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The utilization of multi-junction solar cells with high efficiency is still not widespread for terrestrial power
applications. These solar cells, composed by several material layers, reach high efficiencies but its cost is
expensive, more of 100 higher than classical silicon solar cells. Thus, one solution consists to use reduced sizing
solar cells associated with optics mounted on solar tracker to concentrate the solar beam. Numerous meteoro-
logical parameters such as beam solar irradiance, ambient temperature and air mass and especially spectral
characteristics of sun radiation are involved in the conversion process and are generally used as inputs in power
models. Several models from literature, different by their form and by the number and type of input variables, are
presented; based on this state-of-art, some similar models are selected and tested on two experimental CPV
systems located on two different sites, Ajaccio and Le Bourget du Lac. Then, an operational model of electrical
power using inputs easily measured and available for a solar CPV plant operator is developed. It could be used as
a decision-aided tool for investors in providing an estimation of the energy production capacity of the CPV
systems on the future implantation site. This established model based on data measured on the CPV system in
Ajaccio estimates the produced power with a root mean square error of about 5% on the two sites using only a
reduced number of inputs.

1. Introduction

The Planar photovoltaic (PV) system is today a proven technology
and its share of the energy supply in the planet is increasing substan-
tially, exceeding the original growth forecasts. Energy supplying be-
comes today the biggest concerns for developed and developing
countries due to the growing energy needs in the last decades and the
utilization of Renewable energy will contribute greatly to the energy
production in increasing the energy autonomy of countries [1].

At the end of 2018, the photovoltaic capacity exceeded half a million
Megawatts, which equates to about 100 GWp of newly installed capac-
ity. In 2018, China’s market faltered, while there was a revival in the
European Union market and the emerging markets picked up steam. The
growth of the market of photovoltaic energy systems over these last
years is always continuing. A PV capacity of 7.6 GWp was installed in
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2018 in Europe, 44.4 GWp in China, 10.6 GWp in USA, 10.8 GWp in
India, 6.5 GWp in Japan, 2 GW in South Korea, 1.6 GWp in Turkey, 3.8
GWp in Australia and 2.7 GWp in Mexico. Thus, the total capacity
respectively in Europe and globally reached 114.85 GWp and 480.36
GW for PV [2,3] at the end of 2018.

One of the criticisms made of these PV systems is their low density of
production mainly due to the low power density and intermittence of the
solar resource and to the limited efficiency of the photovoltaic conver-
sion. To address this low efficiency, numerous researches were con-
ducted on new PV cells technologies such as multi-junction solar cells
(MJSC) reaching high efficiencies exceeding 30% [4] without any light
concentration. The cost of these cells being very high, more than 100x
than classical silicon solar cells, the material quantity must be reduced.
Thus, small cells are associated with optics (mirrors and low cost lenses)
to concentrate the beam solar radiation; the utilization of a
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concentrating device implies the use of solar tracker affecting the reli-
ability, increasing the complexity and the cost of such Concentrators
Photovoltaics (CPV) systems.

CPV technology entered the market in the 1980’s as a utility scale
solar power generation option. More than 90% of the capacity installed
until 2015 is based on high concentration PV (HCPV) with two-axis
trackers (300x to 1000x) onto a small MJSC based on III-V semi-
conductors. Most of them are lattice-matched solar cells made of GaInP,
GalnAs and Ge [4].

Compared to conventional PV, the CPV market is still small, with a
market volume around 70 MWp in 2014. For 2015 a total number of new
installations between 10 and 25 MWp is estimated and a total installed
CPV system (>1 MWp) of about 300 GWp of CPV at the end of 2015. The
CPV industry has witnessed turbulent times with the number of new
installations significantly declining in 2015 as compared to the past [5].
The CPV market generated approximately USD 790 million in 2014 [6],
and its size is predicted to exhibit about 14% CAGR from 2016 to 2024.
It would reach a size of nearly USD 2.1 billion by 2024 [7].

If the modelling of a “conventional” PV modules behaviour was
considerably studied in the literature, the modelling of CPV systems is
relatively unexplored. This modelling is more difficult because conver-
sion process is more complicated and inputs more numerous: beam solar
irradiance, ambient temperature and wind speed but also the spectral
decomposition of the sun radiation depending on the atmosphere state
and thickness. The spectral composition of the sun radiation is poorly
measured and available for CPV plant operators.

The paper will have the following structure:

- the first paragraph presents the various electrical power models used
for CPV systems;

- the second one describes the two CPV experimentations used for the
validation of the models;

- from this literature review, some structures of power models are
selected and their performances are performed in a third paragraph;

- at last, an operational model is developed, based only on easily
available measured data for CPV operators and validated on two
experimental sites.

2. Literature reviews of multi-junction CPV power models

This state-of-art of electrical power models for HCPV systems pre-
sented here will provide a basis for the choice of some models which will
be validated in the paragraphs 3 and 4. The objective is to sort the
theoretical models thanks to inputs that will be easily extractable from
the experimental monitoring of CPV plants. At the end, one of them will
be selected and more specifically studied. Only Direct Current (DC)
models are expressed by considering that CPV systems operates in
maximum power point (MPP) conditions.

2.1. Equivalent circuit of a multi-junction cells

Two equivalent-circuit approaches are used: a 1-diode and a 2-diode
model; and an equivalent circuit represents each sub-cell of the MJSC.
The MJSC voltage V is equal to the sum of the sub-cell voltages V;, where
i defines the sub cell i. The photo-generated current Iy, ; of a sub-cell or
I,n of the MJSC are considered as equal to the respective short-circuit
currents Iy ; and I, the diode current being considered as negligible
[8]. The 1D and 2D models are:

o (vt - ki) V, + 1R,
L=t -ty | e | - VIR o)
Rsh, i
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In the 2D model, two modes of losses, radiation and non-radiation
recombination, are presented. Iy, Ip; and Iy, are the saturation current
of the diodes. Rg ; and Ry, ; are the serial and shunt resistances of the sub-
cell i. T¢e is the cell temperature in Kelvin. The 1D model has five pa-
rameters (I j, Ip, nj, Rgj and Ry, i) and the 2D model has seven param-
eters (Isc,i, Io1, Io2, Ni1, N2, Rs,j and Rgp, {).

Fernandez et al. [9] compared different methods to determine these
parameters from I-V measures under various irradiance and tempera-
ture conditions. Other methods were described by Segev et al. [10],
Nishioka et al. [11,12] and Or and Appelbaum [13] for the 2D model.
Generally, these parameters are determined under controlled
conditions.

2.2. Dominguez’'model (2010)

The Dominguez’model [14] is based on the 1D model but the three
resistances Rg; are replaced by one effective one Rg The effect of the
shunt resistance is neglected. The method consists in translating the I-V
curve for different conditions of spectra, concentration and temperature.
The estimation of I-V curves is obtained with a Root Mean Square Error
(RMSE) between 0.53% and 0.85% for Tcey; between 25 °C and 75 °C for
concentration between 100 and 700 suns.

2.3. Fernandez 'model (2013)

The Fernandez’model [15,16] is also based on a 1D model of a
three-junction cell (GaInP/GalnAs/Ge). The cell current is only limited
by the two upper sub-cells GaInP and GalnAs respectively called « Top »
and « Middle ». Actually, Ge sub-cell called « Bottom » absorbs a large
spectral band in the infrared part of the solar spectrum and then pro-
duces an excess of current. Then only « Top » and « Middle » sub-cells are
taken into account in the 1D model. The experiments were realized for
cell temperature Tee;p = 10 °C, 45 °C, 75 °C and 100 °C with a variation of
the solar spectrum (the spectral matching ratio between the « Top » and
« Middle » subcells varied between 0.78 and 1.22). The relative Mean
Bias Error (MBE) for the estimation of I-V curve was 0.16%. The
inconvenient of this method is the necessity to measure the External
Quantum Efficiency (EQE) of the two sub-cells, the I-V curve and a
spectral ratio to determine the model coefficients; moreover, this model
can be applied only to a lattice matched GaInP/GalnAs/Ge solar cell.

2.4. Syracuse model (2005)

The Syracuse model developed by Ekins-Daukes et al. [17] is based
on a 2D-model. The photo-generated model is estimated from the beam
solar irradiance for a given wavelength of the Direct Normal Irradiance
(DNI,) calculated using the SMARTS software. SMARTS2 [18] is a free
tool available since 1995 and developed by Gueymard in NREL which is
an alternative to a solar spectrum measure. SMART uses an atmospheric
radiation transfer model to generate a solar spectrum under clear sky
conditions for a given site from meteorological data such as Air Mass
(AM) and Atmospheric Optical Depth (AOD) and Precipitable Water
(PW).

This approach was used by Chan et al. [19] to model the electrical
power of 3J high CPV modules in Japan using spectral data obtained
with SMARTS and AOD values given by AERONET [20] and PW values
computed from air temperature T, and relative humidity RH [19].

The EQE is used to determine the photo-generated current of the sub-
cells [21] taking into account the variation of the gap energy for each
semiconductor material with temperature according to the Varshni
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formulation [19]. The annual produced energy by the HCPV system was
estimated with an error of about 2%. This model allows to have a
detailed knowledge of the 3J cell behaviour but its application is limited
because it needs to have the measures under various conditions of Teej,
I-V curves and EQE.

2.5. Yield Opt model (2015)

Steiner et al. [21,22] developed the « Yield Opt » model considered
as a more complex version of the Syracuse model. It uses also the
SMARTS tool to determine the solar spectrum and integrates a model to
define the optical spectral transmission Tropic for a lens temperature
Tiens given by a ray tracing software and a finite elements calculation, to
get the shape deformation of the Primary Optical Element (POE) for a
given Tiens. The electrical power, obtained from IV curves, is corrected
by a tracking misalignment correction coefficient ¢ taking into account
the power loss induced by a given misalignment of the tracker.

Steiner et al. [21,22] calculated a good RMSE between 2.6% and
3.9% for calculating the electrical power of various HCPV modules. But,
this model is complex and need to know the misalignment measure and a
fine knowledge of the cell and optical processes.

2.6. Kinsey model (2008)

Kinsey et al. [23,24] proposed a model based on a 1D representation.
They calculated the MPP power Ppy, from the short-circuit current
density Jy, the cell surface A, the open-circuit voltage V. and the fill
factor FF by Refs. [23,24]:

Pmpp =Jse-Ace- Voo .FF 3

Jse is calculated from isotype cell measures, EQE and the solar
spectrum. FF and V,. are determined from the value under standard
conditions corrected by the temperature effect. This model needs the
measure of EQE for various T, [-V curves and solar spectrum. A dif-
ference of 2% was obtained between the energy calculated by the Kinsey
model and measured [25].

2.7. Peharz model (2011)

Peharz et al. [26] developed a model using the parameter Z, the
beam solar irradiance DNI and the cell temperature Teej:

Prypp = cpni. DNI + cnZ*+c;. 7+ CTon - Teelt + Coffiet “4)

The coefficients cpni, €z2, €z, Crcell and Coffser are obtained by linear
regression from experimental data in real condition of operation. The
parameter Z was introduced by Meusel et al. [27]. It indicates the cur-
rent imbalance of two sub-cells under a given solar spectrum compared
to a solar spectrum AM1.5D. Z = 0 for a spectrum identical to AM1.5D, Z
> 0 or Z < 0 if the solar spectrum is bluer or redder for a 3J cell. The
calculation of Z is given by Peharz et al. [28]. In equation (4):

cpnr - DNI traduces the linearity between the power and the beam

solar irradiance at constant temperature and spectrum.

cr,,-Tcel €Xpresses the power variation with Teey.

- ¢z9.Z% + ¢z.Z : according to the HCPV module, Peharz et al. [27]
approximates the variation of the power versus Z by a straight line
(cz . Z) or by a 2nd degree polynomial expression (+czz.Z2).

- Coffset. @ constant to take into account a threshold effect or a

misalignment.

Peharz et al. [26] applied this model on four different HCPV modules
in Freiburg (Germany) and obtained a RMSE of 1.3 W, 1.2 W, 1.6 W and
0.6 W for PV modules with a power under Concentrator Standard Test
Conditions (CSTC) of 54 W, 50.1 W, 44 W and 15.7 W. The main dis-
advantages of this method are:
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- the estimated power is non-zero at DNI = 0 W m ™2,

- component solar cells or isotypes must be used for Z calculation,

- this method was also used to calculate the power under Concentrator
Standard Operating Conditions (CSOC) with a RMSE between 2%
and 4%.

2.8. SANDIA model (2004)

The model developed in SANDIA Laboratory [29] by Kratochvil et al.
known also under the name “photovoltaic array performance model” is
based on CPV experiments under real solar irradiance. It considers the
influence of the solar spectrum via a spectral correction factor depend-
ing only on the Air Mass in introducing an effective irradiance DNIeft.
This factor was introduced by the ASTM E 973 Standard and approxi-
mated by a 4th degree polynomial expression [29] (Equation (5)).

£1(AM) =2y + a;AM + ,AM? + 3; AM? + a,AM* (5)
DNI

DNLg = f,(AM 6

ff DNI;(;r 1( ) ( )

The IV curve is calculated from five operating points (which are [I,
0]; [IVoc/Z, Voc/2]’ [Impp, Vmpp]; [(Isc + Impp)/zy (Voc + Vmpp)/z], [07
Vocl) the MPP current is function of DNIgg and Teey:

Impp = (CODNICI'[' + C] DNszf) (Impp‘rc[' + almpp . (chll - chll.rcl')) (7)

a,,,, is a coefficient traducing the variation of the MPP current with

temperature.
Vinpp is expressed versus the logarithm of DNIefr, ﬁvmpp is a coefficient

traducing the variation of the MPP voltage with temperature [30]:

kg Teen In (DNLyy¢ kgTeen In(DNIg) 2
Vinpp :VmppJeerCstn B Teenn ;1( erl)+C3Ns<n pTear In( eli))

q
+ ﬁVmpp (Tcell - Tcell,ref)
®

Cop, C1, C2 and C3 are obtained by linear regression from measured data.

This model has for advantages to have its coefficients calculated from
experimental data in real conditions, but it is necessary to know the
values of some intrinsic parameters of the PV module such as n, Ny and
the law between DNI and AM (Eq. (5)). This model tested on a HCPV
system in Jaén in Spain [30] calculates the power with a RMSE equal to
3.4%.

2.9. Model used in PVSyst software

PVSyst [31] is a commercial software for the sizing and the pro-
duction estimation for various PV modules and plants. Soitec, a HCPV
module suppliers, collaborated with PVSyst to develop a power model
for the CX-M500 module (3J cells under a concentration of 500 suns,
2.45 kWc). The PVSyst approach [32] consists in realizing IV curves
measured under real illuminations for various irradiances and temper-
ature and to determine the parameters of the 1D model. An Utilization
Factor (UF) was introduced, sum of three linear functions depending on
DNI, T,y and AM [32]. This model, validated on IV curves during one
and a half year in Seville, Spain, estimates the HCP power with a RMSE
of 3.7% and a MBE of —0.8% [32]. It was also tested on four HCPV plants

Table 1

RMSE and MBE values for the estimation of HCPV power by PVSyst.
Sites Power installed (kWp) MBE (%) RMSE (%)
Sede Boger, Israel 6 0.7 10.7
Touwsrivier, South Africa 44 000 -0.6 12.5
Shams Ma An, Jordan 10 1.7 9.0
Muscat, Oman 6 -4.2 8.7
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in Middle East and South Africa, the RMSE and MBE values are given in
Table 1.

PVSyst is a tool to calculate the energy produced and not the HCPV
power, from meteorological data characteristic of the site. We can un-
derline that the three functions for the UF determination describe in-
dependent phenomena, inducing some difficulties to determine the
coefficients [33]. Furthermore, this approach would need according to
PVSyst developers the knowledge of the module via long-term measures
[34].

2.10. Standard ASTM E 2527-09

1. The standard ASTM E 2527-09 [35] is the only “official” formulation
to calculate the CPV power under real operating conditions from
DNI, T, and v (wind speed):

Prpp = DNI(a; + 2,.DNI + a3. Toir + a4.Vyent) 9)

aj, ag, ag and a4 are deduced by linear regression from experimental
data under real conditions, no variable depending on the solar spectrum
are used. A filter criterion defined by the standard ASTM E 2527-06 [36]
is applied to the experimental data. Rodrigo et al. [30] tested this model
on two HCPV modules located at Jaén in Spain during two years and
found a RMSE equal to 4.6%.

2.11. Garcia-Domingo model (2014)

Garcia-Domingo et al. [37] developed a power model using as input
DNI, Ty, v and the spectral matching ratio SMR Top_ defined as the ratio
Middle

of two short-circuit current density [38]:

SMR 1o = (Jsc,Top/Jsc,Top.reI’) (10)

Viadre (J seMiddle / J sc,Middle.ref)

The Spectral Factor SF was expressed versus SMR 1, and introduced
Middle

in the formulation of the HCPV power. From data of Jaén, Spain, Garcia-
Domingo et al. [37] validated their model with a RMSE = 5.3%.

Note that this method has the advantage to take into account the
variation of the solar spectrum but a measure using component solar
cells is needed which complicates this method.

2.12. Garcia-Domingo model based on standard ASTM E 2527-09
(2015)

Garcia-Domingo et al. [39] modified the ASTM E 2527-09 model
[35] in adding a spectral variable APE (Average Photon Energy). APE is
aiming to the characterization of the energetic distribution in an irra-
diance spectrum. It is obtained by dividing the irradiance by the photon
flux density [40,41] and it allows to evaluate the impact of a variation of
the solar spectrum for various technologies particularly studied by
Moreno Séez et al. [42], Ishii et al. [43], Piliougine et al. [44], Nofuentes
et al. [45] and Cornaro et al. [46]. The effect of APE on the CPV per-
formances was studied by Gueymard et al. [47] and Husna et al. [48].
The CPV power is calculated by Eq (11), aj, a, a3, a4 and as depend on
the interval of APE.

Piupp = DNI(a; + 25.DNI + 5. Ty, +a4.v +a5.APE) an

From data measured on 2 HCPV modules in Jaén, the Mean Absolute
Error (MAE) obtained by this model was between 1.9% and 3.9% [39].

2.13. Fernandez models (2013-2015)

Fernandez et al. [49] developed three models in which the cell
temperature is calculated from DNI and T,;; by the Almonacid formula
[50]. The three models are:
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Pm rel

Popp = ﬁ.nm. (1= 8(Teen — Teatirer) ) 12)
Pm rel

Prapp = #‘i‘f.DNI. (1 = 8(Teen — Teenrer))-(1 — £(AM — AM,)) 13)
ref

Prapp rer
Prpp = #‘L:.DNI.(] = 8(Teen — Teetnrer) )-(1 — €(AM — AM,)). a4

(1 — &(AODs5 — AODs5,,))

Pryp ref is the PV power for DNI, Tcenn, AM and AODssg equal respectively
to DNIef, Teell,ref, AMy and AODsso . AM, and AOD,, are the values of
AM and AOD for which the PV power is maximum. The coefficients 5, ¢
and ¢ are obtained by linear regression from measured data. AODssg
values are obtained at a daily scale from MODIS website of NASA [51].

These models were tested on the Jaen Site in Spain and the results are
given in Table 2.

These models have some advantages: easy to implement, the Tcep
model has been validated under real conditions, but also some disad-
vantages: necessity to measure T (difficult for CPV modules) and AOD
is not available for all the sites.

Fernandez et al. [52] proposed an optimised version of the second
model by replacing Tcep by Tair (With Tajr ref being equal to 20 °C):

P = Poon. 1t . (1 = 6(Tur — Tyirrer) ) -(1 — e(AM — AM,)) (15)
DNIref

Fernandez et al. [52] studied the influence of AM on the electrical
power for two CPV modules in Jaen, it appears that this influence is
negligible for AM < 2 and then a simplified version without AM is used
for this range. This model was tested on two years of data and a RMSE
equal to 3.5% was obtained.

2.14. Artificial Neural Network approach

Some approaches based on Artificial Neural Network (ANN)
approach were used to model the IV curve of CPV modules. Almonacid
et al. [53] tested this model which gives good results hardly generaliz-
able and needing a large data set for the training, not easily available.

2.15. Synthesis of the sixteen CPV models

Table 3 presents a synthesis of the variables used in each of the
sixteen models located in the first column of the table. These models
created from 2004 to 2016 are relatively new. They have between two
and seven inputs (see from 2nd to 14th column). All models have as
input the direct normal irradiance DNI. The temperature (air, cell,
module) and the spectrum (AOD, AM, Isc, EQE, transmission) are other
relevant parameters. The wind and tracker effect parameters are not
often used. We can distinguish, based on the output of the models, two
groups: I-V curve modelling (15th column) and Pp,, modelling ap-
proaches (16th column). Approaches of the first category helps more
understanding of the module operation, however they would need to be
used a detailed knowledge of the module, which is not the case for the
Pmpp models. The parameters of these ones, however, would need to be
fitted a sufficient period of measurement.

Some models were tested and validated on data measured at Jaen,
Spain and showed a RMSE value between 2.7% and 5.3%. Other models
were evaluated in terms of MAE (Mean Absolute Error) with a value

Table 2
Performance metrics for the three Fernandez models.
RMSE (%) MAE (W) MBE (%) R?
Equation (12) 5.0 7.5 0.4 0.92
Equation (13) 3.5 5.6 -0.3 0.98
Equation (14) 2.7 4.2 0.2 0.99
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Table 3
Synthesis of input and output data for the sixteen CPV models.
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Model Input

Output

DNI Solar spectrum Tair Teen Tiens v

PW  AOD AM  I/Lc  EQE Ty & IVewrve Py,

Equivalent circuit v
Dominguez (2010)
Fernandez (2013)
SANDIA (2004)
Syracuse (2005)

Yield Opt (2015)
Kinsey (2008)

Peharz (2011)

PVSyst (2010)

ASTM (2006)

Garcia Domingo (2014)
Garcia Domingo (2015)
Fernandez 1 (2013)
Fernandez 2 (2013)
Fernandez 3 (2013)
Fernandez 4 (2015)

AN
AN N N N YN

AN N N N T N N N N N N N N
AN

AN N N N YN

v v
v
v

SSN

\
<
ANENEN
ANENENEN
SNENEN
<
<
<
NN

AN
AN NN YT NN

ANANEN

between 1.9% and 7.5%. These values of RMSE and MAE can be used as
a reference but it is necessary to keep in mind that the validation was
realized on various systems, installed in various sites with different
meteorological conditions. Thus carrying out a study of theoretical
models on two other sites with distinct characteristics will complete this
state of the art. In addition, it will be more relevant to sort out the ef-
ficiency of the same models on several production sites.

The main difficulty in some presented models is the utilization of
meteorological data difficult to obtain for the studied site as AOD and
PW mainly with a relatively small time step (the variation of these pa-
rameters over the year and over the day can be important) or complex to
calculate as EQE, Isi/Isc, Tr,opt and the solar spectrum. Our objective
being to develop a model easy to implement and requiring easily
available inputs in view to be operational and useable by PV system
developers, the influence of these less available parameters on the
quality of the produced PV power at the beginning of paragraph 2 must
be estimated.

3. Presentation of the two experimentations
In this paragraph, the two experimental CPV systems located in Le

Bourget du Lac and in Ajaccio and the measuring systems are presented.
The objectives of the presentation are to show the similarities of the

‘ Ajaccio

CPV systems (excepted for the tracking method) and the differences
between the two sites from a meteorological point of view which in-
fluences the spectral quality of the solar radiation important in multi-
junction cells operation.

Moreover, a specific attention will be given to the quality check and
pre-treatment of the meteorological and electrical data.

3.1. The CPV systems

Two CPV systems were used to validate the power model: the first
one was installed in Bourget du Lac in Savoie and the second one in
Ajaccio, Corsica (Fig. 1).

3.1.1. Le Bourget du Lac

A CPV system was installed by the manufacturer of solar tracker
Helioslite running with one motor [54] on the research site of INES
(Institut National d’Energie Solaire) on June 2017. It is composed by 64
modules of 87.5 Wp i.e. 5.6 kWp connected to an inverter of 6 kW
(Fig. 2). The HCPV module SM-UO1 was built by Semprius and is
composed of micro-concentrators with a concentration ratio equal to
1111 suns and of three junction micro-cells in GaInP/GalnAs/GaInNAs
with an area < 1 mm?. The main characteristics are given in Tables 4 and
5.

Fig. 1. Position of the experimental sites and overview of the two sites.
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Fig. 2. CPV system installed in Le Bourget du Lac.

Table 4
Description of the CPV module (Semprius SM-UO1).

CPV module characteristics

Cell Primary Optical Secondary
Element (POE) Optical
El t
Type Cell Size Type Size emen
.. (SOE)
efficiency (mm x (mm x
mm) mm)

3 J cells 41% 0.6 x Plano- 20 x Spherical

(GaInP/ (CSTC) 0.6 convex lens 20 balls in glass

GalnAs/ in silicone on

GalnNAs)
Sizes (length x width x thickness)
636 mm x 476 mm X 66 mm

glass (SOG)

Number of cells

660 cells (22 chains of 30 cells connected
in serial)

The measuring system is composed from:

- apyrheliometer Kipp & Zonen SHP1-A mounted on a 2AP sun tracker
measuring DNI;

- a spectro-pyrhéliometer (Solar Added Value) measuring the three
short circuit currents for each sub-cell with a spectral band between
370 nm and 1650 nm;

- a solar spectral sensor SolarSIM-D2 (Spectrafy™) D2 using silicon
photodiodes integrated with band pass interference filters to monitor
discrete sections of the solar spectrum (280 nm-4000 nm);

- a meteorological station Vaisala WTX520 measuring the air tem-
perature, the wind speed and direction, the relative humidity and the
atmospheric pressure;

- the currents of the two trackers are measured in order to adjust the
tracking angle.

3.1.2. Ajaccio

The HCPV system of 112 modules Semprius SM-UO1 was installed by
Helioslite on the R&D platform in the University of Corsica. This system
is working since April 2016; the total CPV power is 9.8 kWp connected
to a 10 kW inverter (SMA STP10000TL-20]. The only difference with the
previous system is the solar tracker which is larger and has two stepped
motors to assess the tracking (Fig. 3).

The measuring system is composed by:

Table 5
Electrical characteristics of the CPV module (Semprius SM-UO1).

Renewable and Sustainable Energy Reviews 135 (2021) 110221

- A pyrheliometer Kipp & Zonen CHP1 mounted on a SOLYS2 sun
tracker measuring DNI;

- A meteorological station Vaisala WTX520 measuring the air tem-
perature, the wind speed and direction, the relative humidity and the
atmospheric pressure.

The currents of the two trackers is measured in view to know pre-
cisely the tracking angle.

3.2. The data quality control

The measured data must be filtered before to be used for a validation.
The data used in this study were measured between June 27, 2017 and
June 21, 2019 for Le Bourget du Lac and between April 07, 2016 and
May 05, 2019 for Ajaccio.

Three types of control were implemented (Fig. 4):

- A control on operational failures or maintenance period on the CPV
systems coupled to a control of tracking problems;

- A control on the data acquisition problems: the following filters
based on the variables registered values were applied.

e 0 < DNI <1000 (W m~?)

e 0 < Ppc < Ppccstc (W), where Ppc cstc corresponds to the system’s
power at CSTC conditions

e —10 < Ty < 50 (°C)

o 0 <Isw < Isw cstc (A) and 0 < Inw < Inw cstc (A), where Isw cstc
and Inw cstc correspond respectively to the south wing and the
north wing currents at CSTC conditions.

- A control of the quality of the data: Mainly to filter data corre-
sponding to high wind velocities and those corresponding to a system
partially shaded.

e 0<v<14(m s’l) where 14 m s~ ! is the maximum wind velocity
acceptable by the tracker structure during operation.

e A difference between Igw and Inw less than 10% relative to the
maximum current (to measures realized during partial shading or
alignment disequilibrium between the two wings of the tracker).

Fig. 3. The CPV system installed in Ajaccio.

CPV module electrical performances

Under controlled illumination (CSTC)

Under real illumination (CSOC)

Prmpp (W) Vinpp (V) Impp (A)
87.5 (£5%) 86.6 1.01

Voe (V) I (A) Efficiency (%)
101.6 1.06 33.9

Popp W) Vapp (V) Lapp (A Voc(V) I (A)  Efficiency (%)
70 W 81 0.86 95 0.9 31.2
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Measured - Ajaccio - Le Bourget du Lac
data First filter
Dysfunctions - Third filter
100 % | = Failures 87 %| Second filter 61 % Outliers data 57 %
* = Maintenance %* Gap between the two » . TR Selected data

100% |, Shading 71 solar trackers 45 % . p p 1%

= Solar tracker misalignment owerFoc

= Data acquisition problems

Fig. 4. Data control steps.

It appears that the percentage of validated data are relatively small
(57% for Ajaccio and 41% for Le Bourget du Lac). Thus 72 469 data of
each parameter are available for Le Bourget du lac and 119 008 data for
Ajaccio.

4. Choice of DC power models for CPV systems
4.1. DC power models

The objective of this paper is to elaborate a DC power model for CPV
systems using multi-junction PV cells with a simplified utilization so that
it could be easily used by photovoltaic system developers and operators.

Thus two important points must be taken into consideration:

- The availability of spectral data is complicated and sometimes
impossible; thus, most of the tested models will not use these vari-
ables; we will just evaluate the relevance to introduce them.

- The model having to be operational, it must be easy to implement;
we will try to determine the effects of the model’s simplification on
its accuracy.

We propose to begin to use models with a reduced number of inputs
and to progressively increase the number of data; DNI, Ty;;, AM and v are
easily available whereas the spectral distribution of the solar radiation
or AOD, PW are rarely available.

Seven models were tested and were divided in two categories (3
models for the first one and 4 models for the second one) according to
the forms of the expression inspired from the literature.

- The first category of tested models has an expression (Eq (16)) based
on the standard ASTM E 2527-09 [35] which was completed by
Garcia-Domingo et al. [39] in integrating the solar spectrum effect
via the variable SMR.

Ppc= DNI . (a(.+ a;.DNI+ > "y, ) 16)

i=2

ayp, a; and a; are the model parameters, y; are the variables which can be
Tair, v, AM or SMR.

Three models of this category were tested and the expressions are
given in Table 6:

e Number 1: using T,;; and the wind speed v;

e Number 2: using T,j;, v and AM (which takes into account more or
less the absorption of the solar radiation by the atmosphere);

e Number 3: using Taj, v, and two SMR values SMR 1o and SMR%

taking into account the spectral aspect but rarely available.

- The second category is based on the form of the models introduced
by Osterwald [55] and Evans [56] and then used by Fernandez
et al. [52], the general expression is given by:

Ny

DNI
Ppc =Ppcer.f (m) . H(l + bi<(xi - Xi.rcf)) a7

Table 6
Models of the first category.
Model Inputs - Expression
Number Equations
1 DNI, Tair, v - Eq Ppc = DNIL.(ag + a;.DNI + ap.Tair + a3.v)
(16)
2 DN T, v, AM - Ppc = DNL(ag + a1.DNI + a.Tair + a3.V + a4.
Eq (16) AM)
3 DNI, Ty, v, SMR
-Eq (16)

Ppc = =DNL (ao + a;.DNI + az.Tair + az.v +

Middle Bottom

44.SMR Top +a5.SMRMiddle>

with x; rer the value of x; under the condition Ppc=Ppcrer and bi the
parameters of the model determined by linear regression.

In this second category of models, the function f of Eq. (17) is based
on the works realized by Fernandez et al. [57] about the expression of
the PV current and voltage at the Maximum Power Point MPP; without
variation of the solar spectrum and at constant temperature, Fernandez
et al. [57] considered that:

e The current at MPP is proportional to DNI:

L= k . DNI 18)

e The voltage at MPP is the sum of a linear function of the logarithm of
DNI (d;.In(DNI) + ds3) and of DNI (— d2.DNI) based on the single
diode model [58]. The voltage increases linearly with In(DNI) but
this increase is slowed by the effect of the serial resistance which is
accentuated with the irradiance level (expressed by — dz.DNI).

Vinpp =d; .In(DNI) — dy.DNI + ds )

e The power Ppc at MPP is thus obtained by multiplication of Vpp, and
Impp (multiplication of Eq. (18) by Eq. (19):

Ppc(DNI) = p, .DNI + p, DNI? + p; DNLIn(DNI) (20)

DNIréf

Based on Eq. (20), the function f ( DNI ) of Eq. (17) can have two

expressions:

o The first one corresponding to Eq. (17) in replacing DNI by < DNI ):

DNIL;

f DNI —a DNI ta DNI 2+a” DNI In DNI
"\DNL¢)  “""'DNL PN\ DNIL PNUDNI \DNIs

(21)

e The second one neglects the variation of the MPP voltage as a
function of DNI in Eq. (19) and a simplified expression becomes:
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DNI DNI
f —apn 22
2 (DNI,ef) AN DNT 22)

Four models of the second category were tested and the expressions
are given in Table 7:

e Number 4: using for f <DDN—I}L> the equation (22) and for variables DNI

and Tair

e Number 5: using for f (D%—I\I‘L) the equation (22) and for variables

DNI, Ty, and AM.

e Number 6: using for f <DDN—I;IL> the equation (21) and for variables DNI

and Tair

e Number 7: using for f <;ﬁ—l}‘fﬂ> the equation (22) and for variables

DNI, T,i;, and SF (which introduces the spectral effects).

Thus, five combinations of models with inputs such as DNI, T, v
and AM in Eq (16) and in Eq (17) coupled with Eq (21) or (22) were
tested. Then spectral inputs such as SMR and SF were added in model 3
and 7 in view to evaluate their contribution to the improvement (or not)
to the reliability of the model. These models are synthetized in Tables 6
and 7. As we wrote previously, the objective is to increase the
complexity of the model and the number of variables and to observe if an
improvement appears; it has to be kept in mind that the spectral vari-
ables SF and SMR are very limited in many parts of the world and that
we are looking for an operational model using easy available data with a
good reliability.

The equations of Tables 6 and 7 are linearized and the parameters are
computed using the Least Square Method. The linearized form of these
equations and the values computed for each site are given in Annex.

4.2. Estimation of spectral indicators SMR and SF

The spectral data SMR and SF are calculated using the SMARTS tool
[18] from the variables AM, PW and AODs5g, from the website MODIS
[51] (Fig. 5).

The spectral optical transmission of the Primary Optical Element
(POE) in silicon on glass (SOG) is presented in Fig. 7 [57].

The average value of SF and SMR are given in Table 8 for the two
sites.

It appears clearly that the calculation of SF and SMR values is not a
simple task on the one hand and on the other hand, that it necessitates to
have PW and AOD550nm data which are difficult to obtain for all sites
and with a correct time step.

5. Performances of the models and validation

In this section, firstly one power model will be retained between the
seven ones. Then, as the coefficients were independently determined on

Table 7
Models of the second category.
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each site, a second step will consist to use the model established on
Ajaccio data and to validate it on the second site.

5.1. Choice of the model

Fig. 8 shows the values of the normalized Root Mean Square Error
(RMSE) for the seven models applied to the CPV system in Ajaccio and Le
Bourget du Lac.

The difference of RMSE between the models is very small whatever
the site is. No single coherent model appears clearly.

The introduction of spectral indicators as inputs (models 3 and 7)
complicates greatly the model implementation (low availability and
difficulty of determination) but too not improves the accuracy of the
model. The model 6, inspired by the works of Osterwald [55] and Evans
[56] and then used by Fernandez et al. [52], belonging to the second
category and using three variables T,i,, DNI and AM, has the best per-
formances; it uses two frequent measured meteorological data the beam
solar irradiance DNI and the ambient temperature T,; and the air mass
AM easily calculated from the site situation (latitude) and the time. AM
influences the attenuation and the diffusion of solar radiation and thus
introduces partially the spectral effect of solar radiation. AM being
calculated and not measured, the model 6 can be considered as a model
with two input data, DNI and Taj;.

The results obtained from Ajaccio data are less good than from Le
Bourget du Lac data; the proximity of the experimental site of the sea
(less than 100 m from the sea and 30 m above the sea level) influences
the solar radiation and its spectral distribution.

In the remainder of this article, only the model 6 is retained for its
performance, its reduced number of inputs and the availability of these
inputs. However, the values of the coefficients were determined inde-
pendently for the two sites. The twelve coefficients can be found in
Annex; these coefficients have not the same values for the two sites and
it appears important to have a unique model applicable to both sites and
to make it applicable on several sites independently of the meteoro-
logical situation.

Thus, in the following section, the selected model with the co-
efficients computed with the Ajaccio data will be applied to the second
site (the Ajaccio model was chosen as reference because it was trained
on a longer period than for the Le Bourget du Lac).

5.2. Study of the genericity of the model

The selected model with the coefficients calculated on the Ajaccio
data was tested on the data of Le Bourget du Lac and the results are
presented in Table 9.

The performance of the Ajaccio model applied on the data of Le
Bourget du Lac is not satisfying at all because the RMSE was multiplied
by 3. It is necessary to determine the causes of the bad performances.

We must keep in mind that the application of the model for a given
CPV system necessitates firstly to normalize the electrical power in
dividing the produced power by the reference power of the CPV system
in Ajaccio; secondly the reduced power calculated for the new CPV

Model Number Inputs - Equations

Expression

4 DNI, Tair - Eq (17) + Eq (22)

5 DNI, Tair, AM - Eq (17) + Eq (22)
6 DNI, Tair, AM - Eq (17) + Eq (21)
7 DNI, Tair, SF - Eq (17) + Eq (22)

DNI DNI
Ppc = Ppcref- )

—_— o (Tair — T
PLDNL, + P2 DNILf (Tair — Tairref)

DNI
m) (1 + br,, .(Tair

b _p ang DN - (DNI 2 La DNL, (DNI
= . _— N~ N —
Pe T ROt PN DN TN \DNLer) " "PN'DNIer \DNILr
(14 by (Taie — Tairzer))-(1 + Dant-(AM — AMey))
P p a DNI ‘a DNI ral DNI ! DNI
= . _— N~ N —
oo TR PN DN PN \DNLer/ " PN'DNILer \DNILeg

- (1 + by, (Tair = Tairrer)).(1 + bsp.(SF — SFrer))

Ppc = Ppcref- | apni- = Tairrer))-(1 + bam-(AM — AMer))
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Fig. 5. Estimation of spectral indicators SF and SMR using SMART [18] from AM, PW and AODssonm. The External Quantum Efficiency (EQE) of the MJSC is
obtained from Refs. [57,59]. Fig. 6 shows the EQE of the GaInP/GalnAs/GaInNAs cells used in the two experimental systems.
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Fig. 6. External Quantum Efficiency of the Semprius cell.

system on the second site must be multiplied by the reference power of
the new CPV system. The bad performance of our model after its
application in the second site can be due to a wrong knowledge of these
reference powers on both sites.

Thus, the reference power i.e. the electrical power produced by the
CPV system in CSOC (Concentrator Standard Operating Conditions: DNI
=900 Wm 2 Tair = 20 °C; v =2 m s ! and solar spectrum AM1.5D)
must be verified experimentally in Ajaccio and Le Bourget du Lac. To do
it, we plotted the electrical power versus DNI for various air tempera-
tures (Fig. 9a) and air mass (Fig. 9b) for DNI values around CSOC con-
ditions: DNI = (900 =+ 50) W.m 2, Tair= (20 + 2)°Cand AM = 1.5 £ 0.1.

The dispersion of the points is mainly due to the variation of the
spectral conditions and on the precision of the tracking. Regarding
Fig. 9, it appears that the average electrical power measured for DNI =
900 W m™2is 7679 W for Ajaccio and 3964 W for Le Bourget du Lac. The
manufacturer and experimental electrical power in CSOC are shown and
compared in Table 10.

The gap between experimental and “manufacturer” reference power
is not negligible mainly for Le Bourget du Lac. Previously, when we
applied the model trained on Ajaccio data to the CPV system in Le

100 : : .
il "“’“‘WW B ™
80f X ’ :
x 5 X%
£ [ 3 i
c X x
o 60r % X
4 * ¥
- :
& 40 x 1
g i
g 20t x -
0 » 2 " " "
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Wavelength (nm)

Fig. 7. Optical transmission of the Primary Optical Element in silicon on glass.

Table 8
Average values of the spectral indicators on Ajaccio and Le Bourget du Lac.

Indicator Ajaccio Le Bourget du Lac
SMR Top 0.81 0.98
____Middle
SMRyiddle 0.90 .01
__ B
ottom 0.91 0.97

Bourget du Lac, the normalization was realized in dividing the produced
power by the manufacturer CSOC of Ajaccio and the normalized power
was then multiplied by the manufacturer CSOC of the CPV system in Le
Bourget du Lac (the electrical power of the Ajaccio CPV system was then
multiplied by (4480/7840 = 0.5714). The correction was applied to the
model in reducing and then multiplying the model by the experimental
CSOC powers (3964/7679 = 0.5162 i.e. a gap of 9.66% compared with
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Fig. 8. RMSE value for each model applied on the two sites.

Table 9
Performance of the model with coefficients calculated in Ajaccio tested on the
two sites.

Test site RMSE MAE
Ajaccio 4.6% 3.9%
Le Bourget du Lac 13.3% 13.0%

the previous ratio) and the results for the site of Le Bourget du Lac are
given in Table 11.

We note a high improvement of the performance of the elaborated
model and the RMSE and MAE values are of the same order of magnitude
for the two sites (RMSE and MAE are equal respectively to 4.6% and
3.9% for Ajaccio and 4.4% and 4.0% for Le Bourget du Lac). These
values are in accordance with that found in the literature review; some
references gave a RMSE values were between 2.7% and 5.3% and some
other ones gave a MAE value between 1.9% and 7.5%. This model can be
applied easily without the need of spectral data difficult and costly to
obtain and with an accuracy which is of the same order of magnitude as
the accuracy of more complex models of the literature.

In view to illustrate the reliability of the model, we plotted experi-
mental and modelled electrical power for some days in Ajaccio and Le
Bourget du Lac in Fig. 10.

The experimental data were not filtered and we can observe some
high gaps due to a solar shading (mainly at sunrise hours) or to a
misalignment of the tracker.

6. Conclusions and perspectives

The objectives of this work were to develop an electrical power
model for CPV systems starting from widely available meteorological
input data in view to be easily useable by CPV plant operators and
investors.

A literature review based on sixteen CPV models was performed:

10

these models are more or less complex and use between two and eleven
inputs including rarely measured data such as solar spectrum changing
indexes, atmospheric variables like AOD and PW and other system
related variables namely the sun tracking accuracy. Some of these
models were validated using data measured under controlled conditions
which are far from real operating ones. The most relevant models
showed an RMSE between 2.7% and 5.3%.

From this literature review, two categories of model, differing in
form, were retained mainly for their simplicity of implementation; in
each category, the number of inputs varies but with at least the two more
influencing variables DNI and T;;. The seven models were validated and
tested on two experimental HCPV systems equipped with Semprius SM-
U01 modules, composed of micro-concentrators with a concentration
ratio equal to 1111 suns and of three junction GaInP/GalnAs/GaInNAs
micro-cells. The two HCPV systems have respectively an electrical
power in CSOC equal to 7.68 kWp in Ajaccio and 3.96 kWp in Le Bourget
du Lac.

The seven tested models showed similar performances and the
introduction of spectral indexes did not seem to make an improvement.
The most efficient model uses the two main measured meteorological
data, beam solar irradiance and ambient temperature, and a calculated
parameter, the air mass, introducing partially the spectral effect of solar
radiation.

The coefficients of the model were independently calibrated for the
two sites and then, the model established on Ajaccio data was validated
on the second site data. After a slight correction at the electrical power
under CSOC level, the new corrected model showed a RMSE and MAE of
4.6% and 3.9% for Ajaccio and 4.4% and 4.0% for Le Bourget du Lac,
values in the same order of magnitude of those found in literature with
more complex models.

Several perspectives can be proposed for strengthening and continue
this work. First, a study of the spectral effect could be performed. The
spectral indicators used in this paper were calculated from daily average
values of PW and AOD available on the MODIS website [51]; but their
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Fig. 9. Measured electrical power around CSOC conditions as a function of DNI
with a colour scale of AM in Ajaccio (b) and Le Bourget du Lac (a). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 10
Electrical power under CSOC experimentally measured and given by the
manufacturer.

Ajaccio  Le Bourget du
Lac
Experimental electrical power under CSOC (Wp) 7679 3964
Electrical power under CSOC given by manufacturer ~ 7840 4480
(Wp)
Ratio Experimental/Manufacturer (%) 97.9 88.5

Table 11

Performances of the model before and after the correction by CSOC power.
Using electrical power under CSOC nRMSE (%) MAE (%) MBE (%)
Given by manufacturer 13.3 13.0 13.2
Measured experimentally 4.4 4.0 2.4

variation during a day can be important and the utilization of hourly

11
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data should be interesting provided that these data are available for the
study site. Moreover, a more detailed sensitivity study should be per-
formed with particularly an estimation of the influence of the accuracy
of the input measures on the CPV power estimation. Then, dependence
of the CPV module technology on the results could also be evaluated. A
the end, model could be introduced into a PV plant sizing or yield
estimating software that do not have, to this day, computing codes
adapted to HCPV systems.
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Fig. 10. Experimental validation on Ajaccio (a and b) and Le Bourget du Lac (c and d).
Annex
Linearization of models equations and parameters values

Ppc ref is not in factor in Equation (16), but the parameters given in this annex are divided by the power under CSOC i.e. for Le Bourget du Lac: 4.48
kW and for Ajaccio: 7,84 kW in view to be able to compare the results.

Model 1:
Ppc =DNI.(ag + a;.DNI + a,. Ty + a3.v)

Parameter le Bourget du lac Ajaccio Unity

ag 0.880 0.990 m2 kw!

a; 0 0 wLm* kw!
ay —0.001 0.001 m2 °clkw!
as —0.002 0.002 m.s. kw!

Model 2:
Ppc =DNI.(ay + a;.DNI + a5. Ty, +a3.v + a4. AM)

12
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Parameter le Bourget du Lac Ajaccio Unity

ap 0.840 0.980 mZ kw1

a 0 0 wlm? kw!
ay —0.001 0.001 m? °Cc lLkw!
a3 —0.001 —0.001 m. s. kw !

as 0.008 0 m2 kw!

Model 3:

Ppc = =DNI.| ay +a,.DNI+ a,.T,; +a3.v+ a4.SMRLpl +as .SMRM
Middle ottom

Parameter le Bourget du Lac Ajaccio Unity

ap 0.851 0.997 m2 kw!

a; 0 0 wlm* kw?
ay —0.001 0.001 m2 °c L kw!
a3 0 0.002 m. s. kW!

ay —0.119 —0.016 m? kw!

as 0.098 —0.005 m? kw1

Model 4:

DNI DNI
Ppc =Ppc e <P1 ‘DNL, +p, DNL" (Tair — Tair.ref))

Parameter le Bourget du Lac Ajaccio Unity
P1 0.850 0.970 Without
P2 —0.001 0.001 °c !
Model 5:
DNI
Ppc =Ppc e AN (141, - (Tair — Tairser) ) - (1 + bam. (AM — AMyr))
ref
DNI DNI DNI DNI
Ppc =P, ref - Ce— T Tair - Tair rel f———(AM — AMre . . Tair - Tair ref ) - AM — AMre
DC = Ppe et <P1 DNI, +p, DNIL, ( set) D3 DNI, ( 0) +ps DNIL ( ) - ( f ))
Parameter le Bourget du Lac Ajaccio Unity
pt’ 0.851 0.970 Without
po —0.001 0.001 °c!
ps —0.002 —0.001 Without
P4 0.001 0.001 °c!
Model 6:

b _p o DNL . (DN 2+a,, DNI ( DNI
e TPee PPN DN PN\ DN PN'DNI \DNLs

(1 + by, (Tair — Tairger) )- (1 + bam.(AM — AM,r))

.. DNI .. (DNI\* . DNI DNI .. DNI ../ DNI\’
Poc =Poc, et -| Py +p,”. +ps In +py (Tar — Tairger) + D5 A(Tair = Taieger)

.DNIrel' DNIrel' ‘DNIrel' ' DNIrel' ‘DNIrel" DNIrel'

DNI DNI In DNI
DNIrel' .DNIre(' ' DNIreI’

DNI N DNI
‘DNIref. DNIreI’

DNI
) '(Tair - Tair.ref) + P7“ NNT (AM - AMref) + px, ‘. (

L DN/ DNI
P ‘DNILy

DNLy " \DNILy

DNI
bDNIreI' ’

2
) (AM — AM,t) +po’* )‘(AM — AM,y)

DNI
DNI,er

2
+ p]o’ ¢ (Tuir - Tuir.ref) (AM - AMref) + Pu “'( ) ‘(Tair - Tair.ref) (AM - AMref) + plZ“

13
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Parameter le Bourget du Lac Ajaccio Unity
p1” 0.940 1.280 Without
po’ —0.070 —0.310 Without
ps’ 0.160 0.290 Without
p4’ 0.014 0.030 oc!
ps” —~0.015 ~0.030 oc!
pe’ 0.009 0.020 °c!
e ~0.530 —0.090 Without
ps’ 0.600 0.090 Without
o’ —0.280 —0.060 Without
p10” 0 —0.010 °c!
p11” ~0.001 0.010 °c!
p12” —0.002 0.003 °c!

Model 7:

Ppc =P a DN +a 2+
DC = I'DCref - DNI-DNIref DNI* DNI

(1 +bp, (Tur —

+Wwe

b _p w DNL _( DNI 2 W, DNL /DNI\ o DNI
e = EDCrel A M DNILyr 2 \DNIer *DNIe;~ \DNler *DNILer’
DNI DNI DNI
—_— A(Tair — Tairre ———(SF — SF, )
DNI n(DNI,ef> ( t) + Wi DNI, ( 1) +ws

DNI DNI

DNI,ef> )

. DNI
aDNI'WIf'ln

Tair,ref)) . (1 + bSF' (SF - SFref))

DNI

DNI \? DNI
(SF — SF, — (SF — SF,,
<DNIref> ( 1) +wo DNI n(DNI,ef) ( 1)

(Tair -

DNI \?
Tair,ref) + Ws. (Wlf) . (Tair - Tair,ref)

2
DNI DNI DNI DNI
Wi Tair — Tai (SF— SFe) + Wi | =) (Tur — Ta .(SF — SFyf) + Wiz In (Tair — Tu .(SF — SF,
10 DNI[ef ( air air,ref ) ( ref ) 11 DNIref ( air air,ref ) ( ref ) 12 DNIref DNIref ( air air,ref ) ( ref )

Parameter le Bourget du Lac Ajaccio Unity

w1 1.151 1.277 Without

Wa —0.282 —0.302 Without

w3 0.292 0.295 Without

Wy 0.009 0.038 oc!

ws -0.011 ~0.039 °ct

We ~0.004 0.019 °c!

\ —0.990 0.027 Without

wg 1.229 —0.029 Without

Wo -1.207 0.017 Without

wip ~0.080 0.002 oc?

wi 0.063 ~0.002 °ct

w1z —0.064 0.001 °c!
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