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Copper indium gallium selenide (CIGS) is a commercialized, high-efficiency thin-film photovoltaic (PV) technology. The state-of-the-
art energy yield models for this technology have a significant normalized root mean square error (nRMSE) on power estimation: De
Soto model—26.7%; PVsyst model—12%. In this work, we propose a physics-based electrical model for CIGS technology which can
be used for system-level energy yield simulations by people across the PV value chain. The model was developed by considering
models of significant electrical current pathways from literature and adapting it for the system-level simulation. We improved it
further by incorporating temperature and irradiance dependence of parameters through characterisation at various operating

conditions. We also devised a module level, non-destructive characterization strategy based on readily available measurement

equipment to obtain the model parameters. The model was validated using the measurements from multiple commercial modules

and has a significantly lower power estimation nRMSE of 1.2%.
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INTRODUCTION

Photovoltaics has evolved from an additional power source in
small calculators to a clean energy source in mainstream energy
production. The growing concerns over climate change have
fuelled further evolution towards innovative concepts like vehicle-
integrated PV, net-zero energy buildings and net-zero energy
districts. In many of these applications, thin-film PV technologies
are more suitable than crystalline silicon (c-Si) solar cells. The thin-
film technologies have existed for decades, but c-Si PV has
dominated the PV industry with its high efficiency, stability, and
mature manufacturing processes'. The thin-film PV technologies
are known for their aesthetic appeal and the possibility to
fabricate them on flexible substrates. With such characteristics,
thin-film PV technologies may gain market share in the domain of
integrated photovoltaics (IPV). A report by Becquerel Institute?
states that, in 2020, the European IPV market was valued at almost
600 million euros and projected to triple reaching 1800 million
euros by 2023. The case study in the report highlights the cost-
effectiveness of thin-film technologies. The report also identifies
digitization as one of the major factors needed to boost the
economy around IPV. A modelling infrastructure for reliable
energy yield prediction is a step in that direction as it assists in
developing and optimizing thin-film PV systems for maximum
energy yield. In this work, we focus on creating an energy yield
model for system-level simulation for the CIGS technology.

CIGS solar cells have additional current mechanisms that make
the current-voltage (V) characteristics unique compared to
conventional solar cells. In c-Si solar cells, the current-voltage
(IV) characteristics can be constructed by super positioning the
dark behaviour and the photogenerated current at short circuit.
This superposition fails in CIGS solar cells because of the voltage-
dependent photogeneration3=>. This can be seen in the measured
dark and illuminated IV curves shown in Fig. 1. The current
mechanisms that contribute to the photocurrent in CIGS solar cells
are drift current across the depletion region to the heterojunction

interface, thermionic emission across the junction, bulk recombi-
nation, and diffusion to the back contact. The voltage dependence
is caused by the drift and the thermionic emission losses that are
linked to the change in the electric field and increased back
contact recombination®®. The electric field and the depletion
layer width, in turn, are voltage dependent. The parasitic currents
in CIGS solar cells are junction recombination current, ohmic shunt
current, space charge limited current (SCLC), and tunnelling
currents®. The recombination current in CIGS solar cells varies with
illumination as some defects are activated upon illumination",
Shunt current is related to the presence of pinholes in the
absorber. The absence of buffer and window layers results in a
local metal-semiconductor-metal contact which leads to
SCLC™">, The tunnelling currents are caused by mid-gap defects
that are significant at temperatures below 250 K'" and can be
ignored for the energy yield estimation.

One of the commonly used models for PV module performance
is the Sandia PV Array Performance Model (SAPM)'S. This model
uses |V characteristics to estimate fitting coefficients to represent
the relation of the IV parameters at different operating conditions.
This model was first developed for c-Si modules but has also been
used for thin-film modules based on CIGS and cadmium telluride
(CdTe) technologies'”'8. A database of the fitting coefficients for
different modules is publicly available and integrated into open-
source software packages such as System Advisory Model (SAM)'®
and pvlib?°, and commercial software like PVsyst?'. The Loss Factor
Model (LFM)?? like SAPM, uses the outdoor measurement data to
obtain a set of coefficients to correct temperature and spectral
mismatch. LFM and SAPM are both empirical models. These
models require a significant amount of onsite measurement data
to calibrate the parameters for realistic energy yield estimation.

Physics-based models consider the variation of the physical
parameters with the external operating conditions to simulate the
performance of solar cells. The availability of such models is
minimal. The De Soto model?* (aka the five-parameter model) is a
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Fig. 1 Dark and illuminated /V superposition failure in a CIGS
module. The illuminated IV (magenta) is measured at one sun and
25 °C. The dark IV (black) is measured at 25 °C and shifted by the /sc
value at one sun.

physics-based model based on the superposition of the dark and
the illuminated IV curve of a solar cell. It has been widely used by
the PV industry to represent the performance of the c-Si solar cells.
PVsyst?' uses a modified version of the De Soto model where it
considers an exponential relation between shunt and illumination
intensity instead of a linear relation. The efficacy of De Soto and
PVsyst models are tested and reported in the section “Statistical
significance”. The analytical model described by Sun et al. is a
physics-based model developed specifically for CIGS. It addresses
the superposition failure by modelling the voltage dependence of
photogeneration. However, this model does not consider the
variation of saturation current and shunt resistance with illumina-
tion intensity, which are significant at low irradiance. The model
was only validated at intensities above 400Wm~2 with
laboratory-scale cells. The temperature and illumination depen-
dence validated at the cell level may not be valid at the
module level.

The reference parameters are parameters that represent the
module characteristics at the Standard Test Conditions (STC). They
are inputs to a model to estimate module performance at other
operating conditions. Multiple techniques are available for
estimating the value of such parameters. The nonlinear least-
squares method is the most common technique to fit a model to
data and obtain the parameters. It iteratively minimises the least
square error. The requirement of initial values and bounded
solution space for the parameters become a constraint for this
method. Wrong initial estimates may lead to non-convergence or
convergence to local minima. As the number of parameters
increases, uncertainty in parameter estimation increases. This
limits its use in large models. Another method is to reduce the
number of model parameters by representing the possible
dependent variables as a function of independent variables and
iteratively solving the model to correctly estimate the power
(Pmpp) at the maximum power point (MPP), the open-circuit
voltage (Vo) and the short-circuit current ()%, Both the above
techniques are suitable for a simple model like the De Soto model.

The model described by Sun et al.% has many parameters and
they simplify the problem by individually fitting the current curves
with their respective model i.e., fitting the reverse-biased dark
current to their shunt current model, forward bias dark current to
their diode current model. The photocurrent curve is obtained by
separating the diode current and shunt current from the
illuminated IV curve. Then, the photocurrent model is fitted to
the photocurrent curve. For certain parameters, estimates were
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obtained through the numerical simulation software ADEPT,
which requires material-specific parameters (e.g., layer thickness,
mobility, doping densities, and defects). This methodology by Sun
et al. may be an interesting approach as it reduces uncertainty by
splitting the model into three smaller parts. However, this strategy
cannot be applied to parameterise the model for a commercial
module. It is neither possible to measure the reverse-bias IV curve
of commercial PV modules because of the presence of bypass
diodes nor to have material-specific data like doping concentra-
tion, mobility, etc.

To set a benchmark, the accuracy of the existing state-of-the-
art models to estimate the IV characteristics of CIGS modules
were analysed. Although the CIGS-specific model with a
parameter extraction methodology described by Sun et al.®
should be considered as the state of the art, it cannot be used at
the module level. In this work, the variations of both De Soto and
PVsyst models are considered as the state of the art for module-
level simulations. The De Soto model is used along with the
parameter extraction technique described by Laudani et al.?*. The
performance estimation data of the PVsyst model was obtained
from the module database within the PVsyst software. The IV
curves for different modules were estimated using both models
and compared with the measured curves to calculate their
accuracy.

Figure 2a compares the Power-Voltage (P-V) curves estimated
by the De Soto and PVsyst models with the measured IV curves for
different illumination intensities at 25°C. The De Soto model
overestimates Vo and Pmpp at low intensities and PVsyst
overestimates them at high intensities. Figure 2b compares the
model estimates with measured curves for different cell tempera-
tures at 1000 W m~2. At high temperatures, the De Soto model
underestimates V,c and PVsyst overestimates Pmpp. The nRMSE in
estimating the maximum power point using the De Soto and
PVsyst model are 26.7% and 12%, respectively (The graph
representing this data is discussed later in the text).

In this work, we develop an electrical model for energy yield
estimation adapting the models of significant current pathways
from literature and incorporating the temperature and irradiance
dependence of various parameters. These relations were deter-
mined by characterization. We also develop a step-by-step
characterization strategy to obtain the parameters for using the
model. The proposed characterization methods are non-
destructive and can be easily done with basic PV lab instrumenta-
tion. Apart from model parameters, module temperature and
incident irradiance are the only external parameters required for
energy yield prediction. Thus, the proposed model can be easily
combined with a thermal model and irradiance model in any of
the existing energy yield prediction infrastructure. With modular
and simplistic approach proposed, we ensure that the model can
be used across the PV value chain. Table 1 gives the summary of
the state-of-the-art models available for simulating the perfor-
mance of CIGS devices and compares it with the developments
made in this work.

The paper is organised as follows: The section “Proposed
electrical model” explains the different components of the
proposed electrical model and step-by-step characterization
strategy developed to obtain the model parameters. The section
“Results and discussion” presents the validation results of the
model with measurements from different modules and gives
recommendations on the minimal characterization data required
for estimating the instantaneous power of CIGS modules.

PROPOSED ELECTRICAL MODEL

In this section, we describe the proposed models for the different
current components described in the section “Introduction”. The
current components can be clustered into three main
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Fig. 2 Power-Voltage (P-V) characteristics estimated by the De Soto?* and PVsyst models?’ for a 150 Wp CIGS module compared with
the measured IV curves. a Comparison for different irradiance intensities at 25°C. b Comparison of IV curves for different module
temperatures at 1000 W m~2. The markers represent the measured curves while the dotted lines show the IV curve estimation of the De Soto

(green) and PVsyst models (magenta). The brown arrows indicate the order in which the PV curves are arranged (35 °C, 55 °C, 65 °C).

Table 1. Comparison of the state-of-the-art models for CIGS PV technology with the model proposed in this work.
Model Physics Parameter extraction
Photocurrent Shunt vs saturation current variation
illumination  over illumination

Sandia PV array
performance model'®

Loss factor Model??

Empirical correction factors for the combined effect

Data sheet parameters and PV performance data

De Soto?? Superposition Linear Constant Data sheet parameters
assumption

PVsyst?! Superposition Exponential Constant Data sheet parameters and PV performance data
assumption

Sun et al.® Voltage-dependent  Constant Constant Model parameters extracted through regression and
photocurrent numerical simulation.

This work Voltage-dependent ~ Power Non-Linear Parameters obtained through a simple
photocurrent

characterization strategy developed in this work

components, photocurrent, diode current and shunt current. The
below subsections explain the model

voltage equal to the built-in-voltage (Vy;) due to the flat conduction

for each of those band. The carriers move to the opposite terminals and recombines?.
components. This leads to a zero photocurrent at Vyi: Iph = 0 at V* = Vy,; for a >> 1
as per 2.1. V* is the voltage that is corrected for series resistance (R;)

Photocurrent

The photocurrent model described by Sun et al.® was adapted to

our model as it considers voltage-dependent photogeneration
and depicted in Eq. (1):

and given by Eq. (2). k is the Boltzmann constant and T is the
temperature. N; is the number of cells in series. The exponential part
captures the zero current collection at V.

1 Diode current
lon(V) =1y (20—) (1) The dominant recombination mechanism dictates the diode
T+axel Wkr current in solar cells. The three possible recombination regions
V =V —1IxRs

)

The |y is the generated photocurrent. The parameter a captures the
two opposing current mechanisms at the interface: the diffusion and
the thermionic emission. It is the ratio of diffusion velocity to
thermionic emission velocity. B8 is the ratio of the electric field
between the buffer and bulk layers. It is always close to 1 for CIGS
cells as the thickness of the CIGS bulk is much greater than the
thickness of the buffer layer. The carrier partition takes place at a

Published in partnership with Nanjing Tech University

in CIGS solar cells are the neutral bulk region, space charge region,
and buffer-CIGS interface. Dark current further increases by
tunnelling. The model described be William et al.° suggests a
double diode model to represent main junction recombination
and a weak tunnelling junction. Since tunnelling is negligible at
normal operating temperatures, we ignore the second diode. We
can represent the saturation current (lp) using a temperature-
independent reference saturation current (loo), activation energy
(E,) and ideality factor (n)'". The value of Iy, determines the
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Fig. 3 Determination of series resistance and its behaviour with temperature. a Determining series resistance using /V curves under
different illumination intensities at 25 °C. b Variation in series resistance of different CIGS cells with temperature. Dotted lines denote the linear

fit of the data.

assumed nature of recombination in the cell’®. The model for
diode current is given by Eq. (3):

Ia(V) = Ioo * e(F#) <e(%) — 1) 3)

With the measurements, lpp was found to be dependent on
illumination intensity. This is in line with the observations made by
Kato et al.'.

Shunt current

Most of the reviewed models use linear and nonlinear shunt
resistance (Rsn), when describing the shunt performance of CIGS
solar cells®*'%, Here, we use a simplified Eq. (4) with only a
nonlinear shunt with power factor y:

,y>1 4)

Current-voltage equation

With the three current components described above, the IV curve
of CIGS solar cells can be represented by Eg. (5). N, is the number
of parallel strings:

I(V) = Np  (lon (V) = la(V) = lsn(V)) (5)

Parameter estimation and their temperature and irradiance
dependence

The value of parameters at standard test condition (also denoted
in symbols with subscript “ref”) of 1000 W m~2 and 25 °C serve as
an input to the model. The estimation of the value for physical
parameters such as series resistance (R), shunt resistance (Rsp),
activation energy (E;), saturation current (lp) and their variation
with irradiance and temperature are determined through char-
acterization. Other parameters such as built-in-voltage (V4;) and
non-physical parameters such as ideality factor (n), a and y are
obtained through curve fitting with least-squares method. A wide
range of modules available in the market were used for validating
the model. Eight modules, referred to as M1_1, M1_2, M2, M3, M4,
M5, M6_1 and M6_2, were used for model validation. The power
rating and type of the modules are given in Supplementary Table
1. The idea of the paper is to compare the model accuracy among
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different modules and not to compare module performance.
Hence, the manufacturers’ names are not disclosed. The below
subsections explain the step-by-step approach used to obtain the
value of parameters and determine their dependence with
temperature and irradiance.

Series resistance. There are multiple ways to identify the series
resistance (R;) of PV modules. Pysch et al.>> compared various
techniques in terms of their accuracy and robustness. Out of the
reviewed techniques, we chose to use the method?® that compares
IV curves under various illumination intensities at 25°C to
determine the R;. This method was chosen because the estimated
Ris representative of a wide range of illumination intensities.

Wolf et al.2® recommends using three IV curves each at different
illumination intensity. Preferably a low light intensity (<500 W m~—2)
curve, a STC curve (=1000Wm~2), a higher light intensity
(>1000 W m~2) curve. Series resistance is calculated by identifying
the change in voltage required to produce equivalent current
changes (Al) at the three chosen intensities. Al is chosen such that
voltage is higher than the MPP voltage (Vimpp). The inverse of the
slope of the line |%| joining those voltage points gives the series
resistance of the module. Figure 3a depicts the procedure for
module M1_1 at 25°C. Assuming all cells to have the same
resistance, single cell series resistance can be determined by
multiplying the factor % (based on equivalent resistance of series
/parallel resistor network) to the module resistance. The measure-
ment is repeated at multiple temperatures to obtain the linear
relation of the series resistance and temperature. Figure 3b shows
the linear variation in R; with temperature for different CIGS
modules. The measurements were used to obtain the temperature
coefficient of series resistance ;. Using the series resistance (R; ref)
at reference temperature(T,f) of 25°C and B, the R; at different
temperatures can be determined using Eq. (6). The variation of R
with temperature is significant. The referred state-of-the-art models
do not consider the temperature dependence of R;.

Rs = Rs,ref + Brs(T - Tref) (6)

Shunt resistance. Shunt resistance (Rsn) can be determined as the
inverse slope of the IV curve at Isc (V = 0)?”. Assuming same shunt

Published in partnership with Nanjing Tech University
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Fig. 4 Determining the shunt behaviour with irradiance and activation energy. a Variation of shunt resistance with irradiance for different
modules. The dotted lines show the power relation fit for each of the modules. The inset table shows R, ref and fit parameter u for each of the
modaules. b variation of V. with temperature (7) for the different modules. The inset: The intercept of the V. vs. T line at 0K representing E,.
(Vo of the modules are divided by the number of cells in series to obtain the V.. of the cell).

resistance for all cells, single cell shunt resistance can be obtained
by multiplying the ,'\‘,’— to the module shunt resistance. The
P . o . . . .
measurement of shunt resistance at different incidence irradiance
shows that it varies non-linearly with irradiance. We propose to
use Eq. (7) to represent the shunt resistance variation for CIGS
technology. Rqh_ref is the shunt resistance at reference irradiance
(Gref) of 1000W m~2 and G is the incident irradiance:

G\
Rsh = Rsh,ref * (a) (7)

Figure 4a shows the irradiance dependence of shunt resistance
for different CIGS modules. The power relation (7) was used to fit
the data for each module to obtain the empirical parameter u that
defines the relation. The values extracted from the data are given
in inset table of Fig. 4a.

Activation energy. The activation energy (E,) of CIGS solar cells can
be obtained from the linearized temperature (T) dependence of V'
The intercept of the line at the y-axis is the activation energy. Figure
4b shows the estimation of E, for different modules under study. E,
(intercept) can also be estimated by considering the temperature
coefficient (B,oc) as the slope and Vi, at 25°C as a point on the line.

Ideality factor and saturation current pre-factor. The ideality factor
(n) and dark saturation current pre-factor (lpg) can be estimated
from the [vs.Voc curve obtained by plotting /scvs.Voc (cell
parameters) at different irradiance intensities. This method is
used with an assumption that at V., diode current is equal to
photocurrent and shunt current is negligible. However, our model
considers voltage-dependent photogeneration, illumination-
dependent dark saturation current, and non-negligible shunt
current. The value of n and lyy cannot be directly used as the
reference parameters. Equation (8) was used to fit the /vs.Vo to
get an initial estimate for n and lyo.

—Eaxq Voc*q

ISC = IOO X Q(W) X e( ka) (8)

Curve fitting. At this point, the reference values R; e, E,, and
Rsh.ref (cell parameters) have been estimated. Now, the IV curve at
STC can be fitted to the Eq. (5) using python SciPy curve fit
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function?® to obtain the remaining parameters dyef, Vb ref. N, loo ref,
and vy, Equations (9) and (10), adapted from® give the
temperature relation of the parameters a and V;, respectively.
Here AE. refers to the conduction band offset between the buffer
and absorber. Value of AE. = 0.1eV fits well for the CIGS
technology. For some modules, y exhibited slight temperature
dependence given by Eq. (11), where m is either 0 or 1:

Qg (11
aQ=0pf*e " (Tm' T) ©)

T, T
Vi = AEc + Egref + AL (Vbi,ref — DEc — Eg.ref) — kx Tref % In <_)
T Tref

Tret \ "
Y = Vref * <$) (11)

Irradiance dependence of saturation current. After estimating all
the parameters at STC, loy can be estimated at different irradiance
conditions using /s and V. values at different irradiance levels. Iy
was found to have a power dependence on irradiance. We arrived
at the expression (12) by obtaining Ipo at the different irradiances.
The curve was then fitted with the expression to obtain the
empirical factor b. Figure 5 shows the fit for different modules.

G\°
loo = oo ref * (Gref) (12)

RESULTS AND DISCUSSION

Having estimated all the required parameters using the above
proposed methodology, IV curves for a wide range of operating
conditions were simulated using the model. The section
“Accuracy” compares the simulated /V curves with the respective
measured IV curves and establishes the accuracy of the model
across different operating conditions. The section “Statistical
significance” discusses the statistical significance of the model
using t test.
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Figure 6 visualizes the measured and simulated /V curves for two
of the module samples. The markers represent the measured
curves for different temperatures and irradiances while the dotted
lines represent the IV curves estimated by the model. We refer the
readers to Supplementary Figs. 1-6 for the IV curve estimation of
other samples.

The accuracy of the model is quantified in terms of Prpp. Figure
7a shows the descriptive statistics of the estimation error at
different irradiances. Figure 7b, in turn, shows the power
estimation error at different operating temperatures. The power
estimation error is well within the 5% range at all the considered
operating conditions. The variation in the median error is small
and does not show any trend with irradiance or temperature. This
proves that the model does not have a bias towards any set of
operating conditions. Figure 8 compares the power estimation
error of the developed model with the existing state of the art: the
De Soto and PVsyst models. nRMSE and nMBE are computed for
the models and are quoted in the inset table in Fig. 8. The nRMSE
and nMBE of the proposed model are significantly lower than the
other state-of-the-art models.
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Fig. 6 Simulated and measured IV and P-V curves for module samples M1_1 and M6_1. The markers represent the measured /V points, and
the blue lines represent the IV curves estimated by the developed model.
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Fig. 7 Descriptive statistics of power estimation error. Statistical analysis of the model error across (a) different irradiance regions and (b)
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Fig. 8 Comparison of accuracy of the developed model (blue)
with that of the De Soto (brown) and PVsyst (magenta) models.
The graph contains error estimates of all considered operating
points in the ranges of 25 °C to 65 °C and 100 W m~2 to 1200 W m—2
for eight CIGS modules. The checked boxes show the middle 50% of
the data points (i.e, the range between the 25th and 75th
percentile). The whiskers represent data points outside the middle
50% and within 1.5 times the interquartile range (IQR). The inset
table shows the nRMSE and nMBE error for each of the model.

Statistical significance

The independent sample t-test was used to analyse the statistical
significance of the derived error metrics. The assumed null
hypothesis is that the mean error is zero, while the alternative
hypothesis is that the mean error significantly differs from zero.
The assumed significance level is 5%. The result of the hypothesis
testing is shown in Table 2.
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Table 2. Results of the hypothesis testing for the error metrics of
each model.

Parameter De Soto PVsyst This work
No. of samples 465 465 465

Mean [%] 6.62 1.09 0.07
Standard deviation [%] 10.81 6.54 1.33
Significance level 0.05 0.05 0.05

t statistic 13.80 3.58 1.14
p-value 1.50e—36 3.73e—4 0.26

Null hypothesis Rejected Rejected Not rejected

For the De Soto and PVsyst models, the p-value is much less
than the significance level. Thus, the null hypothesis is rejected,
which means the mean error significantly differs from the test
mean, 0. The null hypothesis holds for the developed model, which
means that the mean error does not significantly differ from the
test mean, 0. This proves that the developed model has statistically
significant accuracy compared to the other models. This validates
the model. Suitability of the model to represent other thin-film
technologies like ultra-thin CIGS and Cadmium telluride (CdTe) are
discussed in section Supplementary Discussions.

Minimal characterization requirement

In this section, the minimal characterization data required to
estimate the value of parameters are discussed and compared with
the characterization requirement standardized under IEC 61853.

Series resistance and activation energy. As discussed in the
section “Parameter estimation and their temperature and
irradiance dependence”, IV curves at 1000 W m~2, at an illumina-
tion intensity above 1000 W m~2, and at an illumination intensity
of around 500W m~2 are required to extract series resistance.
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Table 3. /V curves required as per IEC 61853-1 (marked as IEC) and the IV curves required for using the proposed model (marked as PM).
Incident Irradiance [W m~—2]
100 200 300 400 500 600 700 800 1000 1100 1200
Temperature [°C] 15 IEC IEC IEC IEC IEC IEC
25 IEC PM IEC PM IEC PM IEC PM IEC IEC PM IEC PM
45 PM PM PM
50 IEC IEC IEC IEC IEC
65 PM PM PM
75 IEC IEC IEC IEC

To measure its temperature coefficient, the three IV curves must
be measured at, at least three different temperatures as wide as
possible. V. obtained at different temperature can be used to
measure the activation energy.

Shunt resistance, ideality factor, and saturation current pre-
factor. To measure shunt resistance and its illumination intensity
dependence, at least six /V curves at different illumination intensities
(at 25°C) are required. The low-intensity curves are preferred for the
better estimation of the parameter u. Ideality factor, saturation current
pre-factor, and irradiance dependence of shunt resistance can also be
derived from the /. and V. values obtained from the IV curves at
different illumination intensities (at 25 °C).

The IEC 61853 standard?® requires the power to be measured at
21 sets of operating conditions shown in Table 3. From the above
discussion, we can establish that the IV curves measured at 12 sets of
operating conditions are sufficient for estimating the performance of
CIGS solar cells across a wide range of operating conditions. The
recommended operating points shown in Table 3 is based on the
qualitative discussion made above. To establish the gain or loss in
accuracy due to the inclusion of specific data point or due to the
difference in number of required input data points is in itself a
separate study and out of the scope of this paper. Table 3 acts as a
mere guideline to use the model. The IEC 60891 defines three
procedures to translate a curve measured at an operating condition
to any other operating condition. The developed model also acts as a
translation procedure specific to the CIGS technology. New CIGS-
specific IEC standards could be established based on this work.

In conclusion, an electrical model with temperature and irradiance
dependencies of different current components was developed to
represent CIGS PV technology. A detailed characterization strategy
was developed to obtain the value of model parameters. The model
has nMBE of ~0% and nRMSE of 1.2%, which is significantly lower than
state-of-the-art models. Thus, the proposed electrical model can be
used to estimate energy yield with higher accuracy than the existing
models and can be easily integrated into any existing energy yield
prediction systems. This electrical model is the first step in our goal to
create a simulation infrastructure for thin-film PV technologies. Our
research work will move towards perovskites and then towards
tandem architectures with an additional focus on integrated PV.

METHODS

The Wavelabs Sinus 2100 setup at IMEC/EnergyVille, Genk was used
to characterize the PV modules. The simulator ensures A+++ level of
temporal spectral stability. The built-in spectrometer can be used to
calibrate the spectral accuracy and intensity. The temperature
controller in the setup enables us to characterize the modules at
operating temperatures between 15°C and 65 °C. Five calibrated
temperature sensors were used to measure the temperature at the
backsheet or the rear glass of the module. The modules were
thermally-soaked to ensure that a steady state has been reached.
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