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ABSTRACT: From long-term detailed measurements oesdd PV modules of all commercialized technologitss
work aims to analyze the results of the “standamié-diode model, and suggests some modificationsrforoving it,
especially for amorphous, microcrystalline and Cdiadules. We found that for any module an expoakbthaviour
of the shunt resistance parameter should be taiteraccount. We identified two other correctiorec¢mbination losses
and spectral correction) in order to improve thelelling of amorphous technology modules. These avpments have
been implemented in the PVsyst software developéueadJniversity of Geneva.
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1 INTRODUCTION

Thin film photovoltaic (PV) modules (amorphous a-
si:H, CIS, CdTe oruC-a:Si technologies) present the
most promising opportunity to significantly decredke
prices of PV in the future, as they need a venytéich
quantity of pure materials, and the manufacturing
processes may be simplified. Their energetic retume
is usually lower than one year.

Their commercial development is rapidly growing.
Therefore any simulation tool should be able taieaie-
ly evaluate their performances in a PV system i re
conditions, and to compare them with the traditidbia
crystalline solution

Many teams report measurements of whole PV sys-
tems equipped with thin film modules, and obsema- s
sonal, irradiance or temperature behaviours differe
from crystalline modules. But there is no consersus
how to interpret these data and “a fortiori” howntodel
them.

The aim of this study is to establish a consistend-
el that can be used in software dedicated to P¥esys
simulation (like PVsyst).

2 MEASUREMENTS

Our approach is mainly phenomenological, based on
detailed comparisons of outdoor measurements df/the
characteristics and model predictions. Our PV medul
test facility is located on the roof of our buildirat the
Geneva University, and operates since 2004 (Mermoud
[4]). Outdoor measurements are recorded every X0 mi
nutes in order to provide a significant sample airihg
all irradiance and temperature conditions. Thesa-me
surements are performed on 8 modules simultanesusly
one mono-crystalline for calibrations, one CIS, atiters
of various technologies.

Each record includes 30 points distributed alorgy th
1/V curve and measurements of irradiances with pyrano-
meters (global in the module plardobp, global and
diffuse in the horizontal plan&loby and Diffy respec-
tively), as well as the module’s and external terape
tures. In addition, irradiances measured by a PVare
recorded before, at the middle and at the endeofriba-
surement in order to check the stability of thadiance
(the pyranometer has a time constant &0 sec). After a

selection process — mainly according to irradisste®ili-
ty — our sample contains several thousand of recfmd
each module.

3 ESTABLISHING THE “STANDARD” MODEL

A valid model should reproduce the electrical beha-
viour of a PV module under any external conditions
(irradiance, temperature, incidence angle, specioa-
tents). Furthermore, in order to be applied in inauta-
tion software, the model should be established with
minimum number of “extra” parameters not usually
provided by the present-day manufacturer's datashee

The starting point of this study is the usual oiesd
model (hereafter referred as the “standard” moaskab-
lished for a crystalline-Si cell and extended te thhole
module (Duffieet al. [2]):
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where
I,V: Current and voltage at module’s terminals,
Io: Photocurrent at the measured irradiafigg,;, pro-
portional to irradiance I§..r at the reference
dianceG, )
I,: Diode saturation current, varies exponentiallyhwi
temperature,lf .., at the reference temperatdtgy).
Rg;,: Shunt resistance, inverse of the slope around-sho
circuit (I;) point,
Rs: Series resistance (may vary between 0 aR§f 4
value),
y:  Diode ideality factor (should normally lie betwee
1 and 2 per junction),
q: Charge of the electron,
N¢s: Number of cells in series

For the generalization to other technologies, wedr
identify the modifications required to match theasiered
data (cf. Mermoud [4] for a complete descriptionoof
approach). The final objective is to describe thadute
behaviour under any operating conditions, from mue
set of parameters.

The 5 basic parametersiy(es, loresrs Rsn Rs,
y) are established using one I/V characteristics, ehas
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our sample as a reference curve. For the corregmpnd
reference conditionsG(.r, Tr.f), We can directly estab-
lish the Ry, parameter (slope aroung), and write the
equation (1) at 3 pointsgt, 0), Vinp, Imp). (0,V,¢). Then,
setting theRs parameter, we can solve the equations in
order to determingy .r, loref, and y. We adjustRs
with the value that provides the best match ofdiMve.

This provides the model for expressing the full I/V
characteristics at reference conditions.

Now we use the following expressions for extending
the model to any Irradiance and Temperature canditi

¢

Iy = <—¢ y Nlprer + ulsc - (T — Terer)] (2)
re

And for the diode saturation current:

L)s . e[(%)(Tc,lref_T_lc)] 3)
TC,ref

I, = IO,‘ref ' (

whereg; is the Gap energy of the material (1.12 eV
for Si).

4. MODEL QUALITY CHARACTERIZATION

Now we can apply the model for ea@®,(qs, Trmeas)
measurement, and compare the model results to the
measured /V characteristics. For the assessment of the
model, three distributions are analyzed:

- the maximum powerP,;,x, Which is of course the
basic result expected for use in the simulatiosystems
with MPP tracking,

- the short circuit currenis;, whose value is quasi-
identical to the photocurrent,

- the open circuit voltag,., whose evolution is
strongly determined by the internal behaviour oé th
model, especially according to temperature.

We avoid using th&,, andl,,p distributions as final
indicators, because they are not determined with hi
accuracy (they depend on the curve shape) and are
strongly correlated (only their produRy; 4« is relevant).

Observed distributions of differences between meas-
ured and predicted data (often called “errors”) ana-
lysed as function of the relevant variables (iraadie,
temperature) and quantified by the Mean Bias Differe
es (MBD, noteqi) and the standard deviation (the Root
Mean Square Differences RMSD, notdd MBD and
RMSD are usually expressed as percentage of thenaomi
al value (at STC).

These differences measurementinus model- in-
clude not only the model inaccuracies, but alsoegxp
mental uncertainties (irradiance and temperatur@-me
surements, misalignment, variable albedo, shadiigs,
snow, etc).

The RMSD is representative of the spread of the re-
sults in different operating conditions. It is adlicator of
the validity of model when conditions are varyifithe
MBE is sensitive to the primary parameteig:,Vyc,
Vup, Iup), i.€. on the chosen reference ENaracteristics.
NB: These indicators are referred as percentagédef t
nominal values on each “measurement”. For getting a
error relatively to the energy yield, i.e. the ag® power

P, er they should be renormalized B, /Piyer, With
P,,er usually about half o), -

When using the model in a simulation software, the
(Ise»Voc, Vup, Iup) parameter set will be the manufac-
turer’'s specified STC values. As they will not baety
representative of your module, you may have siggaift
errors. But these errors are related to the paraimete
uncertainties, not to the model quality. The MBD &&n
significant, but if the model is good (with corrgerame-
ters) the RMSD should remain low (thin distributibns
Therefore do not confudd odel Accuracy andParame-
ter Accuracy!

4.1 Incidence angle correction

The irradiance on the module is determined by the
plane pyranometer measureméhibp. But we should
apply an Incident Angle correction (named IAM for
“Incidence Angle Modifier”) to the beam component,
accounting for the Fresnel's laws about reflexionsthe
cover glass. We use the parameterization propbged
ASHRAE, i.e.

Fiay=1— b, (1/cosi— 1) (4)

with i = incidence angle, and the parameigr0.05.

We could not check this expression experimentally a
this information is too difficult to extract fronhé¢ data
(the irradiance level effect mixes with this litigfect).
The Global and Diffuse horizontal measurements are
used for the determination of the beam component.

5. RESULTS

5.1 Methodology check with crystalline modules

As a general “calibration” of our measurement pro-
cedure, we used several crystalline modules, fachvh
the “standard” model is reputed to be developed.

We measured a Siemens M55 (Si-monocrystalline) dur-
ing one year, an Atlantis M55 (Si-mono) during 2.5
years, as well as a Kyocera (Si-poly) during 5 gdap

to now).

Results of the pure “Standard model” for the Siemens
M55 are shown on Fig 1. We observe that the model
underestimates the data at low irradiances.

But when analysing the shunt resistance (which may
be measured on each I/V characteristics), we obgbat
it increases quasi-exponentially when the irradtanc
diminishes. If we model this behaviour (see nextapa
graph about amorphous), we obtain a flatter distigin,
and better difference indicators, fef,, as well as for
Voc errors. (see comment of the Fig. 1).

The exponentiakg, behaviour seems to be a general
rule: we observed it on all modules we have andlyse
This has an effect on the low-light irradiance perf
mance: higheRg,; diminishes the associated loss, there-
fore increasing the efficiency. This efficiency enke-
ment is more pronounced when g, at STC is low, as
there are higher losses to be recovered.

The model’'s parameter& andRg;,) are completely
determined from the measured reference I/V chaiacte
tics. But when dealing with manufacturer’s datadtope
aroundis. is not available, neither the full I/V curve, so
that we have to make hypothesis on these parameters
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Figure 1: Errors distribution orPy,,, as function ofilob, for

the Si-monocrystalline module M55.

Pure “standard” model: p=1.9 % ands = 1.1 % OrPyx
p=11%andr=10% orVy

With R, correction: U=02% ando=12% ONPy,x
nu=04% ando=05% onV,

5.2 Modelling a CIS module

We installed a CIS module (Shell ST40) since the
beginning of the project. Surprisingly, this modue
quasi-perfectly described by the “standard” moegkn
better than the crystalline one. CIS modules als ree
Rg;, exponential correction, of the same order of magni
tude as the crystalline modules. The results (nredsu
model differences), shown on Fig. 2 for a 6-yeansqul,
are impressive. They provide a valuable assesswient
the long-term stability of our experimental setupe(
March-April 2005 deviation on fig. 2 is due to asdi
placement of the temperature sensor).
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Figure 2: Error distribution for ST40 (CIS) over 6 years.

“Standard” model H=02% ando=1.0% onPy,x

(with Rgy, correction):  p=0.0% andr=0.9 % o1V,
p=05%andr=0.8% orlg,

5.3 Amorphous triple junction

The primary objective of this work was the modejlin
of amorphous modules. Our first object of study \mas
triple-junction Unisolar tile module (SHR-17). Wit8
superposed cells (sensitive in the blue for togenf
yellow for middle and red for bottom), these modudee
not the simpler ones, but we had already somenpireli
nary results about them.

In a first step, we tried to apply the “standard3del
to such a complex system. A first observation wes t
for any measured I/V characteristics, it is posstol find
a set of parameters of the standard model, fortwttie
model perfectly matches the measured I/V curve.t Tha
means that the “standard” model is able to welfesgnt
the electrical behaviour. But, the problem is thdifter-
ent set of parameters is required for each (G,onde
tions.

In a second step, we tried to find how the model pa
rameters behave according to external conditions. O
more generally, we looked for possible correctitm¢he
model for matching our data. Three (sometimes four)
main modifications of the “standard” model are reece
sary.

1) Shunt resistance exponential behaviour

As for crystalline modules the measurd, is
strongly dependent on the irradiance level. Thehhig
irradiance Rg;, value is much lower with amorphous
technologies (the I/V slope arouhd is high), so that the
associated losses are very high. But the exporentia
improvement toward low irradiances is also much enor
pronounced (by a factor of 12 for tiRg, (0)/Rs,(STC)
ratio, against 4 for crystalline modules).

The Rg,, distribution is shown on Fig. 3. We tried to
approximate it with a simple exponential expression

Rsp = Rsp(Grer) + (RSh(O) - RSh(Gref))

_RExp_( G )
xe " \Gref),

where G, is the irradiance for the reference I/V curve.

(6)
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Figure 3: Amorphous triple-junction module SHR-17,

uredRyg, distribution and parameterization with an exporanti

factorRE,? = 5.5 andRg;, (0) = 600 Q.

We found that the valug:? = 5.5 actually pro-
vides a good approximation of the; data for most
modules of different technologies we have tested. Hence,
the only parameter left in Eq. (5)Rg,(0). However this
is different for CdTe Rg,* = 2.0) and micro-crystalline
(= 3.0).

Using this correcte®s, when computing the model
in a simulation is the most effective correction ttee
“standard” model for representing amorphous modules

The measurement of tig,;, value and its irradiance
behaviour are very easy, using any |/V measuredecur
These data are key parameters of the model, anddsho
be part of the module’s specifications in the fatur

2) Recombination losses
While the standard model reproduces very well

the V. and V;,, voltages for crystalline modules, it fails
to predict the correct values for amorphous jumsicAn
additional term in the general 1/V equation wasposed
by Mertenet al. [3] in order to explicitly take the recom-
bination losses in the- layer of thep-i-n junction into
account. In this region, where takes place the mparhof
the photocurrent generation, the recombinationaifspgs
rather intense, fostered by the presence of damglimds
which act as recombination centres. This recomiuinat
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current is in first approximation proportional thet
charge carrier concentration, and hence to theophot
rent. On the other hand, it is related to the alsdtfield

in thei layer. This leads to the following expression for
the recombination current:

(6)
Lrec = I(p ' diz/[/“'eff ' (Vbi -W-1I- Rs))]
with

d?: Thickness of the layer (of the order 00.3 um),

utess: Effective diffusion length of the charge carrier,

HTgff =2 HnTn .upr
HnTn + .upr

Vpi : Intrinsic potential of the junction (“Built-in” of-
tage). Its value may be considered as constanttabo
0.9 V per junction (i.e2.7 V for triple junction).

The recombination current is a loss, which shodd b
subtracted from the photocurrent. This correspdadan
additional term in the “standard” model. As it isltage-
dependent it modifies the shape of the I/V curvhi¢v
does not match anymore exactly the I/V measurement)
and therefore is not a “perfect” correction. But keep it
as it improves drastically the errors distributias it can
be seen in Figs. 4a and 4b.
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Figures 4a and 4b: Distribution of the/,. errors before and after
applying the recombination correction for the SHRrdodule.

In our model, the “quantity” of recombination carre
tion is defined by the parametéf /[ut,sr] which we
consider as a new model parameter that we named
d?ut . In our phenomenological approach, we establish
its value by minimizing the errors, especially on
theV, distribution, but which also acts @),,x-

When establishing the model for amorphous mod-
ules, we have now to determine 3 inter-dependera-pa
meters R, Ry and d?ut), with a complex definition
domain. We observed in all our modules that dRgr
parameter optimal value is high, around 80% to 3%
its maximum value. But this maximum value is itself
strongly dependent on tt&;, andRs choices.

NB: The d?ut parameter corresponding to our data
does not fit the theoretical value proposed by kteet
al. [3]. Until now, we do not have any explanation for
that.

3) Spectral correction

In a-Si:H junctions, the gap enerfy,p is around
1.6 eV, and therefore the spectral response oflesing
amorphous junctions is only sensitive to photonkigh-
er energy, i.e. with wavelengih< 0.73 nm. Far red and
IR photons are not energetic enough for creating an
electron-hole pair.

Because we could not perform spectral measurements
in our experiment, we used a correction model psedo
by CREST of the University of Loughborough (Betés
al. [4]). This model is based on an estimation of the
spectrum energy contents in the incident irradiance
through the so-called APE variable (Average Photon
Energy). Using one-year of spectral data, a “Utilig
Factor” UF, fraction of the spectrum really effeetj is
derived from the APE and the amorphous spectral re-
sponse function. This UF may be parameterized decor
ing to known variables, i.e. the air mass afig. (Clear-
ness Index normalised to “Clear Day”), as shownim F
5.

Utilization Factor a-Si:H

0 0.670-0.700
m 0.640-0.670
@ 0.610-0.640
m 0.580-0.610
0 0.550-0.580
0 0.520-0.550
m 0.490-0.520
@ 0.460-0.490

UF a-Si

Air Mass

Figure5: Utilisation Factor parameterization.

This correction is indeed not computed specifically
for the triple-junction spectral response. Nevddbg we
decided to keep it as it slightly improves the fisiaula-
tion accuracy (improvement of 0.6% @nand 0.4% on
0).

The final results on this triple-junction amorphous
module are the following (full year 2009):

H=01% and 0=23% ONPyuyx
U=03% and 0=05% onVy
u=00% and 0=16% onl

Annealing seasonal effect
This is of course not as good as than for cryselli
modules. But this technology is also subject toSteeb-

1 Centre for Renewable Energy Systems Technology
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ler-Wronski annealing seasonal variations, whiclmas
yet taken into account in our model. This effecajppar-
ent on the 6-years evolution of the module’s penfamce
on Fig. 6. It is higher, or of the same order ofmitude,
as the “monthly” accuracy of our model.

Unisolar SHR-17 Wp  Seasonal effect
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Figure 6: SHR-17 results over 6 years, annealing effect.
Global results: p=0.7% andog =2.8% 0ONPyx
u=0.7% andr=0.7 % on Voc

4) Temperature correction (eventual)

The temperature behaviour Bg,x, noted uPypp
[%/°C] is normally a result of the model. But thisedo
not always match the specification of the manufactu
(although it is probably a better estimation). Mapple
require that the model is perfectly in accordandé the
specifications. Therefore we defined an additiaatec-
tion, i.e. a linear correction of the Gamma faasrfunc-
tion of the temperature, which affects the tempeeat
behaviour of theP,4x and thel,. values. This correc-
tion allows to obtain any desired,pp value, but usual-
ly degrades the accuracy of the model (i.e. degréueo
value). Therefore we try to avoid using this actél
correction when possible.

6. RESULTS ON ANY TECHNOLOGIES

Our test facility is now running since 6 years with
channels available. We could experiment our modgd w
modules of all technologies available on the market

Crystalline modules: we “calibrated” our methodol-
ogy with 2 monocrystalline (Siemens M55 and Atlanti
M55, and have now valuable data of a polycrystallin
Kyocera module over 5 years, which does not show an
degradation.

CIS: In order to check a possible generalisation of
the very good results on our old module, we hawe ao
new CIGS module, ready to be installed on our tastif
ty.

Amorphous, single junction: a little “Flexcell”
module on flexible substrate, of VHF technologies.

Amorphous, tandem: Solarex MST-43MV and
Asiopack 30. A module EPV-40 was analysed as sample
of one of our measured system.

Amorphous triple junction: besides the SHR-17,
we have data of a more recent model US-32 of Uaisol

Micro-crystallinelamorphous: we have two mod-
ules from Sharp in test since just one year, witly o
preliminary results (due to initial degradation)e\Wave a
module of another manufacturer to be measured soon.

CdTe: we have measured 2 modules of Firstsolar
since now 2 years. They behave in the same wakheas t
amorphous modules (with recombination correctiod an
annealing effect), but the spectral correctionossuited.

HIT (of Sanyo): we have a module ready to be
measured, but not yet installed. Results shouldvbéaa
ble quickly as there is no initial degradation.

Fig. 7 summarizes the results of the differencesafm
surement- model) onPy,x, Vo andigc from our long-
term measurements of modules of any technologies.

Emoron Pmax
% 4% 2% 0% 2% 4%

6% 6% -4% 2% 0% 2% 4% 6%

E mor on Voc Ermor on lsc

6% 4% -2% 0% 2% 4% &%

Si-mono: Semens M55, 1 year
S5kmono: Atlantis M55, 2.6 years-
Sipoly: Kyoocera, ﬁyears_
C15: Shell 5T40, Eyears_
CdTe, First Solar F5267, 1.51,rear-
5ia:H single, Flexcell, 1 vear_
Si-atH tam:lEm,EF’\u’dEl,Z.ﬁyears_
a- 5iH tripple Unisclar SHR17T, 1 year-
idem, 6 years il
a-5iH tripple Unisclar U532,2.3 years_
Microcryst Sharp MAF121-G5, 7 mnnths_

Figure7. Long-term (Measurement-Model) results accuratynodules of any technology (% of nominal values)
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7. CONCLUSIONS

In this paper the accuracy of the “standard” orceidi
model for crystalline and CIS modules was assessed.

With an exponential correction for the shunt resis-
tance the accuracy of the RMSD between measured and
modelled power valuesc) stays below 1.2% of the
nominal power in any conditions over long periods {0
6 years).

Trying to extend the “standard” model to amorphous
technologies, we found that besides the exponeRiial
(which is the main correction), the “standard” miode
requires two additional corrections: a “recombioati
loss term proposed by Mertesh al. [3], and a spectral
correction computed by CREST (Betts al. [1]). An
additional correction on the value may be used when
necessary for temperature behaviour matching.

With our triple-junction module, these corrections
lead to an accuracy af =2.3% over one year. But the
seasonal annealing effect — which is not taken ado
count in our model — dominates the effect of theseec-
tions. The monthly accuracies stay of the ordeo of
1.2%. All other amorphous modules lead to simikr r
sults.

The same model also applies to the CdTe technology
modules, but the spectral correction proposed i no
suited and is not used. The annealing effect isgurebut
less pronounced, so that the 18-months accuracyis.

The results on our micro-crystalline modules are

slightly lower © = 2.1% over 6 months), but are still
preliminary.
The corrections to the “standard” one-diode model p
posed in this paper are implemented in the PVsyai-s
lation software (Mermoud [5]), developed by the @ro
of Energy at the University of Geneva since 1994.
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