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Abstract: The modelling of the current-voltage characteristics of high concentrator photovoltaic 16 
(HCPV) modules is fundamental for the design, monitoring and energy prediction of HCPV 17 
systems and power plants. However, the modelling of these devices is inherently different and 18 

more complex than that of conventional photovoltaic (PV) modules. Because of this, 19 

considerable efforts have been done to develop models tailored to the specific features of this 20 
technology.  However, there is still a lack of studies and techniques concerning the modelling of 21 
the whole I-V curve of HCPV modules. In the present work, the possibility of obtaining the I-V 22 

curve of a HCPV module by applying common methods exploited in conventional PV 23 
technology by using the effective irradiance and cell temperature is analysed. In particular, the 24 

studied methods are: the single exponential model, the Blasser´s method and the bilinear 25 
interpolation method. Every method has been adapted to be entirely function of the effective 26 

irradiance and cell temperature of the concentrator. Results show that all the methods present a 27 
good performance in the estimation of the I-V curve of a concentrator, with an average root 28 
mean square error (RMSE) ranging from 1.15% to 5.23%, and an average mean bias error 29 

(MBE) close to 0%. 30 

Keywords: concentrator photovoltaics, current-voltage modelling, outdoor working conditions 31 

1. Introduction 32 
 33 
Nowadays, the most industrialized high concentrator photovoltaic (HCPV) module is based on 34 

monolithic lattice-matched III-V triple-junction solar cells, Fresnel lenses which concentrate the 35 
sunlight onto the solar cells surface, secondary optical elements which homogenize the light and 36 
improve the acceptance angle, and passive cooling to ensure that solar cells operate on their 37 

optimal operation range [1]. The use of optical devices and high efficiency multi-junction (MJ) 38 
solar cells allows reaching high efficiencies and reducing the amount of semiconductor material 39 
[2]. Furthermore, the efficiencies of MJ solar cells, HCPV modules and systems are expected to 40 
grow around 10% within next decade [3]. Hence, HCPV technology could be able to produce 41 
more cost-effective electricity than conventional photovoltaic (PV) technology at locations with 42 

high annual irradiation levels [4]. 43 
 44 
The electrical modelling of HCPV modules is fundamental for the design, monitoring and energy 45 

prediction concerns of these kinds of systems [5, 6]. At the same time, the modelling of 46 
concentrator modules is inherently different and more complex than that of conventional PV 47 
modules. First, the use of MJ solar cells and optical elements makes the performance of these 48 
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devices more sensible and complex under incident spectral variations [7, 8]. Second, the 49 
electrical parameters and temperature dependencies of concentrator solar cells are significantly 50 
affected by the amount of concentrated sunlight [9, 10]. Finally, the direct measurement of the 51 
cell temperature of HCPV modules is usually not possible because cells are surrounded by 52 

different peripheral elements. Because of this, different methods for indirectly estimating the cell 53 
temperature of a HCPV module have been recently proposed and discussed: methods based on 54 
direct measurements on the concentrator (electrical parameters and back surface temperature) 55 
and methods based on atmospheric parameters (air temperature, direct normal irradiance and 56 
wind speed) [11]. Taking this into account, the scientific community has devoted considerable 57 

efforts in developing specific models that try to quantify the phenomena commented above with 58 
different levels of complexity and accuracy, for instance [12, 13, 14, 15, 16, 17, 18]. However, 59 
these models are mainly focused on the estimation of the maximum power since it discloses the 60 

energy yield of a HCPV system, and there is a lack of studies and techniques concerning the 61 
modelling of the whole current-voltage curve of HCPV modules or systems [19]. 62 
 63 
The simulation of the whole I-V curve of a HCPV module at any desired condition is appropriate 64 

since it allows other crucial parameters such as short-circuit current, open-circuit voltage, 65 
maximum power current or voltage to be known. Moreover, it allows the association in series 66 
and/or in parallel of modules in a generator to be done, which is crucial to estimate the current-67 
voltage characteristics of the whole system at any desired point. This is basic for detailed 68 

analysis such as the design of the electrical requirements and protections of a system or power 69 
plant, the choosing and sizing of the inverter in a grid-connected system, and also because the 70 
generator operates in different regions of its I–V curve depending on the regulation and control 71 

devices used in each installation. In addition, in an off-grid system, the battery voltage or charge 72 

regulator determines the operating point of the generator. Hence, the complete I-V curve is 73 
fundamental since the generator works in different points on its I-V curve [20, 21, 22]. 74 
 75 

An interesting approach to the modelling of HCPV devices has been previously pointed out by 76 
the authors in [23, 24]. This concept is based on the idea that the electrical characteristics of a 77 

HCPV module or system can be estimated from the effective irradiance and cell temperature of 78 
the concentrator. The advantage of this method is that the amount and spectral distribution of the 79 
irradiance are quantified by only adjusting the direct normal irradiance. So that, it would allow 80 

widely known techniques for the electrical characterization of conventional PV devices to be 81 
applied. This concept has been already experimentally analysed and proved to be valid by the 82 

authors in [25]. In that prior work, an artificial neural network (ANN)-based model, previously 83 
introduced for the modelling of c-Si and thin-film photovoltaic modules [26, 27], was used to 84 

simulate the I-V curve of a HCPV module by using the effective irradiance and cell temperature 85 
as input parameters. Despite the good results found, this previous work has the possible 86 
disadvantage that advanced knowledges of complex mathematical modelling techniques are 87 
required. This paper goes deep on the same approach and evaluates the possibility of obtaining 88 
the whole current-voltage characteristics of a HCPV module by using different conventional 89 

techniques based on simple analytical relationships. In particular, three commonly used methods 90 
to simulate the I-V curve of conventional PV devices are analysed: the single exponential model 91 
(SEM), the Blasser´s method and the bilinear interpolation method. Every method is here 92 
adapted to be entirely function of the effective irradiance and cell temperature of the 93 
concentrator. It is also worthy to mention that a new procedure for extracting the parameters of 94 

the Shockley’s equation of the SEM model, and a set of new mathematical relationships to 95 
express their dependencies with irradiance and temperature, are introduced. This offers new 96 

valuable information that contributes to the discussion of the fundamental dependencies of the 97 
parameters of concentrator MJ solar cells with light intensity and temperature [28]. Furthermore, 98 
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the procedures used to predict the effective irradiance and cell temperature of the concentrator 99 
are fully based on meteorological data. The aim is to allow the application of the methods here 100 
discussed for long-term analysis at remote sites, since the methods based on measurements on 101 
the concentrator and/or specific instruments (spectroradiometers, isotype solar cells, etc.) are 102 

more appropriate for short-term field performance analysis, as discussed in [11, 18]. 103 
 104 

2. Experimental procedure 105 
 106 
To carry out this study, a HCPV module was under study for six months (July to December 107 

2013) at the Centro de Estudios Avanzados en Energía y Medio Ambiente (CEAEMA) at the 108 
University of Jaen in Southern Spain (N 37º27’36’’, W 03º28’12’’), figure 1 (left). Jaen has a 109 
high direct annual irradiation level of more than 2,000 kWh/m

2
, and air temperatures that can 110 

easily reach 40
o
C in summer and 5

o
C in winter. Hence, this location represents an excellent place 111 

for the outdoor evaluation of concentrator systems. The module is made up of 20 triple-junction 112 
lattice-matched GaInP/GaInAs/Ge solar cells interconnected in series. The primary optical 113 
elements (POE) consist of silicon-on-glass (SOG) Fresnel lenses, and the secondary optical 114 

elements (SOE) consist of reflective truncated pyramids made up of an aluminium film layer to 115 
increase the reflectivity. The module has an optical efficiency of 80%, a geometric concentration 116 
of 700 and uses passive cooling to keep solar cells temperature on an adequate operation range 117 
(50-80

o
C). Table 1 shows the main electrical parameters of the HCPV module under study at 118 

outdoor reference conditions estimated following the procedure described in [29].  119 

 120 

 121 

 122 
Figure 1. Left: photograph of the HCPV module considered in this study. Right: scheme of the 123 
experimental set-up to measure the I-V characteristics of the HCPV module and the main 124 
atmospheric parameters. 125 
 126 
Table 1.  Electrical characteristics of the module under study at outdoor reference conditions 127 

(DNI = 900W/m
2
, Tair = 20 ºC, AM = 1.5, Ws < 1 m/s). 128 

 129 
Electrical parameters of the HCPV module 

Maximum power (P) 232W 

Open-circuit voltage (Voc) 57.6V 

Short-circuit current (Isc) 5.3A 

 130 
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The HCPV module was mounted on a highly precise pedestal two-axis solar tracker for point 131 
focus Fresnel lens concentrators, figure 1 (left). The current-voltage parameters of the module 132 
were measured with a high accuracy four-wire electronic load. In addition, two four-wire PT100 133 
placed on the back of the module and close to the solar cell to respectively measure the heat-sink 134 

and cell temperature were installed. These thermometers were connected to a data logger for 135 
recording both temperatures, and were installed in a receiver between the centre and the border 136 
of the module in order to avoid differences in temperature due to its distribution on a HCPV 137 
module as discussed in [30, 31]. In addition, an atmospheric station recorded the main 138 
atmospheric parameters such as direct normal irradiance (DNI), air temperature (Tair), wind 139 

speed (Ws) or humidity (Hr). All the parameters commented above were daily recorded every 5 140 
minutes. Figure 1 (right) shows a scheme of the experimental set-up used to conduct this study as 141 
described above. Other relevant atmospheric parameters for the spectral characterization of the 142 

HCPV module, such as aerosol optical depth and precipitable water, were obtained from MODIS 143 
Daily Level-3 data source [32]. The days on which the system was stopped, either by failure, 144 
maintenance or because a research experiment was conducted, have not been considered to avoid 145 
distorting the aim of the study. Furthermore, the module was cleaned once a week and after rainy 146 

days, and the alignment of the tracker was periodically calibrated to avoid possible electrical 147 
losses and noise in the collected data. 148 
 149 

3. Spectrally corrected direct normal irradiance and cell temperature 150 
 151 
3.1. Method for estimating DNIc 152 

 153 
The direct spectrum, and therefore the performance of HCPV systems, is strongly affected by the 154 

air mass (AM), aerosol optical depth (AOD) and precipitable water (PW) [33, 34]. The incident 155 
DNI a HCPV system is able to convert to electricity depends on its spectral distribution and the 156 
properties of the optical devices and MJ solar cells. This irradiance is defined as spectrally 157 

corrected direct normal irradiance (DNIc), or simply as effective irradiance, and can be 158 
mathematically expressed as [23]: 159 

 160 

𝐷𝑁𝐼𝑐 =  
𝑚𝑖𝑛( ∫ 𝐸𝑏()𝜂()𝑆𝑅𝑖()𝑑)

𝑚𝑖𝑛( ∫ 𝐸𝑏,𝑟𝑒𝑓()𝜂()𝑆𝑅𝑖()𝑑)
∫ 𝐸𝑏,𝑟𝑒𝑓()𝑑 =

min (𝐼𝑠𝑐,𝑖)

min (𝐼𝑠𝑐,𝑖
∗ )

𝐷𝑁𝐼∗ =
𝐼𝑠𝑐

𝐼𝑠𝑐
∗ 𝐷𝑁𝐼∗  (1) 161 

 162 

where index i represents the considered junction, λ is the wavelength, SR(λ) is the spectral 163 
response, Eb(λ) is the spectral distribution of the direct normal irradiance, η(λ) is the optical 164 

efficiency of the HCPV module, Eb,ref(λ) is the reference spectrum AM1.5d ASTM G-173-03 165 

defined by the American Society of Testing and Materials (ASTM) [35], Isc is the short-circuit 166 

current  of the HCPV module at operating conditions, Isc
*
 is short circuit current of the HCPV 167 

module at reference conditions and DNI
*
 is the integral of the reference spectrum (scaled to 168 

1000W/m
2
) or reference direct normal irradiance. 169 

 170 
The DNIc can be obtained with measurements performed with component or isotype solar cells 171 

[36]. However, the use of these devices is difficult to apply in remote sites for long-term analysis 172 
and is more adequate for short-term and power rating studies [13, 37]. The DNI can be also 173 
spectrally corrected by the use of the so-called “air mass function” [38]. This approach has the 174 
advantage that it is easy to apply since the AM can be easily estimated from the sun elevation, 175 
but it neglects the spectral impact of other crucial parameters such as AOD and PW. As was 176 

commented above, in the present study, the method based on artificial neural networks (ANN) 177 

previously introduced in [23] has been selected. This ANN-based model has experimentally 178 
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demonstrated the accurate prediction of the incident DNIc as a function of the key atmospheric 179 
parameters (AM, AOD and PW). 180 

 181 

 182 
 183 
 184 
3.2. Method for estimating Tc 185 
 186 
The operating cell temperature, and thus the I-V characteristics of HCPV systems, is affected by 187 

the direct normal irradiance, air temperature and wind speed [39]. The impact of these 188 
atmospheric parameters on the cell temperature depends on the characteristics of the system 189 
technology such as the concentration and thermal resistance [40]. This can be mathematically 190 

expressed as [41]: 191 

 192 

𝑇𝑐 = 𝑓(𝑇𝑎𝑖𝑟 , 𝐷𝑁𝐼, 𝑊𝑠) (2) 193 

A simple equation based on linear coefficients as a function of the above parameters for 194 
estimating the Tc was introduced in [39]. A more sophisticated function of these atmospheric 195 

parameters was also discussed in [42]. This last method is similar to the previously commented 196 
but it uses an exponential correction for wind speed. A method based on artificial neural 197 
networks to estimate the Tc as a function of these atmospheric parameters was introduced in [41]. 198 
This ANN-based model has been selected since it demonstrated higher accuracy than other 199 

methods based on analytical mathematical expressions function of atmospheric parameters, due 200 
to the ability of ANNs for solving complex problems [11].  201 

 202 
Table 2 shows the maximum, minimum and average values of the atmospheric parameters 203 

gathered during the experiment used to train the two ANN-based models. In addition, table 3 204 
shows the root mean square error (RMSE) and mean bias error (MBE) between actual and 205 

predicted data. As can be seen, both models predict both magnitudes with a low margin of error. 206 
The methods below use the simulated DNIc and Tc as inputs to predict the I-V characteristics of 207 
the considered HCPV module. Hence, the influence of spectrum, irradiance and cell temperature 208 

on the electrical output is quantified by using atmospheric parameters. Because of this, the I-V 209 
characteristics can be predicted at any desired location by using atmospheric parameters obtained 210 
or calculated from atmospheric stations or databases. 211 

 212 
Table 2. Maximum, minimum and averages values of the atmospheric parameters used to 213 

estimate the spectrally corrected direct normal irradiance and the cell temperature. 214 

 215 
Parameter Maximum Minimum Average 

DNI (W/m
2
) 978.42 235.27 763.00 

Tair (
o
C) 40.36 3.74 26.12 

Ws (m/s) 9.76 0.00 1.34 

AM 9.05 1.02 1.92 

AOD 0.55 0.04 0.19 

PW (cm) 3.29 0.39 1.71 

 216 
Table 3. Root mean square error (RMSE) and mean bias error (MBE) between actual data and 217 
predicted data of the ANN-based models for estimating the effective irradiance and the cell 218 

temperature of the analysed module. 219 

 220 
Parameter RMSE (%) MBE (%) 
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DNIc 2.92 -0.12 

Tc 4.68 -0.01 

 221 
 222 
 223 
 224 

4. Methods for estimating the I-V curve 225 
 226 

4.1. Single exponential model 227 
 228 
The single exponential model (SEM) is widely used for the electrical characterization of flat-229 

plate photovoltaic modules. As HCPV modules I-V curves are similar in shape than those of 230 

conventional modules, this model could be suitable for representing the electrical behaviour of 231 
HCPV modules. The single exponential model represents a photovoltaic module by a simplified 232 

lumped parameters electrical circuit composed of a current source, a diode, a series resistance 233 
and a shunt resistance, as shown in figure 2. 234 
 235 

 236 

 237 
Figure 2. Photovoltaic module electrical representation according to the single exponential 238 
model. 239 
 240 

From this electrical circuit, and considering Shockley’s equation for the diode, the relation 241 
between the module output current (I) and voltage (V) can be expressed as: 242 

 243 

        shsTssph RIRVmVNIRVIII  1exp0  (3) 244 

 245 

Ns being the number of series-connected solar cells in the module and VT the thermal voltage 246 

proportional to the absolute cell temperature (T): qkTVT  , k being the Boltzmann constant 247 

and q the electron charge. Thus, in this model, the module I-V curve depends on five parameters: 248 

Iph (the photocurrent), I0 (the saturation current), m (the diode ideality factor), Rs (the series 249 

resistance) and Rsh (the shunt resistance). 250 

In order to characterize the electrical behaviour of the analysed HCPV module through the single 251 
exponential model, two steps are required: 1) Extracting the values of the five model parameters 252 
for a set of experimental curves covering a wide range of operating conditions; 2) Applying 253 
regression procedures in order to get relations between the obtained parameters, the short-circuit 254 

current and the cell temperature. Both steps are described below. 255 

4.1.1. Parameters extraction 256 

Extracting the single exponential model parameters from a single experimental I-V curve is a 257 
topic of interest in the literature since decades [43]. Although simplified analytical or semi-258 
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analytical methods have been proposed [44, 45, 46, 47], the state-of-the-art tends to use 259 
numerical methods that are supposed to be more accurate or more adaptable to different kinds of 260 
solar cells and modules. Nowadays, there are different numerical techniques such as vertical 261 
optimization [48], electric conductance optimization [49], Co-content function [50], Lambert W 262 

function [51], genetic algorithms [52] or particle swarm optimization algorithms [53]. In the 263 
present analysis, a method based on evaluating equation (3) for five points on the measured I-V 264 

curve and solving a system of five non-linear equations has been developed. 265 

For each experimental I-V curve, five representative points are considered as shown in figure 3. 266 
These points are named as (Vi, Ii), i=1, 2, 3, 4, 5. Points 1, 3 and 5 are the short-circuit (0, Isc), 267 
maximum power (Vmp, Imp) and open-circuit (Voc, 0) points respectively, point 2 is the point at a 268 

voltage Voc/2 and point 4 is the point at a voltage (Vmp+Voc)/2. When there is not an 269 
experimental point exactly coincident with these values, a linear interpolation between the two 270 

nearest measured points is performed. 271 

 272 

 273 
Figure 3. Location of the five representative points on an I-V curve used in the single 274 
exponential model parameter extraction method. 275 
 276 
A system composed of five non-linear equations can be built by evaluating equation (3) at each 277 

one of these points. This system is then solved for Iph, I0, m, Rs and Rsh by means of the trust-278 

region dogleg optimization algorithm [54]. 279 

The aim of trust-region techniques for solving equations systems is to improve robustness when 280 

starting far from the solution and to handle the case when the Jacobian at a specific iteration is 281 

singular. The trust-region subproblem can be mathematically expressed as: 282 

            







 dDthatsuchdxJxJdxFxJdxFxF k

T

k

T

k

T

k

T

k

T

k
d

,
2

1

2

1
min  (4) 283 

xk being the vector of values of the unknown parameters at the iteration k, F(xk) the vector of 284 
non-linear functions evaluated at xk, J(xk) the n-by-n Jacobian matrix evaluated at xk, d the 285 

search direction vector, D a diagonal scaling matrix,  the 2-norm and Δ a positive scalar. This 286 

subproblem can be efficiently solved by means of a dogleg strategy for computing the step d, by 287 

using a convex combination of a Cauchy step and a Gauss-Newton step. 288 

One important aspect to be considered when using this algorithm is setting the initial parameters 289 

values. The following equations were implemented to set the initial values: 290 

Voc/2 Voc
(Vmp+Voc)/2
Vmp

(V1,I1) (V2,I2)
(V3,I3)

(V4,I4)

(V5,I5)

Isc
Imp
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shosh RR   (5) 291 

shocsc

Ts
sos

RVI

mVN
RR


  (6) 292 

  scshsph IRRI  1  (7) 293 
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sh

scsoc
sc

mVN
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R

IRV
II exp0  (8) 294 

Rsho and Rso being the opposite results of the derivative of V with respect to I at the short-circuit 295 

and open-circuit conditions respectively for the considered experimental curve. Equations (5-8) 296 
are derived from the single exponential model equation, equation (3), and its derivative with 297 
respect to V, evaluated at short-circuit and open-circuit conditions, by applying the assumptions  298 

𝑒𝑥𝑝 (−
𝑉𝑜𝑐−𝑅𝑠𝐼𝑠𝑐

𝑁𝑠𝑚𝑉𝑇
) ≪ 1 and 𝑅𝑠 ≪  𝑅𝑠ℎ. It is remarkable that, while these assumptions are used to 299 

set the initial values of the parameters, they are not in the implementation of the equations to be 300 

solved. 301 

As can be seen, equations (6) and (8) are dependent of a priori unknown diode ideality factor m. 302 

In order to manage this issue, seven attempts of solving the system are run for each experimental 303 
curve, by consecutively setting the initial value of m to 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0. The 304 

sum of squares of errors between the experimental current values and the current values obtained 305 
with the model is computed for each attempt and the solution that minimizes this sum of errors is 306 

selected as the system solution. 307 

Table 4 illustrates the behaviour of the method for two example-curves, one measured at high 308 

irradiance and high cell temperature, and the other measured at low irradiance and low cell 309 
temperature. The table shows the initial value of m for each attempt of solving, the final value of 310 

m, the sum of squares of current errors and the status of the solver. As can be seen, initial values 311 
of m above 2.5 and 2.0 respectively lead to the same solution in these curves. Figure 4 312 
graphically shows a comparison between experimental and simulated curves for both examples. 313 

Similar results were obtained for the other analysed cases. Therefore, it was found that the 314 
method is robust and provides a good optimization of the parameters values. 315 

 316 
Table 4. Behaviour of the solver for different initial values of m. Top: I-V curve measured at 317 

DNIc=434W/m
2
 and Tc=34.1ºC. Bottom: I-V curve measured at DNIc=949 W/m

2
 and Tc=84.5ºC. 318 

 319 

Initial m Final m 
Sum of squares of 

errors 
Solver status 

I-V curve low irradiance, low temperature 

1.0 1.205 0.3513 Exceeded limit of iterations 

1.5 2.097 0.2340 Exceeded limit of iterations 

2.0 3.344 0.1545 Exceeded limit of iterations 

2.5 3.841 0.1409 Function values near zero/problem appears regular 

3.0 3.841 0.1409 Function values near zero/problem appears regular 

3.5 3.841 0.1409 Function values near zero/problem appears regular 

4.0 3.841 0.1409 Function values near zero/problem appears regular 

I-V curve high irradiance, high temperature 

1.0 1.309 2.6391 Exceeded limit of iterations 

1.5 2.499 1.9360 Exceeded limit of iterations 
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2.0 3.158 1.7210 Function values near zero/problem appears regular 

2.5 3.158 1.7210 Function values near zero/problem appears regular 

3.0 3.158 1.7210 Function values near zero/problem appears regular 

3.5 3.158 1.7210 Function values near zero/problem appears regular 

4.0 3.158 1.7210 Function values near zero/problem appears regular 
 320 

 321 

 322 

Figure 4. Comparison between experimental (black crosses) and fitted with the single 323 

exponential model (red lines) I-V curves for the two example-cases analysed in Table4. 324 

4.1.2. Regression fitting. 325 

The parameters of 49 experimental curves covering a wide range of operating conditions were 326 

extracted with the method described above. Once the parameters values were available, 327 
regression procedures were applied to find relations between the five parameters: Iph, I0, m, Rs 328 
and Rsh. The aim was to get approximate expressions for the calculation of the parameters 329 

exclusively from Isc, directly obtained from DNIc as shown in equation (1), and Tc. The 330 

regression analysis finally led to the following expressions: 331 
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Where the superscript “
*
” indicates the value of a parameter at reference conditions. Reference 338 

conditions are defined by Isc
*
 and Tc

*
. Thus the set of equations depends on 14 parameters: Voc

*
, 339 

Iph
*
, m

*
, I0

*
, Rs

*
, Rsh

*
, A, B, C, D, E, F, G and H. These parameters were adjusted through 340 

regression analysis. Figure 5 shows six graphs used in the regression procedure, each one 341 

corresponding to one of the equations indicated above. 342 

 343 

 344 

 345 

Figure 5. Summary of regression plots used to fit the five parameters of the single exponential 346 
model. The parameters of 49 experimental I-V curves covering a wide range of operating 347 
conditions were extracted to obtain regression fittings between the parameters, the short circuit 348 

current and the cell temperature. 349 

Equation (9) is a classical formulation of Voc directly derived from the single exponential model 350 
equation, equation (3). It has been simplified by neglecting the changes in the thermal voltage 351 

over the operating temperatures range, i.e. establishing the A parameter as a constant. Figure 5 352 

(a) shows the linear regression of  *ln scscoc IIAV   vs. *

cc TT  . The regression line slope 353 

corresponds to the temperature coefficient B while the intercept of this line with the y-axis 354 

correspond to Voc
*
. 355 
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Figure 5 (b) represents the extracted values of Iph vs. the modelled values of Iph taking into 356 
account equation (10). As can be seen, there is a very good fit for this parameter. In fact, Iph

*
 357 

parameter takes a value of 5.917A versus a reference value of the short-circuit current Isc
*
=5.9A. 358 

This indicates that the photocurrent could have been approximated by the short-circuit current in 359 

this module with a small error. 360 

Equation (11) formulates the diode ideality factor m as a bilinear regression of Isc and Voc. Figure 361 

5 (c) represents the linear regression of  *

ococ VVCm   vs. *

scsc II  . In spite of the scatter, it 362 

can be seen that the diode ideality factor tends to increase with Isc. The regression line slope 363 
corresponds to the D parameter and the intercept of this line with the y-axis corresponds to m

*
. C 364 

coefficient has also a positive value, what indicates that m shows a tendency to increase with Voc 365 

as well. 366 

Equation (12) formulates the saturation current I0 as an exponential function of Voc and m. 367 

Figure 6 (d) represents the linear regression of 0ln Im   vs. Voc, showing a good fit. Finally, 368 

Figures 5 (e) and 5 (f) show the regression functions for the series resistance Rs and the shunt 369 
resistance Rsh. The main influence on the series resistance was found to be the m parameter, i.e. 370 
Rs tends to decrease as m increases. The main influence on the shunt resistance was found to be 371 

Isc, where this dependence was modelled through a rational function. Parameters m, Rs and Rsh 372 
showed some scatter and were difficult to model with conventional functions. In spite of this, the 373 

model showed a reasonable good behaviour as will be commented in the results section. Table 5 374 
indicates the values of the parameters obtained for the analysed module. 375 
 376 

Table 5. Values of the fitting functions parameters used in the single exponential model for the 377 

analysed module. 378 
 379 

Parameter Value Parameter Value 

Tc
*
 25 ºC A 0.07539 V 

Isc
*
 5.9 A B -0.1154 V/ºC 

Voc
*
 62.23 V C 0.1497 V

-1
 

Iph
*
 5.917 A D 0.4532 A

-1
 

m
*
 4.635 E -4.7773 V

-1
 

I0
*
 1.0446e-11 A F 180.1 

Rs
*
 0.2535 Ω G -0.2090 Ω 

Rsh
*
 176.3 Ω H 0.7498 

 380 
4.2. Blasser´s method [55] 381 

 382 
This method is based on the translation equations proposed by Sandstrom [56]. These equations 383 
are widely used for the electrical characterization of flat-plate photovoltaic modules since they 384 

allow the I-V curve of a photovoltaic device to be translated from the condition (I1, V1) to the 385 
desired condition (I2, V2) as: 386 
 387 

𝐼2 =  𝐼1
𝐸2

𝐸1
(1 + 𝛼(𝑇2 − 𝑇1)) (15) 388 

𝑉2 =  𝑉1 − 𝑅𝑠(𝐼2 − 𝐼1) + 𝛿 ln (
𝐸2

𝐸1
) + 𝛽(𝑇2 − 𝑇1)  (16) 389 

 390 

E being the irradiance, T the ambient temperature, Rs the series resistance, 𝛼 and 𝛽 respectively 391 

the temperature coefficients for the current and the voltage, and 𝛿 the irradiance coefficient for 392 
the voltage. As commented above, HCPV modules I-V curves are similar in shape than those of 393 
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conventional modules so this method could be suitable for HCPV modules by using the 394 
spectrally corrected direct normal irradiance as irradiance and the cell temperature as 395 
temperature. 396 
 397 

The procedure followed with this method to obtain the I-V curve of the HCPV module at the 398 
desired conditions can be summarized as: 399 
 400 

1. Measurement of the open-circuit voltage for a wide range of irradiance levels (from low 401 
to high), as well as the values of the cell temperature and irradiance. Table 6 shows the 402 

selected values to fit the coefficients of this method for the analysed module. 403 

2. The Voc at the desired conditions (𝑉𝑜𝑐2
) are estimated from the data listed in table 6 by 404 

using the following equations: 405 

𝑉𝑜𝑐2
=  𝑉𝑜𝑐(1 + 𝐷𝑣) (17) 406 

𝐷𝑣 = 𝑎 · ln (
𝐷𝑁𝐼𝑐,2

𝐷𝑁𝐼𝑐,1
) + 𝑏 · (𝑇𝑐,2 − 𝑇𝑐,1) + 𝑐 · 𝐷𝑁𝐼𝑐,1  (18) 407 

Table 6. Open-circuit voltage, cell temperature and irradiance values used to estimate the Voc at 408 
the desired conditions. 409 

 410 
DNIc (W/m

2
) Tc (

o
C) Voc (V) 

250.20 48.47 59.40 

336.74 63.81 57.64 

315.77 63.62 57.66 

623.67 77.77 57.39 

727.18 71.46 56.84 

859.07 62.33 57.89 

949.05 84.53 55.24 

3. The a, b and c coefficients have to be chosen to minimize the standard deviation of the 411 

obtained 𝑉𝑜𝑐2  values. These values have been adjusted by using a program implemented 412 

in Matlab
TM

; table 7 lists the obtained values. 413 
 414 
 415 

Table 7. Obtained values for the a, b and c coefficients for the analysed module. 416 
 417 

a b (
o
C) c (m

2
/kW) 

0.0015 -0.0015 0.015 

 418 
 419 

4. The 𝑉𝑜𝑐2
 value is calculated as the average of every 𝑉𝑜𝑐2

 value obtained in the previous 420 

step. 421 

5. Measurement of an I-V curve of the HCPV module and extrapolation of it by translating 422 
each point of the curve (i1, v1) to the desired conditions (i2, v2): 423 

 424 

𝑖2 = 𝑖1
𝐷𝑁𝐼𝑐,2

𝐷𝑁𝐼𝑐,1
 (19) 425 

 426 

𝑣2 =  𝑣1 + 𝐷𝑉 − 𝑅𝑠(𝑖2 − 𝑖1) (20) 427 
 428 
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𝐷𝑉 = (𝑉𝑜𝑐2
− 𝑉𝑜𝑐1

) being the difference between the Voc value obtained in step 2 and the 429 

measured value, and 𝑅𝑠 the module series resistance. This resistance is calculated from 430 

the I-V curves for two different levels of irradiance. Both I-V curves are translated to the 431 

desired conditions using a value of 𝑟 =  𝑅𝑠(𝐼𝑠𝑐2
/𝑉𝑜𝑐2

) ranging from 0 to 1. The selected r 432 

value that defines 𝑅𝑠 at each specific operating condition is the one that minimize the 433 

difference between the two translated I-V curves. Figure 6 shows an example of two 434 
translated I-V curves to a particular desired operating condition by varying the r value. 435 

 436 

 437 
Figure 6.  Example of two I-V curves translated to the desired conditions (DNIc = 814W/m

2
 and 438 

Tc = 70.5
o
C) for different values of r. In this case, a value of r = 0.025 (Rs = 0.29Ω) has been 439 

found to minimize the difference between the two translated curves. 440 

 441 
6. Repetition of the last step for several measured I-V curves. The final I-V curve for the 442 

desired conditions will be the average of the values (i2, v2) obtained in the previous step. 443 

4.3 Bilinear interpolation method [57] 444 

 445 
This method requires measuring four I-V curves at four combinations of module temperature and 446 

irradiance. In order to use these reference curves to interpolate an I-V curve for one desired 447 

condition of irradiance (E) and module temperature (Tmod), it is necessary that these values of E 448 
and Tmod are in the range of the four I-V curves used as reference: one of the irradiance settings 449 
EH should be higher than E and the other irradiance setting EL should be lower than E; the same 450 

conditions should be satisfied for the temperature.  451 
 452 
Figure 7 graphically shows the bilinear interpolation methodology. As in the previous cases, 453 
every equation and the procedure followed by this methodology have been adapted to HCPV 454 
technology by using the spectrally corrected direct normal irradiance as irradiance and the cell 455 

temperature as temperature. Curves 1-4 are the reference I-V curves measured under cell 456 
temperature and irradiance setting such that: DNIc,1 = DNIc,2 = DNIc,H, DNIc,3 = DNIc,4 = DNIc,L, 457 
Tc,1 = Tc,3 = Tc,L, and Tc,2 = Tc,4 = TH. Curve 5 is interpolated with respect to Voc from curves 1 458 

and 2 while curve 6 is interpolated with respect to Voc from curves 3 and 4. Finally, the 459 
translated curve for desired conditions DNIc and Tc (curve 7) is interpolated with respect to Isc 460 
from curves 5 and 6. 461 
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 462 

 463 
 464 
Figure 7.  Numbering scheme of I-V curves for the bilinear interpolation method. Curves 1-4 are 465 
the reference I-V curves. Curve 5 is interpolated with respect to Voc from curves 1 and 2 while 466 
curve 6 is interpolated with respect to Voc from curves 3 and 4. Curve 7 is the translated I-V 467 

curve for the desired operating conditions (DNIc = 814 W/m
2 

and Tc = 70.5
o
C). 468 

 469 

The main steps followed by the bilinear interpolation methodology to model the I-V 470 
characteristics of the analysed HCPV module can be summarizedas:  471 

 472 
4.3.1 Equations for Isc and Voc 473 

 474 
Isc and Voc should be expressed as equations (21) and (22) with the performance translated from 475 
curve 1 to be consistent with how the corrections factors are derived. Curve 1 conditions are 476 

denoted by the subscripts 1. 477 

 478 

𝐼𝑠𝑐 =  
𝐷𝑁𝐼𝑐

𝐷𝑁𝐼𝑐1

𝐼𝑠𝑐1
[1 +  𝛼 ( 𝑇𝑐 − 𝑇𝑐1

)] (21) 479 

𝑉𝑜𝑐 =  𝑉𝑜𝑐1
[1 +  𝛽(𝑇𝑐 −  𝑇𝑐1

)][1 + (𝑚𝑇𝑐 + 𝑏) ln (
𝐷𝑁𝐼𝑐

𝐷𝑁𝐼𝑐1

)]  (22) 480 

 481 

The equations assume that Isc is proportional to 𝐷𝑁𝐼𝑐 if the temperature is constant. 482 

 483 
4.3.2 Temperature and irradiance corrections factors 484 
 485 

The factor 𝛼 is determined by the equation: 486 
 487 

𝛼 =
(

𝐼𝑠𝑐2𝐷𝑁𝐼𝑐1
𝐼𝑠𝑐1𝐷𝑁𝐼𝑐2

−1)

(𝑇𝑐,2−𝑇𝑐1)
 ( 𝐶−1)𝑜  (23) 488 

 489 

The term 𝐷𝑁𝐼𝑐1
/𝐷𝑁𝐼𝑐2

is used to accommodate any variations in irradiance setting EH that might 490 

result in 𝐷𝑁𝐼𝑐1
≠ 𝐷𝑁𝐼𝑐2

 491 

 492 
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The correction factors 𝛽, 𝑚 and 𝑏 are determined by solving a system of nonlinear equations. 493 
This provides a solution that directly takes into account any variations in irradiance or 494 
temperature. The system of nonlinear equations is derived from equation 23: 495 

𝐹(𝛽, 𝑚 𝑏) = [1 + 𝛽(𝑇𝑐 − 𝑇𝑐1
)][1 + (𝑚𝑇𝑐 + 𝑏)ln (𝐷𝑁𝐼𝑐 𝐷𝑁𝐼𝑐1

)] − 𝑉𝑜𝑐 𝑉𝑜𝑐1
= 0⁄⁄  (24) 496 

 497 

To solve for factors 𝛽, 𝑚 and 𝑏, three nonlinear equations are formulated by substituting in the 498 
previous equation DNIc, Tc and Voc values for reference curves 2, 3 and 4. The system of 499 
nonlinear equations has to be solved using the Newton´s method. 500 

 501 
4.3.3 Reference curves 2 and 4 data adjustments 502 

 503 

The I-V data for curves 2 and 4 are adjusted so that  𝐼𝑠𝑐2
=  𝐼𝑠𝑐1

 and 𝐼𝑠𝑐4
=  𝐼𝑠𝑐3

. This 504 

accommodates variations in irradiance settings (𝐷𝑁𝐼𝑐1
≠ 𝐷𝑁𝐼𝑐2

 or 𝐷𝑁𝐼𝑐3
≠ 𝐷𝑁𝐼𝑐4

) and ensures 505 

that the interpolation is performed in the range of currents common to both curves. 506 
 507 

The points (I2, V2) of curve 2 are adjusted to (𝐼2
′ , 𝑉2

′) with equations: 508 
 509 

𝐼2
′ =  𝐼2

𝐼𝑠𝑐1

𝐼𝑠𝑐2

 (25) 510 

𝑉2
′ =  𝑉2

𝑉𝑜𝑐2
′

𝑉𝑜𝑐2

 (26) 511 

 512 

The value of 𝑉𝑜𝑐2
′  is determined by equation (22) with 𝐷𝑁𝐼𝑐 =  𝐷𝑁𝐼𝑐2

′  and 𝑇𝑐 =  𝑇𝑐2
, being 𝐷𝑁𝐼𝑐2

′  513 

the value of irradiance corresponding to the adjusted Isc value. This value is determined by 514 

equation (27) using 𝐼𝑠𝑐 =  𝐼𝑠𝑐2
′ =  𝐼𝑠𝑐1

 and 𝑇𝑐 =  𝑇𝑐2
 as: 515 

 516 

𝐷𝑁𝐼𝑐 =  
𝐼𝑠𝑐𝐷𝑁𝐼𝑐1

𝐼𝑠𝑐1[1+𝛼(𝑇𝑐−𝑇𝑐1)]
 (27) 517 

 518 

Similarly, the points (I4, V4) of curve 4 are adjusted to (𝐼4
′ , 𝑉4

′) with equations: 519 

 520 

𝐼4
′ =  𝐼4

𝐼𝑠𝑐3

𝐼𝑠𝑐4

 (28) 521 

𝑉4
′ =  𝑉4

𝑉𝑜𝑐4
′

𝑉𝑜𝑐4

 (29) 522 

 523 

The value of 𝑉𝑜𝑐4
′  is determined by equation (22) with 𝐷𝑁𝐼𝑐 =  𝐷𝑁𝐼𝑐4

′  and 𝑇𝑐 =  𝑇𝑐4
, being 𝐷𝑁𝐼𝑐4

′   524 

the value of irradiance corresponding to the adjusted Isc value. This value is determined by 525 

equation (27) using 𝐼𝑠𝑐 =  𝐼𝑠𝑐4
′ =  𝐼𝑠𝑐3

 and 𝑇𝑐 =  𝑇𝑐4
. 526 

 527 
4.3.4 I-V curve interpolation 528 

 529 
Once the curves 2 and 4 are adjusted, the desired I-V curve may be bilinearly interpolated for the 530 

conditions 𝐷𝑁𝐼𝑐 and 𝑇𝑐. 531 
 532 

Each point (I1, V1) of curve 1 is translated to curve 5 (I5, V5) by keeping the current as constant: 533 

 534 
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𝐼5 =  𝐼1 =  𝐼2
′  (30) 535 

𝑉5 =  
𝑉1+(𝑉2

′ − 𝑉1)(𝑉𝑜𝑐5− 𝑉𝑜𝑐1)

(𝑉𝑜𝑐2
′ − 𝑉𝑜𝑐1)

 (31) 536 

 537 

The value of 𝑉𝑜𝑐5
 is determined by equation (22) with 𝐷𝑁𝐼𝑐 =  𝐷𝑁𝐼𝑐5

 and for the desired 538 

temperature 𝑇𝑐. The 𝐷𝑁𝐼𝑐5
 is determined by equation (27) using 𝐼𝑠𝑐 = 𝐼𝑠𝑐5

=  𝐼𝑠𝑐2
′ =  𝐼𝑠𝑐1

 and for 539 

the desired temperature. 540 
 541 
Similarly, each point (I3, V3) of curve 3 is translated to curve 6 (I6, V6) by keeping the current as 542 
constant: 543 
 544 

𝐼6 =  𝐼3 =  𝐼4
′  (32) 545 

𝑉6 =  
𝑉3+(𝑉4

′ − 𝑉3)(𝑉𝑜𝑐6− 𝑉𝑜𝑐3)

(𝑉𝑜𝑐4
′ − 𝑉𝑜𝑐3)

 (33) 546 

 547 

The value of 𝑉𝑜𝑐6
 is determined by equation (22) with 𝐷𝑁𝐼𝑐 =  𝐷𝑁𝐼𝑐6

and for the desired 548 

temperature 𝑇𝑐. The 𝐷𝑁𝐼𝑐6
is determined by equation (27) using 𝐼𝑠𝑐 = 𝐼𝑠𝑐6

=  𝐼𝑠𝑐4
′ =  𝐼𝑠𝑐3

 and for 549 

the desired temperature. 550 
 551 
The translated I-V curve for the desired conditions, curve 7, is interpolated with respect to Isc 552 
from curves 5 and 6. Each point (I5, V5) of curve 5 is translated to curve 7 (I7, V7) by keeping the 553 

voltage as constant: 554 
 555 

𝑉7 =  𝑉5 = 𝑉6  (34) 556 

𝐼7 =  
𝐼6+(𝐼5−𝐼6)(𝐼𝑠𝑐7−𝐼𝑠𝑐6)

(𝐼𝑠𝑐5−𝐼𝑠𝑐6)
 (35) 557 

 558 

The value of 𝐼𝑠𝑐7
 is evaluated by equation 21 for the desired conditions 𝐷𝑁𝐼𝑐 and 𝑇𝑐. 559 

 560 

As an example, table 8 shows different values of ,  , b and m obtained for several desired 561 

operating conditions by using different sets of reference curves following the procedure 562 

described above. 563 
 564 

Table 8. Obtained values of ,  , b and m coefficients for the analysed module for several 565 
desired operating conditions.  566 

 567 

Operating conditions   b m 

DNIc = 928 W/m
2
, Tc = 86.7

o
C 7.954 e-13 -0.0019 -0.0127 0.1612 e-05 

DNIc = 352 W/m
2
, Tc = 65.5

o
C -1.861 e-12 -0.0019 -0.0026 0.8314 e-06 

DNIc = 817 W/m
2
, Tc = 70.5

o
C 1.620 e-12 -0.0021 0.0371 -0.6906 e-03 

 568 
5. Analysis of results 569 
 570 
In this section, the accuracy of the previously described and adjusted models is analysed. To 571 
conduct this analysis, six I-V curves at different operating conditions based on the data 572 
distribution shown in figure 8, were selected. The values of effective irradiance, cell temperature 573 

and main electrical parameters of these I-V curves gathered during the experiment, are listed in 574 

table 9. Curves 1 and 2 represent I-V curves with low effective irradiance, and low and high cell 575 
temperatures respectively. Curves 3 and 4 represent I-V curves with high effective irradiance, 576 
and low and high cell temperatures respectively. Finally, curves 5 and 6 represent I-V curves 577 
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around the maximum of the data distribution which correspond with the typical working 578 
conditions of the HCPV module. The curves above allow the analysis of the models to be done 579 
in a wide range of operating conditions. Moreover, it is important to remark that these six I-V 580 
curves have not been used in the procedures described in the previous section to fit the 581 

coefficients of each model.  582 
 583 

 584 
 585 

 586 
Figure 8. Normalised data distribution as a function of the measured spectrally corrected direct 587 

normal irradiance and cell temperature. 588 
 589 
Table 9. Spectrally corrected direct normal irradiance, cell temperature and main electrical 590 

parameters of the I-V curves used to evaluate the models. 591 
 592 

Curve 
DNIc 

(W/m
2
) 

Tc 

 (
o
C) 

Isc  

(A) 

Voc  

(V) 

Imp  

(A) 

Vmp  

(V) 

P 

(W) 

1 347 39.7 2.04 60.44 1.79 54.33 97.15 

2 352 65.5 2.07 57.46 1.86 51.65 95.94 

3 905 48.7 5.33 59.54 4.84 49.50 239.78 

4 928 86.7 5.47 55.06 4.98 45.89 228.73 

5 665 56.4 3.92 58.56 3.68 49.80 183.50 

6 814 70.5 4.79 56.96 4.43 46.65 206.64 

 593 

Figures 9 to 11 show the measured and simulated I-V curves commented above for the models 594 
described in section 4. In addition, the ANN-based model previously introduced by the authors 595 
in [25] is also plotted in order to compare it with the models here discussed. Table 10 shows the 596 
RMSE (root means square error) and the MBE (mean bias error) between actual and simulated I-597 
V curves for the four models estimated as: 598 

 599 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ 𝑅𝐸(𝑉)𝑖

2𝑁
𝑖=1  (36) 600 

 601 

𝑀𝐵𝐸 =
1

𝑁
∑ 𝑅𝐸(𝑉)𝑖

𝑁
𝑖=1  (37) 602 

 603 
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where N is the number of samples on the curve taken at small voltage steps and RE (V)i is the 604 
relative error between the modelled and the measured current at a voltage V. This relative error 605 
is calculated for each value of voltage as: 606 
 607 

𝑅𝐸(𝑉) =
𝐼𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑(𝑉)−𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑉)

𝐼𝑠𝑐,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 (38) 608 

 609 
Results show that the ANN-based model and the bilinear method have a high accuracy and yield 610 
the best results with an average MBE around 0% and RMSE of 1.15% and 1.20% respectively. 611 
In addition, both methods show a similar performance under all the operating working conditions 612 
of the module. On the other hand, the SEM model and Blaesser´s method show poorer and 613 

similar results with an average MBE around 0.5%, and RMSE of 5.23% and 4.39% respectively. 614 
As in the previous case, the Blasser´s method shows a similar performance under all the 615 

operating working conditions. However, the SEM model gives poorer results for low values of 616 
effective irradiance and cell temperature, while shows a higher quality for the typical operating 617 
working conditions of the concentrator.  618 
 619 
Table 10. Root means square error (RMSE) and mean bias error (MBE) between actual and 620 
predicted I-V curves for the four analysed methods. 621 

 622 

Curve 

number 

SEM Blasser Bilinear ANN 

MBE 

(%) 

RMSE 

(%) 

MBE 

(%) 

RMSE 

(%) 

MBE 

(%) 

RMSE 

(%) 

MBE 

(%) 

RMSE 

(%) 

1 -0.25 6.68 -0.88 5.26 -0.01 1.55 0.36 1.65 

2 -2.57 10.90 -0.72 5.00 0.11 1.35 -0.11 0.90 

3 3.21 7.38 1.87 5.85 0.45 1.14 0.28 0.85 

4 0.36 1.48 1.52 4.45 -0.05 1.03 -0.35 1.27 

5 -0.10 1.76 0.44 1.00 0.10 0.36 0.40 0.55 

6 1.33 3.15 0.99 4.76 -0.12 1.78 -0.05 1.66 

Average 0.33 5.23 0.54 4.39 0.09 1.20 0.09 1.15 

 623 

 624 
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 625 
 626 
Figure 9. Measured and modelled I-V curves for low effective irradiance, and low (top) and high 627 
(bottom) cell temperatures. 628 

 629 

 630 
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 631 
 632 
Figure 10. Measured and modelled I-V curves for high effective irradiance, and low (top) and 633 
high (bottom) cell temperatures. 634 

 635 

 636 
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 637 
 638 
 639 
Figure 11. Measured and modelled I-V curves for typical observed values of effective irradiance 640 

and cell temperature. 641 

 642 
It is also interesting to analyse the performance of each model as a function of the operating 643 

conditions. Figure 9 shows two examples of I-V curves of low effective irradiance levels, and 644 

low (curve 1) and high (curve 2) cell temperatures. The first conclusion that can be extracted is 645 
that all the methods give better results in the estimation of Isc and Voc than in the estimation of 646 

Imp and Vmp. Regarding to Isc, all the methods have a similar performance and high accuracy with 647 
and absolute relative error (ARE) lower than 1%. Regarding to Voc, the ANN-based model and 648 
the bilinear method show the best quality with an ARE around 0%. The Blaesser´s method 649 

shows similar results for low temperature, but it trends to overestimate this parameter for high 650 
temperature with an ARE of 1.2%. The SEM model yields the poorest results with a clear 651 
tendency to underestimate Voc with an ARE of 1.5% (curve 1) and 2.6% (curve 2). Regarding to 652 

Imp, all the methods show a tendency to overestimate this parameter and yield worse results for 653 
low temperature with an ARE ranging from 2.4% (bilinear method) to 5.8% (Blaesser´s method), 654 

and an ARE ranging from 0.1% (bilinear method) to 3.4% (Blaesser´s method) for high 655 

temperature.In contrast, all the methods tend to underestimate Vmp and yield similar results for 656 

high and low cell temperatures with an ARE ranging from 1.3% (Blaesser´s method) to 3.5% 657 
(bilinear method) for low temperature, and an ARE ranging from 1.0% (Blaesser´s method) to 658 
5.1% (bilinear method) for high temperature. 659 

 660 
Figure 10 shows two examples of I-V curves of high effective irradiance levels, and low (curve 661 

3) and high (curve 4) cell temperatures. As in the previous case, in general, all the methods give 662 
better results in the estimation of Isc and Voc, than in the estimation of Imp and Vmp. Regarding to 663 
Isc, all the methods have high accuracy with an ARE lower than 1%. With regards to Voc, the 664 

ANN-based model and the bilinear method show again the best performance with an ARE 665 
around 0%. As for the low effective irradiance case, the Blaesser´s method shows similar result 666 
than the two previous methods for low temperature, but it trends to overestimate Voc for high 667 

temperature with an ARE of 2.3%. In this case, the SEM model has an ARE around 0% for high 668 
temperature, but it trends to overestimate Voc for low temperature with an ARE of 3.0%. 669 
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Regarding to Imp, all the methods present in general a tendency to overestimate this parameter 670 
and give similar results for high and low cell temperatures with an ARE ranging from 0.5% 671 
(SEM model) to 2.0% (Blaesser´s method), except the ANN-based model and the bilinear 672 
method that underestimate this parameter for high (ARE = 1.7%) and low (ARE = 1.5%) cell 673 

temperatures respectively. With regards to Vmp, each model shows a different behaviour and 674 
performance. The ANN-based model tends to underestimate this parameter for high temperature 675 
(ARE = 1.6%) and to overestimate it (ARE = 1.5%) for low temperature. The bilinear method 676 
shows a clear tendency to underestimate this parameter for low temperature with a value around 677 
3.8%.In contrast, the Blaesser´s method tends to overestimate Vmp for both temperatures with an 678 

ARE around 4%, and the SEM model also shows a clear tendency to overestimate this parameter 679 
with an ARE of 5.7% for low temperature. 680 
 681 

Finally, figure 11 shows two examples of I-V curves of typical observed values of effective 682 
irradiance levels and cell temperatures. As in the previous cases, the methods show the best 683 
performance in the estimation of Isc and Voc. Furthermore, they present similar results for both 684 
parameters with an ARE within 0% to 1%.  With regards to Imp, the ANN-based model shows a 685 

high accuracy with an ARE lower than 0.3%, while the bilinear method presents the poorest 686 
results with a clear tendency to underestimate this parameter with an ARE around 3%. The 687 
Blaesser´s method and SEM model also tend to underestimate Imp with an ARE of 1.5% and 688 
2.6% respectively, but only for the I-V curve with lower temperature (curve 5). As for the 689 

previous case, the ANN-based method shows a high quality in the estimation of the Vmp with an 690 
ARE lower than 1%. The rest of the models present a clear tendency to overestimate this 691 
parameter with an ARE ranging from 2.2% (SEM model) to 6.9% (Blasser´s method). 692 

 693 

The detailed analysis conducted above yields to the following main results. All the methods 694 
show a better performance in the estimation of Isc and Voc than the rest of electrical parameters 695 
under all the analysed operating conditions. The high accuracy in estimation of Isc can be 696 

explained due to the fact that this parameter is mainly determined by the incident DNI and 697 
spectrum, and by considering that these two factors are accurately quantified through the 698 

effective irradiance. Regarding to Voc, the good results are probably due to the fact that this 699 
parameter is mainly dominated by the cell temperature, and considering that all the methods have 700 
been adapted or defined to use this temperature as input. The poorer results found in the 701 

estimation of Imp and Vmp could be explained since they are more affected by other properties of 702 
the MJ solar cells (series resistance, shunt resistance, diode saturation current, etc.), and their 703 

dependence with irradiance and temperature, that are not so accurately quantified by the models. 704 
Moreover, the I-V characteristics in the maximum power point are also affected by mismatch 705 

effects among the receivers in the concentrator produced by several reasons such as 706 
manufacturer tolerances or misalignment effects that are not considered by the methods. Despite 707 
of the commented above, it can be concluded that all the methods offer a good performance in 708 
the estimation of the current-voltage characteristics, in particular for the typical operating 709 
conditions of the HCPV module (curves 5 and 6). 710 

 711 
6.  Conclusions 712 
 713 
This paper analyses the possibility of obtaining the whole current-voltage characteristics of a 714 
concentrator module by using different conventional techniques as a function of the spectrally 715 

corrected direct normal irradiance (effective irradiance) and cell temperature. The studied 716 
methods are: the single exponential model (SEM), the Blasser´s method and the bilinear 717 

interpolation method. All the methods were adapted to be completely function of the effective 718 
irradiance and cell temperature of the module. In addition, a new procedure that allows the 719 
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parameters of the SEM model to be extracted, and a series of mathematical relationships to 720 
express their dependencies with light intensity and cell temperature, were introduced. In order to 721 
fit the coefficients of the methods and analyse their performance under different operating 722 
conditions, a HCPV module was under study for six months at the University of Jaen in Southern 723 

Spain. Moreover, all the methods were compared with a procedure based on an artificial neural 724 
network (ANN) previously introduced by the authors.  725 
 726 
From the analysis of results it can be concluded that the bilinear interpolation method yields the 727 
best results with an average MBE around 0% and RMSE of 1.20%, and presents a similar 728 

accuracy than the ANN-based model previously introduced. The SEM model and the Blaesser´s 729 
method show poorer results with an average MBE around 0.5%, and RMSE of 5.23% and 4.39% 730 
respectively. However, it is important to note that the SEM model has a higher quality for the 731 

typical operating conditions of the concentrator. Moreover, all the methods show a better 732 
performance in the estimation of Isc and Voc than in the estimation of Imp and Vmp. The high 733 
accuracy in the estimation of Isc and Voc can be explained due to the fact that they are accurately 734 
quantified by the use of the effective irradiance and cell temperature as input parameters. The 735 

poorer results in the simulation of Imp and Vmp may be explained since they are more affected by 736 
other properties of the MJ solar cells (series resistance, shunt resistance, diode saturation current 737 
etc.) that are not so accurately quantified by the models, and  by mismatch effects among the 738 
receivers in the concentrator not considered in the procedures. Finally, it can be concluded that 739 

all the methods have a good behaviour in the estimation of the current-voltage characteristics of 740 
concentrator modules. So that, they offer a new useful approach for the simulation of the I-V 741 
characteristics of HPCV modules at the desired operating conditions.  742 

 743 

As a summary, despite its simplicity (only seven I-V curves are needed to apply and fit this 744 
model), the Blasser´s method provides good results for the typical operating working conditions 745 
of HCPV modules. Thus, this method can be considered an excellent simple good tool for 746 

engineers that want to predict the I-V characteristics of a HCPV module at its common working 747 
conditions. The SEM model has the advantage that the required parameters could be extracted, in 748 

principal, from the physical properties of the semiconductor materials and optical devices used. 749 
So, the I-V curves of a HCPV module could be obtained without the outdoor long-term 750 
characterization of the module under study. The bilinear interpolation method provides the best 751 

results (together with ANN-based model), however to obtain an I-V curve at the desired 752 
conditions, a specific set of I-V curves is needed. Thus, this method is more adequate as 753 

translation method, for example to obtain the I-V curve at standard test conditions. So, it is more 754 
recommended to predict the I-V curve of a HCPV module at reference conditions, as is also 755 

widely considered in conventional PV technology. At last, the ANN-based model provides the 756 
best results and once the ANN is trained, more I-V curves are not needed. However, it has the 757 
possible disadvantage that it is necessary to have advantage knowledges of complex artificial 758 
neural networks techniques to apply it. 759 
 760 
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