated in Fig. 5thmy black
bars. As can be seen, in this case the perfornatbe power
optimizer and the micro inverter are substantiakter. The
shading losses reduce with about 50% compared3BRD
system. The higher granularity of cell groups se@msenefit
the string inverter more than the power optimizernacro

inverter due to the wider operational voltage. Rbe
TESSERA concept we can observe an improvementooinar
6% when used in combination with a micro invertepower
optimizer in comparison with a typical PV systermsisting
out of modules connected in series and attacheal string
inverter. The performance behavior of the TESSERAcept
is similar with that of a standard 60 by pass diowelule.
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Figure 5: Simulation results for various module agstem designs.
The total bar length gives the AC yield of a refexe 3 string module
with string inverter without shadow in the module

I indicates the annual AC yield of a 60 cell moduith
string inverter (without shadow option) with shadowthe
module

BN is the gain in annual AC yield with respect to teference
due to improved shadow tolerance
loss due to shadow
shadow loss and electrical loss

Furthermore the TESSERA module manages to keepaalyst
MPP voltage throughout the year and independenthef
partial shading conditions. Figure 6 shows the remobf
occasions during a year in which a specific Vmpm/\e
obtained for the TESSERA module and for a 3 byspsde
module (3BPD) for a system with MI and for a systeith
PO. The module with 3 bypass-diodes
additional Voc/Vmpp ranges at which the systempgsrating

shows 1 or two

during the year. Although they are relatively loangpared to
the main operating condition around 0.8, it stithaunts to
2.3% of the year for the MI system and 2.8% forGadystem.
For TESSERA only 0.5% of the time the system opsrat a
different Vmpp.

IV. CONCLUSIONS

This works describes a shadow tolerant module quribat
is based on standard back contact foil technoltiggonsists
of small cells connected in series to form a modblack.
These blocks are connected in parallel to form rtiaelule.
This dedicated interconnection makes the modulehnmiare
shadow tolerant. Annual yield modeling of the powetput
for a typical Dutch house is compared with the autpf
standard 3 sub-string modules with string invertgrawer
optimizers or micro-inverters. It is shown that theesented
concept outperforms the others by 3-6%.

TESSERAMI 3BPD MI
150000 I 150000
100000 100000 ]
50000 l: 50000 I:
0 0
0 02 04 06 08 1 0 02 04 06 08 1
Vac/Vmpp Voc/Vmpp
TESSERAPO 3BPD PO
150000 150000
100000 I 100000 ]
50000 i: 50000 I
0 0
0 02 04 06 08 1 0 02 04 06 08 1
Voc/Vmpp Voc/Vmpp

Figure 6. Vmpp/Voc for a 3BPD module with micro-@mter or
power optimizer and a TESSERA module with microeirier or
power optimizer
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