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Abstract. The current-voltage output of concentrator photovoltaic (CPV) modules
shows a complex behaviour under irradiance variations due to the use of multi-junction
solar cells and optical elements. The single exponential model (SEM) relates the 1-V
curve of a PV device and its five characteristic parameters. Hence, it is fundamental to
understand the dependence of the SEM model and |-V parameters of CPV modules
with irradiance. In this paper, two samples of concentrator modules were characterized
under fully controlled conditions by using a CPV solar simulator for light intensities
within 700-1000 W/m?. Results show that the photo-generated current increases
linearly with irradiance, the diode ideality factor and saturation current present a stable
behaviour under irradiance variations while the parasitic resistances, i.e. series and
shunt, trend to decrease as the intensity increases. In addition, different approximations
are carried out in the SEM model equation to explain the dependence of the
performance of the concentrators with light intensity. Finally, the prediction of the I-
V curves and key electrical parameters from reference values is discussed. Results
show a good fitting of the 1-V curves until 750 W/m? and a high accuracy in the
estimations of the electrical parameters with a MAPE lower than 1.2%, a MRE within
1% and a R? equal of higher than 0.9.

Keywords: I-V characteristics, SEM model parameters, light intensity variations,
multi-junction CPV modules.

1. Introduction

Concentrator photovoltaics (CPV) is considering as one of the most promising research avenues
to reduce the cost of solar electricity and for large scale implementation (Talavera, et al., 2016;
Talavera, et al., 2017). The CPV module is the fundamental unit of this technology to convert the
non-concentrated sunlight into electricity. Nowadays, these modules are largely based on multi-
junction (MJ) solar cells made up of several p-n junctions interconnected in series, usually a
GalnP/GalnAs/Ge structure, to improve the absorption of the spectral irradiance (Cotal, et al.,
2009; Fernandez, et al., 2015a). The most widely used optical configuration is based on a primary
optical element (POE) and a secondary optical element (SOE) per receiver (Shanks, et al., 2016).
The aim of the POE, usually a Fresnel lens, is to collect and concentrate the direct light received
from the sun (Xie, et al., 2011). On the other hand, the SOE, e.g. pyramid, CPC, SILO, etc., is
intended to homogenize the luminous power on the solar cell surface and to improve the
acceptance angle of the system (Victoria, et al., 2009). A passive cooling mechanism for avoiding



overheating of the solar cells consisting of a flat back plate or finned heat-sink is used in the
majority of the cases due to its simplicity and reliability (Micheli, et al., 2016; Rodrigo, et al.,
2014).

The assembly of the elements above makes the electrical performance of CPV technology more
complex and inherently different than conventional photovoltaics (PV) (Rodrigo, et al., 2013).
Hence, important efforts have been made within last years to analyse the behaviour and to develop
models tailored to the special features of this technology at cell (Theristis & O'Donovan, 2015;
Fernandez, et al., 2013a; Dominguez, et al., 2010), module (Fernandez, et al., 2013b; Theristis, et
al., 2017; Steiner, et al., 2015) and system level (Fernandez, et al., 2015b; Kim, et al., 2013;
Strobach, et al., 2015). This is crucial to gain a better understanding of the current-voltage output
of concentrator devices as a function of the relevant input parameters, and therefore, to promote
the market expansion of CPVs (Kurtz, et al., 2015; Leloux, et al., 2014; Fernandez, et al., 2016a).

The single exponential model (SEM) relates the 1-V curve of a PV device and its five characteristic
parameters, namely, the photo-generated current, the diode saturation current, the diode ideality
factor, the series resistance and the shunt (or parallel) resistance. The extraction and study of the
SEM model parameters of PV devices have been under study for decades (Cotfas, et al., 2013;
Ciulla, et al., 2014; Humada, et al., 2016; Li, et al., 2013; Li, et al., 2016; Ghani, et al., 2014). Last
years, several authors have also applied different methods for extracting the five parameters of
multi-junction CPV devices (Segev, et al., 2012; Ben Or & Appelbaum, 2013; Appelbaum &
Peled, 2014; Almonacid, et al., 2016; Fernandez, et al., 2016b). A semi-empirical method was
applied to extract the parameters of InGaP/InGaAs/Ge solar cells under different concentrations
and temperatures (Segev, et al., 2012). The Newton-Raphson method, the Levenberg-Marquardt
method combined with Lambert-W function and a Genetic-Algorithm have been applied to the
same structure under different concentration levels (Ben Or & Appelbaum, 2013; Appelbaum &
Peled, 2014). More recently, numerical and analytical methods have been applied for the electrical
characterization of a whole CPV module under real working conditions (Almonacid, et al., 2016;
Fernandez, et al., 2016b; Ghani, et al., 2017).

The direct irradiance is the main driver of the current-voltage output of CPV systems (Fernandez,
et al., 2013c). Because of this, it is fundamental to investigate the behaviour of the parameters of
the SEM model and the 1-V characteristics of concentrator modules as a function of this variable.
However, only few studies, and mainly at cell level, have been conducted regarding the
dependence of these magnitudes (Ben Or & Appelbaum, 2014; Khan, et al., 2014). Nevertheless,
the dynamics of the current-voltage characteristics of CPV modules cannot be completely
understood from the simply analysis of the concentrator cells employed. First, the use of optical
devices could affect the uniformity over the solar cell surface, and therefore, the 1-V characteristics
of the concentrator (Baig, et al., 2012). Second, the interconnection of several receivers produces
optical and electrical mismatches that could modify the performance of the system with light
intensity (Rodrigo, etal., 2016; Peharz, et al., 2011). Finally, the wiring among the cells is expected
to produce additional series resistance losses that could affect the evolution of the electrical
characteristics with light intensity.



Bearing the above in mind, this paper aims to analyse and elucidate the behaviour of the SEM
model and |-V parameters of multi-junction CPV modules with irradiance variations under fully
controlled conditions. To the knowledge of the authors, this has not been addressed in any previous
research work and is, therefore, still pending. In order to achieve this issue, two different CPV
modules were characterized under laboratory controlled conditions by using the Helios 3198 CPV
solar simulator for light intensities within 700-1000 W/m?. Based on the experimental data, the
SEM model parameters of the modules are extracted and their dependence with intensity discussed
in relation to the physical properties of the multi-junction solar cells. Based on the extracted values,
different approximations are carried out in the I-V characteristic equation to explain the electrical
performance of the concentrators under irradiance variations. The accuracy in the modelling of the
I-V curves and key electrical parameters with irradiance from the measured and extracted
parameters at reference conditions is also investigated. The final goal is to contribute to the
understanding and modelling of the performance of CPV modules as a function of the input direct
irradiance.

2. Materials and experimental procedure

To carry out this study, two samples of commercial CPV modules from different manufactures
have been selected i.e. module A and B. Both modules are based on triple-junction lattice-matched
GalnP/GalnAs/Ge solar cells. The primary optics of the modules consists of point-focus flat
Fresnel lenses. The module A uses silicone-on-glass (SoG) lenses, while the module B uses
poly(methylmethacrylate) (PMMA) lenses. The modules also include a secondary optics based on
refractive truncated pyramids made up of glass. The geometric concentration of the modules is
500x, module A, and 820x, module B. Both concentrators use a passive cooling mechanism to
remove the heat generated by the cells. The cooling system of the module A is based on aluminium
finned heat-sinks, while is based on a simple aluminium flat back plate for the module B.
Additional information about the main characteristics of each module can be found in Table 1. In
addition, Table 2 shows the rated values of the main electrical parameters of the two concentrators
under reference conditions. The features of the modules selected represent the most wide-spread
multi-junction concentrator PV system nowadays. Because of this, it is worth mentioning that the
conclusions of this work can be considered representative of the current CPV technology (Rodrigo,
etal., 2015).

Parameter Module A Module B

Geometric concentration | 500x 820x

Primary optics silicone-on-glass (SoG) poly(methylmethacrylate) (PMMA)
Lens area 23.9cmx 23.9 cm =571 cm? 20 cm x 20 cm =400 cm?
F-number ~0.90 ~0.80

Secondary optics refractive pyramid refractive pyramid

Type of solar cells lattice-matched GalnP/GalnAs/Ge | lattice-matched GalnP/GalnAs/Ge
Number of solar cells 6 25

Area of solar cells ~1cm? ~0.5 cm?

Bypass diodes 1 per cell 1 per cell

Cooling type passive (finned heat-sink) passive (flat heat-sink)

Number of fins 10 -

Length of fin 9cm -




Table 1. Main features of the multi-junction concentrator PV modules used to carry out this study.

Parameter | Module A | Module B
Isc (A) 5.84 4.29
lmpp (A) 5.55 4.00
Voc (V) 18.9 77.5
Vimpp (V) 16.8 68.3
FF (%) 84.5 82.2
n (%) 27.3 27.4

Table 2. Rated values of the main electrical parameters of the concentrator PV modules used in this study
obtained with the Helios 3198 CPV solar simulator at the CEAEMA in the University of Jaen at 1000
W/m2, spectral irradiance similar to AM1.5D reference spectrum, SMR (top/mid) = 1 + 0.05 and room
temperature of 25°C £ 0.5°C.

The multi-junction CPV modules were tested with the Helios 3198 solar simulator from Solar
Added Value Company at the Centro de Estudios Avanzados en Energia y Medio Ambiente
(CEAEMA) of the University of Jaen. This solar simulator uses a Xenon flash lamp for simulating
the solar radiation and a parabolic mirror as a collimator. The spectral irradiance distribution is
close to the AM1.5D reference spectrum, and the collimation angle is around £ 0.3°. Hence, this
set-up represents a useful tool for the electrical characterization of CPV modules and systems
under controlled conditions, see Figure 1. Additional detailed information about the features of the
simulator can be found in (Dominguez, et al., 2008).
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Figure 1. Photo of the Helios 3198 CPV solar simulator at the Centro de Estudios Avanzados en Energia
y Medio Ambiente (CEAEMA) of the University of Jaen.
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The modules were mounted on the support structure of the solar simulator. After that, the Fresnel
lenses were cleaned and examined to avoid any distortion of the data caused by soiling or damaged
optical elements. Later on, the modules were aligned to the continuous light, a halogen lamp
located in the centre of the Xenon flash tube, by changing the azimuth and elevation angles of the



adjustable support structure to diminish the possible effect of optical mismatches. The correct
alignment of both systems is later verified by measuring the acceptance angle profile of the CPV
modules in steps of around 0.15° by using the adjustment controls of the structure, see Figure 2.
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Figure 2. Acceptance angle profile of the CPV module A measured with the Helios 3198 CPV solar
simulator at the CEAEMA in the University of Jaen at 1000 W/m?, spectral irradiance similar to AM1.5D
reference spectrum, SMR (top/mid) = 1 £ 0.05 and room temperature of 25°C + 0.5°C. The optimum
alignment is considered at the point O of the x-axis.

The modules were tested under light intensities from 700 to 1000 W/m?, see Figure 3, which can
be considered as a representative range of irradiance under actual conditions (Soria-Moya, et al.,
2015). Each I-V curve was measured in steps of 50 W/m? by measuring a set of 20-25 current-
voltage points spread relatively uniformly excepting in the “knee” of the curves, where a more
density of measurement points was fixed. The room temperature was maintained at 25 + 0.5°C to
avoid thermal effects in the results (Peharz, et al., 2011). Also, the Spectra Matching Ratio (SMR)
(Dominguez, et al., 2013) for the top and middle subcells was monitored through the measurements
of component cells from Solar Added Value Company with an equivalent structure than the MJ
solar cells of the modules:

. Isc'c?'top Isc'cfhlid,ref
SMR (top/mld) = o 7¢-C- (1)
sctopref ‘scmid

where I5%,, and I35, are, respectively, the measured short-circuit currents of the top and middle
components cells; the subscript “ref” refers to the values at reference conditions. This index has
been recorded to ensure the adequate input spectrum for each light intensity due to the high spectral
sensitivity of CPV modules caused by the use of multi-junction solar cells made up of various
subcells with different band gaps (Fernandez, et al., 2014; Fernandez, et al., 2016c). The value of
SMR (top/mid) was kept constant at 1 + 0.05 for all the irradiance values, so that, the spectral
effects are not expected to play an important role in the results (Muller, et al., 2015; Theristis, et

al., 2016; Fernandez, et al., 2015c).
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Figure 3. Current-voltage curves of the CPV modules used in this study measured with the Helios 3198

CPV solar simulator at irradiance levels within 700-1000 W/m?, spectral irradiance similar to AM1.5D
reference spectrum, SMR (top/mid) = 1 + 0.05 and room temperature of 25°C + 0.5°C.

3. Dependence of SEM model parameters with irradiance



In this section, first, the methodology used to extract the parameters of the SEM model is described
and experimentally validated. After that, the impact of irradiance changes on the extracted
parameters is discussed.

3.1. Methodology

The equivalent circuit shown in Figure 4 has recently demonstrated to be valid for the electrical
characterization of multi-junction CPV modules (Almonacid, et al., 2016). Based on this circuit,
the relation between the parameters of a concentrator module and its current-voltage electrical
output can be expressed by the so-called single exponential model (SEM) as:

V+IRs V+IRs
I'= Iy — I (exp(io2) — 1) — T2 2

mVrp Rsh

where Ipn is the photo-generated current, I, is the diode saturation current, m is the diode ideality
factor, Rs is the series resistance and Rsh is the shunt (or parallel) resistance of the modules. V't in
Equation (1) is defined as the thermal voltage, given by V1 = kT/q; being k the Boltzmann constant
with a value of 1.38E-23J/K and q the elementary charge with a value of 1.60E-19C.
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Figure 4. Equivalent circuit of the single exponential model of a photovoltaic device.

The five parameters of Equation (2) can be extracted from the measured I-V characteristics of the
photovoltaic device under study. Several methods for extracting the five parameters of the SEM
model for the electrical characterization of multi-junction CPV modules were evaluated in
(Fernandez, et al., 2016b). Among the different approaches analysed, the method of Phang et al.
(Phang, et al., 1984) has been selected in this study due to its accuracy and simplicity. First, the
initial values of Rso and Rsho are estimated by performing a linear fit of the I-V curve around the
open-circuit voltage and the short-circuit current as:

o= (3, 0

Rspo = — (Z_‘:)Iﬂsc 4)



After that, the parameters of Equation (1) are estimated from the measure values of Isc, Voc, Impp,
Vmpp, Rso @and Rsho according to:

fon =L (1 2) 1o (30 1) 5

I, = (Isc - ZOT;) exp(—n‘:LVCT) .

m= Vmpp +Rsolmpp—Voc o
vr zn(lsc—vglﬁ—lmpp)—zn(zsc_%)J, z:i—pf%g l

Rs = Rso — mI—]:Texp(— TZLVCT) .

Rsn = Rsno o

In order to give a sense of the accuracy of the method, Figure 5 shows the measured and modelled
I-V curves for the modules under study at reference conditions. As can be seen, the method
estimates the electrical output with a high quality. In particular, the maximum, minimum and
average absolute percentage errors between actual and predicted power are, respectively, 0.12%,
0.01% and 0.05% for module A, and 0.10%, 0.01% and 0.07% for module B. This accuracy is
important to be confident with the results obtained and discussed below.
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Figure 5. Experimental and modelled current-voltage curve of the CPV modules used in this study at 1000

W/m2, spectral irradiance similar to AM1.5D reference spectrum, SMR (top/mid) = 1 + 0.05 and room
temperature of 25°C £ 0.5°C.

3.2. Results

In this section, the dependence of the SEM model parameters of the modules with light intensity
is discussed. It should be noted that the parameters are given and discussed at one-cell level by
considering the electrical configuration of the modules as:

Iphe = Ipn (10)

Io,c =1 (11)
m

m =2 (12
Rs

Rs,c = N_s (13)

Rsh,c = Rgn (14)

where the subscript “c” refers to the values at cell level and Ns the number of cells in series of each
module. The use of normalized values is more appropriate since allows the extracted values of
both modules to be directly compared. In addition, this also allows the results to be discussed based
on previous studies concerning MJ solar cells. Moreover, the values provided can be easily

translated to other modules by considering the specific number of cells in series of the specific
concentrator considered.

Table 3 shows the extracted parameters of the CPV modules under study at reference conditions.
As can be seen, the module A has a higher value of Ipn¢ than the module B, around 1.35 times



greater, due to the its larger cell area. On the contrary, the module A presents a much lower value
of loc than the module B, an order of magnitude around 4E+5 times. Regarding the ideality factor,
the module B has a higher value, around 1.20 times greater than module A. Both modules present
a similar value of Rsc, while they present a significant difference for Rsn.c, a value around 4 times
greater for the module B.

Parameter | Module A | Module B
lohe (A) 5.84 4.30

loc (A) 9.43E-25 |4.11E-19
me 3.14 3.76

Rsc (Q) 1.91E-02 |1.93E-02
Rshc () 75.9 302.5

Table 3. Single exponential model parameters of the CPV modules used in this study at 1000 W/m?, spectral
irradiance similar to AM1.5D reference spectrum, SMR (top/mid) = 1 £ 0.05 and room temperature of 25°C
+ 0.5°C. The values of the parameters are given at one-cell level by considering the electrical configuration
of the modules.

Figure 6-top shows the evolution of Ipn,c with light intensity for the two modules considered. Under
uniform irradiance, the photo-generated current of multi-junctions solar cells is expected to have
a linear behaviour with intensity (Kinsey, et al., 2008). However, the assembly of concentrator
optics affects the spatial and spectral distribution of the irradiance over the solar cells surface
(Victoria, et al., 2013) and produce intrinsic electrical mismatches among the receivers (\Vorster
& Van Dyk, 2005), which can affect the behaviour of Ipnc. Despite the possible effect of these
phenomena, the extracted values of Ipnc are largely dominated by intensity and show a clear linear
tendency with irradiance for both modules. They range from a value of 4.27 A (700 W/m2) to 5.84
A (1000 W/m?) for the module A, and from a value of 3.03 A (700 W/m?) to 4.30 A (1000 W/m?)
for the module B. It should be noted that this linear behaviour, R? = 0.99 for both modules, also
verifies the negligible effect on the results of the narrow spectral variations commented in section
2.

Figure 6-mid shows the values of In(lo.c) and mc as a function of the input irradiance for the two
sample modules. These two parameters provided information about the rate and type of
recombination mechanism that occurs in the solar cells (i.e. Radiative, Auger and Shockley-Read-
Hall) (Nelson, 2014). Hence, they are expected to be sensible to the incident irradiance since this
affects the injection level. As is shown, the extracted values of In(lo.c) and m¢ present a similar
behaviour and do not show any particular trend with irradiance. The In(loc) range from a value of
-58.4 A (900 W/m?) to -51.3 A (800 W/m?) for the module A, and from a value of -50.5 A (800
W/m?) to -42.6 A (700 W/m?) for the module B. Also, the m¢ values range from a minimum of 3.0
(900 W/m?) to a maximum of 3.3 (800 W/m?) for the module A, and from a minimum of 3.3 (800
W/m?) to a maximum of 3.8 (700 W/m?) for the module B. Based on these results, it can be
concluded that the recombination processes of the solar cells are not significantly affected by
intensity variations. In addition, the module A shows an average value of m¢ of 3.2, around 1.0 per
subcell, and the module B shows an average value of m¢ of 3.6, around 1.2 per subcell. So, the
conversion of photons into electricity of the multi-junction solar cells of both modules, for the



irradiance levels considered, seems to be dominated by radiative recombination in the surface and
bulk region (Siefer & Bett, 2014).

Figure 6-bottom shows the dependence of parasitic resistances, i.e. Rsc and Rshc, with irradiance
variations. The Rsc of a solar cell is mainly determined by the resistance of the semiconductor
layers, by the front metal grid resistance and by the metallic contact resistance (\Vossier, et al.,
2012). In this case, the Rs. is also going to be affected by the resistance of the wires of the CPV
modules. As can be seen, the Rs trends to decrease with intensity for both modules. It ranges from
a value of around 0.023 Q (700 W/m?) to 0.019 Q (1000 W/m?). This tendency can be understood
by considering the increase of the conductivity of the semiconductor layers with the number of
charge carriers, and therefore, with the input irradiance (Grundmann, 2010). This trend can be
approximated with the following equation:

Rs,c = agsexp(—bgrsDNI) (15)

with an RZ around 0.80 for both modules. The Rsc of a GalnP/GaAs/Ge solar cell has previously
proven to decrease with concentration and ranges from a value of around 0.016 Q (350 suns) to
0.009 Q (900 suns) at 25°C (Ben Or & Appelbaum, 2014). As expected, these values are slightly
lower than the reported for the two CPV modules, probably due to the contribution of the resistance
of the wires. Despite of this, it can be stated that the evolution of Rsc with light intensity is
dominated by the dependence of the properties of the semiconductor materials.

On the other hand, the Rsh is usually attributed to manufacturing defects that produce a leakage
current flowing through the solar cell and around the edges of the semiconductor device (Nelson,
2014). In the case of concentrator modules, the extracted values of Rsnc are also going to be
affected by possible optical and electrical mismatches among the receivers. As shown in Figure 6-
bottom, the Rsh,c shows a clear tendency for diminishing with irradiance for both modules. It ranges
from a value of 108.6 (700 W/m?) to 75.9 (1000 W/m?) for the module A, and from a value of
463.7 (700 W/m?) to 302.5 (1000 W/m?) for the module B. This trend can be explained due to the
increase of the conductivity commented above, as well of the higher shunt leakage current as a
function of the growing irradiance (Grundmann, 2010; Khan, et al., 2014). As in the previous case,
this behaviour can be approximated with the following equation:

Rsh,c = aRshexp(_bRshDNI) (16)

with an R? around 0.85 for both modules. The same tendency has been found for a GalnP/GaAs/Ge
solar cell with Rsn ¢ values raging from around 450 Q (350 suns) to 160 Q (900 suns) at 25°C (Ben
Or & Appelbaum, 2014). The results obtained for the module B are in agreement with these values,
however, the module A presents significantly lower Rsn¢ values. This could be explained due to
the possible decrease of the slope of the I-V curves near short-circuit current by the presence of
optical mismatches (Vorster & Van Dyk, 2005). Despite of this effect, the dependence of Rsh,c with
irradiance has demonstrated to be dominated by the changes of the properties of the
semiconductors materials.
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Figure 6. Dependence of single exponential model parameters with input irradiance of the CPV modules
under study. The values of the parameters are given at one-cell level by considering the electrical
configuration of the module.

4. Dependence of 1-V parameters with irradiance

Figure 7 shows the evolution of the key parameters of the I-V curves of both modules as a function
of the input irradiance, namely, short-circuit current (lsc), current at maximum power point (Impp),
open-circuit voltage (Voc) and voltage at maximum power point (Mmpp). Based on the results
obtained in the previous section, different approximations are carried out in the SEM model to
explain the results found.
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Figure 7. Dependence of current-voltage parameters with input irradiance of the CPV modules under study.

As shown in Figure 7-top, Isc presents a clear linear tendency with irradiance for both modules.
This can be explained by setting V = 0 in Equation (1) at reference conditions, “*”, as follows:

IR}

[y = Iph -1, (exp(m*_VT) - 1) R, ~ Iph (17)

Then, under different irradiance levels, Isc can be expressed with the following:

I,e ~ %DN! ~ 5 DN (18)

As in the previous case, Impp Shows a linear dependence with light intensity, see also Figure 7-top.
This can be understood by setting V = Vmpp and | = Impp and rearranging Equation (1) at reference
conditions as:

Vmpp +ImppRs Vmpp +ImppRs
L, =1, I; (eX —_— ) - 1)+ ——— 19
ph mpp T Lo p( vy ) + R, (19)

With light intensity, Impp can be expressed as follows:

_ Ion Vmpp +ImppRs Vimpp +ImppRs

After substituting lpn" in this equation, Impp can be simplified to the following expression:



Im
Impp = 722 DNI (21)
Based on the above, it could be stated that Isc and Impp present the same behaviour than Ipn with
intensity variations and that are not significantly affected by the presence of parasitic resistances.

Figure 7-bottom shows the evolution of Vo with the intensity of the light. As shown, Voc grows
with a logarithmic dependence as the irradiance increases. According to Equation (1), at reference
conditions, Vo (I = 0) can be expressed as:

) (22)

o

I v

* * ph oc
Vi =m VTln<I* —
o sh'o

+ 1) ~ m*VTln<

Based on this, under irradiance variations, Vo can be approximated to the following expression:

L) S Ve + I (o) (23)

Voc = mVrin (DNI* 1
Hence, it could also be considered independent of parasitic resistances. In addition, the slope of
Vo as a function of In(DNI) shows a constant behaviour. This confirms the narrow dependence of
the ideality factor of the modules with irradiance commented in the previous section.

Figure 7-bottom also shows the evolution of Vmpp With light intensity. This parameter has proven
a more complex dependence than the previous. It trends to grow with In(DNI) until a certain level
and then starts to decrease gradually due to series resistance losses. This can also be explained
from Equation (1) following different approximations. At maximum power, Vmpp at reference
conditions can be expressed as:

Vinpp =M. VTln( e _ ront BenS 1) LrppRE ~ m*Vpln (—h ) — LR
(24)
So, with light intensity, Vmpp can be approximated to the following equation:
~ DNI Ipp=Tinpp « . DNI
Vinpp (DNT) ~ mVyln (DW — ) e LrppRs = Vi + mVrln (22) =
IR (DNI* -D (25)

This analysis demonstrates that the behaviour of Vo and Vmpp is dominated by In(DNI) variations.
However, despite the reduction of Rs with irradiance, it causes Vmpp t0 decrease above a certain
irradiance level. The presence of Rsh does not play a relevant role on the performance of these two
parameters.

It should be noted that, based on the experimental data and relationships described above, the
behaviour of the parameters with irradiance shown in Figure 7 can be approximated with the
following simple expressions:



I = a-DNI (26)

Impp = b - DNI (27)
V,. = ¢;In(DNI) + c, (28)

with a high quality - a R? within 0.95-0.99 for both modules. In order show an example of the high
accuracy of these approximations, Figure 8 shows the measured and modelled Vmpp, the parameter
with the more complex behaviour, for the module A. These approximations are useful since avoid
the SEM model parameters and the I-V characteristics under reference conditions to be known.
Hence, they offer a simple and accurate way for predicting the main electrical parameters as a
function of the irradiance by performing simple regression analysis from monitored data.
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Figure 8. Experimental versus modelled voltage at maximum power point (Vmpp) as a function of the
incident irradiance for the module A.

The outcome of this study also indicates that the performance of the CPV modules is going to be
limited by the effect of Rs on Vmpp. The fill factor (FF) of a photovoltaic device can be written as:

FF = mmopmpp (30)

ISCVOC

By combining Equations (18), (21), (23) and (25), FF can be rewritten as:



DNI DNI
* * = \—* —_
o Vipp+mVrIn( s~ LnppRs(oamr—1) (31)
- It % DNI
sc VOC+mVT1n(W

So, FF trends to unity as the irradiance increases without considering the effect of series resistance.
However, for real concentrators, it tends to diminish above a determined irradiance level due to
the increase of Rs-DNI/DNI”.

The efficiency (1) of a concentrator module can be expressed by means of the following equation:

— Pmpp (32)

AmoduleDNI

where Pmpp IS the maximum power and Amodute IS the area of the concentrator. By combining
Equations (18), (23) and (30), n can be rewritten as:

N = S5 (V. + mVyIn(oan))FF (33)

AmoduleDNI*

Hence, the efficiency of the modules trends to grow due to the logarithmic increase of Vo with
the intensity of the light. However, as the irradiance increases, this effect is counterbalanced by
the decrease of FF due to series losses. As a result, n of the modules decreases above a certain
level.

The effect of the series resistance on FF and n with the increase of the intensity of the light is
shown in Figure 9. The FF decreases around 1% and 3% for the module A and B respectively.
Regarding n, it is reduced approximately 1% for both modules. It is worth mentioning that the
maximum of FF and n with irradiance cannot be clearly identified since it could happen at lower
irradiance levels than the considered in this study. This highlights the importance of the coupling
between the concentration of the modules and the peak of efficiency of the cells. The geometry
and properties of the optical elements need to be carefully selected and designed to ensure multi-
junction solar cells to operate around their maximum efficiency for the typical irradiance levels in
outdoors. In addition, the reduction of the series resistance of the modules seems to be a crucial
concern to have a peak efficiency at higher irradiance levels, and therefore, to maximize the energy
harvested by CPV systems under real working conditions.
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Figure 9. Dependence of fill factor and efficiency with input irradiance of the CPV modules under study.

5. Modelling the electrical characteristics from reference values

The analysis and relationships discussed in the previous sections allow the electrical characteristics
of concentrator PV modules as a function of the incident irradiance to be understood. For electrical
modelling purposes, it is interesting to evaluate the accuracy in the estimation of the I-V curve and
key parameters from the values of the concentrators at reference conditions. This is useful since
the electrical characteristics under standard conditions are the variables provided by the



manufacturers and testing laboratories in the majority of the cases. Hence, they are the only
magnitudes available when is not possible to perform long-term outdoor measurements or to use
a solar simulator able to change the input irradiance.

Figure 10 shows an example of the measured and modelled |-V curve for the module A and the
relative error between actual and predicted maximum power as a function of the input intensity for
both modules. The photo-generated current at each light intensity has been estimated from the
reference values, considering the linear dependency discussed in section 3, with the following
equation:

I*
Ipn = =2 DNI (34)

The rest of the parameters of the SEM model equation have been kept constant at the values given
in table 3 and considering the number of cell in series of each module. As can be seen, the error in
the fitting of the I-V curves increases as the irradiance decreases. Despite of this, this
approximation offers a good quality for both modules until irradiance values around 750 W/m?
due to the fact that the absolute percentage error in the estimation of the maximum power is below
0.3%. So, it can be considered as a good first approximation to predict the I-V curve of concentrator
modules for the typical operating irradiance levels in outdoors when the dependencies of the
parameters of the SEM equation are unknown.
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Figure 10. Top: Experimental and modelled current-voltage curve by using the reference values of the CPV
module A at three different irradiance levels, spectral irradiance similar to AM1.5D reference spectrum,
SMR (top/mid) = 1 £+ 0.05 and room temperature of 25°C + 0.5°C. Bottom: Absolute percentage error
between actual and estimated maximum power by using the reference values as a function of the direct
normal irradiance (DNI) of the CPV modules used in this study.

For the same reasons above, it is interesting to evaluate the accuracy in the estimation of the key
electrical parameters of the modules from the reference values. These parameters have been
estimated by means of equations (18), (21), (23) and (25) and the reference values provided in
Tables 2 and 3. Different statistical parameters have been calculated: the mean absolute percentage
error (MAPE), the mean relative error (MRE) and the determination coefficient (R?). These
magnitudes have been calculated by means of the following expressions:

MAPE (%) — 100 N |Zmodelled_zmeasured (35)
N =1 Zmeasured
_ 100 &N Zmodelled—Zmeasured
MRE (%) = = Xty =24 (36)
measured
N _— -
R _ Zi=1(Zmeasured_Zmeasured)(Zmodelled_zmodelled) (37)

N v N F—————2
\/Zi=1(zmea5ured_Zmeasured)z Zi=1(Zmodelled_zmodelled)

Where N is the number of samples and Z represents the electrical parameter considered.



As can be seen in table 4, the proposed approximations present a low variation of the estimated
data around the experimental with a maximum MAPE of 1.2%. Also, the MRE is within 1%, which
indicates that the approximations neither overestimate nor underestimate the electrical parameters
significantly. Finally, a close match between actual and predicted data has been found — an R?
equal of higher than 0.9.

Module A Module B
Parameter | MAPE (%) | MRE (%) |R* | MAPE (%) | MRE (%) | R?
Isc 1.2 0.4 0.98|0.4 0.4 0.99
| mpp 1.1 1.0 0.99(0.3 0.2 0.99
Voc 0.0 0.0 0.99/0.0 0.0 0.99
Vmep 0.1 0.0 0.90/0.3 0.0 0.90

Table 4. Mean absolute percentage error (MAPE), mean absolute error (MRE) and determination
coefficient (R?) between actual and predicted electrical parameters of the CPV modules under study using
Equations (11), (14), (16) and (18) and the values at reference conditions.

Bearing the above in mind, the use of the reference values offer a simple way to predict the I-V
curve and main electrical parameters of multi-junction CPV modules for the typical irradiance
levels with a low margin of error. Obviously, under real operating conditions, thermal and spectral
corrections need to be incorporated to model the electrical output with a satisfactory degree of
accuracy. This should be the topic of next research activities concerning this issue.

6. Conclusions

This paper is focused on the analysis of the current-voltage output of multi-junction CPV modules
under different irradiance levels. To carry out this study, two samples of concentrator modules
were experimentally characterized in indoor laboratory at the CEAEMA of the University of Jaen
by using the Helios 3198 CPV solar simulator. The 1-V curves of both systems were recorded for
light intensities within 700-1000 W/m?, spectral irradiance similar to AM1.5D reference spectrum,
SMR (top/mid) = 1 + 0.05 and room temperature of 25°C + 0.5°C. Based on these data, the single
exponential model (SEM) parameters and I-V characteristics of the modules as a function of the
input irradiance were extracted and discussed.

Results show that the photo-generated current increases linearly with irradiance. The diode ideality
factor and saturation current have proven a noteworthy stable behaviour under irradiance
variations. On the contrary, the parasitic resistances, i.e. series and shunt, of both concentrators
have shown a clear tendency to decrease as the intensity increases. The fundamentals behind the
behaviour of the SEM model parameters of the CPV modules are also discussed in relation to the
physical properties of the multi-junction solar cells of the concentrators. In addition, different
approximations are carried out in the I-V characteristic equation to explain the dependence of the
electrical output of the devices with light intensity. Results show that the short-circuit current (lsc)
and current at maximum power point (Impp) are not affected by parasitic resistances and increase
with a linear behaviour with irradiance. On the other hand, the open-circuit voltage (Voc) and
voltage at maximum power point (Vmpp) have proven to grow with a logarithmic dependence as
the irradiance increases. However, while Vo can be considered independent of parasitic



resistances, Vmpp has demonstrated to decrease above a certain light intensity due to the increase
of series resistance losses. Finally, the accuracy in the estimation of 1-V curves and key electrical
parameters of the concentrators from reference values are investigated. Results show that the 1-V
curves can be modelled with a good quality until irradiance values of around 750 W/m? due to an
error in the estimation of the maximum power below 0.3%. The modelling of the main electrical
parameters, i.e. Isc, Impp, Voc @aNd Vmpp, present a high quality with a mean percentage absolute error
(MAPE) lower than 1.2%, a mean relative error (MRE) within 1% and a determination coefficient
(R?) equal of higher than 0.9.

Future works should study the impact of temperature on the performance of the SEM model
parameters and the 1-V characteristics under different irradiance levels. This is a crucial next step
to leverage our understanding of the electrical output of CPV modules under real working
conditions. In addition, the validation of the relationships to predict the electrical parameters
should be extended to a wider irradiance range to ensure their accuracy for low irradiance
conditions. Thermal and spectral corrections have to be also incorporated with the aim of
modelling the current-voltage output under the relevant time-varying atmospheric variables in
outdoors.
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