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Abstract. Determining the static overall efficiency of inverters 

is sometimes necessary for control o design purposes. As getting 

this information from the manufacturers’ datasheets or certified la-

boratories might not be always viable, this paper addresses its es-

timation from direct measurements under actual operating condi-

tions. Particularly, the Sandia Inverter Model has been taken as a 

paradigm of methodology and adapted to deal with the available 

data for an office building’s photovoltaic system over the 2013-

2017 period. Two unidimensional and two bidimensional models 

have been selected and compared to assess their goodness of fit on 

three inverters of the same kind of which the system consists. The 

best-case scenario corresponds to an exponential curve fitting, in 

which the R-square value increases over 0.95, outperforming the 

other models.  

 

Key words. PV performance, solar modules, Sandia In-

verter Model, direct current, Atersa CICLO-3000. 
 

1. Introduction 

 
The worldwide amount of installed photovoltaic (PV) facil-

ities has significantly increased over the last few years and 

its expected to play a key role in the future sustainable 

power system [1]. In this regard, rather a lot of attention is 

paid to their efficiency, which determines the profitability 

of this kind of projects and relies on a good performance of 

components such as PV modules or inverters [2]. Whereas 

for certain design applications, using a weighted single 

value for the efficiency is acceptable on other occasions, it 

is required to know a periodic estimate of an inverter’s per-

formance: consider, for example, the cases of energy man-

agement strategies for self-consumers where the decisions 

taken on an hourly base require to foreseen the energy yield 

by a PV field [3] or the design of facilities based on multi-

level optimization [4]. In these cases, a static model for pre-

dicting the overall efficiency from the actual power and di-

rect current (DC) voltage, which are the main operating con-

ditions that affects an inverter’s performance, improves the 

accuracy while keeping the computational burden low. 

 

Although the overall efficiency is the result of the conver-

sion efficiency and the inverter’s maximum-power-point-

tracking (MPPT) effectiveness, this latter one can up to 

certain point be neglected or just indirectly considered in 

the overall model according to Sandia National Laborato-

ries [5]. They have already proposed the so-called Sandia 

Inverter Model, which indirectly provides a means to pre-

dict the overall efficiency [6]. Despite constituting a great 

starting to obtain a model from manufacturers’ datasheets, 

some issues might arise if the information provided by 

them needs to be compared with the actual efficiencies, 

which is the case for the inverters below analyzed. 

 

Considering the above, the contributions of this study are: 

(1) provision of a methodology for modelling the steady-

state efficiency of grid-connected photovoltaic inverters, 

under actual operating conditions, from measured data; (2) 

a comparison of both unidimensional and bidimensional 

models, considering the Sandia Inverter Model for bench-

marking; (3) parametrization of the models for Atersa 

CICLO-3000 inverters. 

 

The rest of the paper is organized as follows: Section 2 is 

devoted to describing CIESOL’s photovoltaic system and 

introducing the Sandia Inverter Model that will be used for 

benchmarking; Section 3 presents the modelling results for 

the three CIESOL’s inverters; whereas the conclusions de-

duced from this study are recapped in Section 4. 

 

2. Materials and Methods 

 

A. CIESOL’s Photovoltaic System 

 

The Solar Energy Research Centre (CIESOL, 

http://www.ciesol.es) is located at the University of Alme-

ria campus (36.83ºN, 2.41ºW), in a building with the same 

name as the center: CIESOL building (Figure 1). This has 

a total surface area of 1071.92 m2, laid out on two floors, 

and incorporates several energy-saving passive and active 

strategies. A network of sensors allows recording and 

monitoring information to estimate CIESOL’s energy con-

sumption, climate conditions, and occupancy, among oth-

ers. Readers are referred to Castilla et al.’s book, which 

contains a description of it, for further information [7]. 
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Its PV field was designed and engineered by Atersa 

(https://www.atersa.com/en/). It counts with forty-two 

Atersa A-222P modules, facing south (azimuthal angle of 

21º east), with a surface area of 1.63 m2 and a slope angle 

of 22º, and distributed in three arrays of fourteen collectors 

each connected in series (Figure 1). Each array feeds an 

Atersa CICLO-3000 inverter where several electrical pa-

rameters are measured and sent to a database. 

 

 

 
Fig. 1. CIESOL building and schematic of its PV system 

 

The dataset employed in this study consist of minutely data 

from October 2013 to June 2017 for each inverter. The elec-

trical measurements include DC current and voltage and al-

ternate current and voltage from which the inverters’ input 

and output power, as well as their conversion efficiencies, 

can be deduced. The main motivation for this analysis was 

to fit the models without using the manufacturer’s effi-

ciency curves, but from empirical data, so that a posterior 

comparison can be carried out. 

 

B. Data Cleansing 

 

From the 1368 days between the above-mentioned dates, 

only 1 041 20 records are available for each inverter (a 

52.85% of the potential total number). The rest of missing 

data correspond to periods of power outage, maintenance 

operations and other incidents that stopped the data acquisi-

tion system from recording.  

 

For each inverter, cleansing was carried out in two stages: 

one regarding the manufacturer’ datasheet, i.e. by selecting 

the records that satisfy Equations (1)–(4),  

0 𝑊 ≥ 𝑃𝑑𝑐 ≤ 3000 𝑊, (1)  

0 𝑊 ≥ 𝑃𝑎𝑐 ≤ 2500 𝑊, (2)  

210 𝑉 ≥ 𝑉𝑑𝑐 ≤ 550, 𝑉 (3)  

0 ≥ 𝜂𝑖𝑛𝑣 ≤ 1, (4)  

where 𝑷𝒅𝒄 and 𝑽𝒅𝒄 are the amount of DC input power and 

voltage, 𝑷𝒂𝒄 is the amount of AC output power, and 𝜼𝒊𝒏𝒗 

is the overall efficiency calculated as the quotient of 𝑷𝒂𝒄 

and 𝑷𝒅𝒄. The other stage concerns the isolated samples 

that mostly correspond to abnormal data, which have been 

removed when they simultaneously met the criteria ex-

pressed in each row of Table I.  

 
Table I. – Removing criteria for abnormal data 

 

Efficiency DC Power 

𝜼𝒊𝒏𝒗 ≤ 𝟎. 𝟎𝟎𝟏 𝑷𝒅𝒄 > 𝟎 𝑾 

𝜼𝒊𝒏𝒗 ≤ 𝟎. 𝟏 𝑷𝒅𝒄 > 𝟐𝟎𝟎 𝑾 

𝜼𝒊𝒏𝒗 ≤ 𝟎.7 𝑷𝒅𝒄 > 𝟓𝟎𝟎 𝑾 

𝜼𝒊𝒏𝒗 ≤ 𝟎. 𝟕𝟓 𝑷𝒅𝒄 > 𝟏𝟎𝟎𝟎 𝑾 

𝜼𝒊𝒏𝒗 ≤ 𝟎. 𝟖 𝑷𝒅𝒄 > 𝟏𝟓𝟎𝟎 𝑾 

 

As a result of the above, Table II contains the total amount 

of records/samples considered for each inverter after 

cleansing. The percentage between rounded brackets re-

fers to the total available amount of 1 041 20. Note that the 

first stage is much more noticeable in terms of samples be-

cause it indirectly filters the daylight periods. 

 
Table II. – Samples considered for each inverter after cleansing 

 

Inverter Stage 1 samples Stage 2 samples 

1 481 944 (46.29%) 437 138 (41.99%) 

2 486 218 (46.70%) 444 817 (42.72%) 

3 463 443 (44.51%) 454 791 (43.68%) 

 

C. Sandia Inverter Model 

 

The Sandia Inverter Model provides a means to predict AC 

output power from DC input power, performing adjust-

ments to consider different levels of DC input voltage, as 

given in Equations (5)–(8),  

𝑃𝑎𝑐 = [
𝑃𝑎𝑐0

𝐴 − 𝐵
− 𝐶(𝐴 − 𝐵)] (𝑃𝑑𝑐 − 𝐵) + 𝐶(𝑃𝑑𝑐 − 𝐵)2, (5) 

 

𝐴 = 𝑃𝑑𝑐0[1 + 𝐶1(𝑉𝑑𝑐 − 𝑉𝑑𝑐0)], (6)  

𝐵 = 𝑃𝑠0[1 + 𝐶2(𝑉𝑑𝑐 − 𝑉𝑑𝑐0)], (7)  

𝐶 = 𝐶0[1 + 𝐶3(𝑉𝑑𝑐 − 𝑉𝑑𝑐0)], (8)  

where 𝑽𝒅𝒄𝟎 is the DC voltage level at which the AC power 

rating is achieved at reference operating conditions, 𝑷𝒂𝒄𝟎 

is the maximum AC power rating for inverter at reference 

conditions, 𝑷𝒅𝒄𝟎 is the DC power level at which the AC 

power rating is achieved at reference operating conditions, 

𝑷𝒔𝟎 is the DC power required to start the inversion pro-

cess, 𝑪𝟎 is a parameter defining the curvature of the rela-

tionship between AC output power and DC input power, 

and 𝑪𝟏, 𝑪𝟐, and 𝑪𝟑 are empirical coefficients that respec-

tively allow 𝑷𝒅𝒄𝟎, 𝑷𝒔𝟎 and 𝑪𝟎 to vary linearly with DC-

voltage input. As this model depends on both 𝑷𝒅𝒄 and 𝑽𝒅𝒄, 

it will henceforth be referred to as “Bidimensional Sandia 

Inverter Model”, whereas the simplified case in which the 

effect of varying 𝑽𝒅𝒄 is neglected, by considering and 𝑪𝟏, 

𝑪𝟐, and 𝑪𝟑 equal to zero as in Ref. [5], will constitute the  

“Unidimensional Sandia Inverter Model”.  
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D. Model fitting 

 
The algorithm to estimate the above parameters from in-

verter efficiency curves is summarized in Sandia’s website 

[6] and further explained in one of their reports [5]. Manu-

facturers usually provide these curves at three different DC 

voltage levels, so that the mid-level value can be considered 

the reference level 𝑽𝒅𝒄𝟎. 

 

However, as no information on the CICLO-3000 inverters 

efficiency curves was used, a different approach needs to be 

considered by adapting Sandia’s algorithm. First, the set of 

data for each inverter was divided into quartiles (Q1, Q2, 

Q3, Q4), considering 𝑽𝒅𝒄 as the dependent variable, to de-

termine the three voltage levels. The minimum and maxi-

mum voltage levels are calculated as the mean of the data 

grouped in the first (Q1) and the fourth quartiles (Q4), 

whereas the reference level is given by the mean of the data 

belonging to the second and third quartiles (Q2 and Q3). 

Then, a second order polynomial can be fitted to the three 

sets of data (Q1, Q2–Q3, and Q4), and continue with San-

dia’s algorithm from step 3c [6]. Bear in mind that, accord-

ing to the inverter’s specifications, the value of 𝑷𝒂𝒄𝟎 was 

fixed at 2500 W and the value of 𝑷𝒔𝟎 was corrected to 15 W 

because negative values were being obtained. This means 

that the effect of 𝑽𝒅𝒄 in Equation (7) was also neglected, by 

setting 𝑪𝟐 equal to zero. 

 

MATLAB’s function fit was employed to get the models 

presented in following section: polynomials of degree one 

and two were fitted at some steps of the Sandia’s algorithm, 

another unidimensional model was obtained by directly fit-

ting an exponential curve between 𝜼𝒊𝒏𝒗 and 𝑷𝒅𝒄, whereas 

the last bidimensional model is the result of fitting a surface 

between 𝑷𝒂𝒄, 𝑷𝒅𝒄, and 𝑽𝒅𝒄, and then deriving the expres-

sion for 𝜼𝒊𝒏𝒗 (note that 𝜼𝒊𝒏𝒗 = 𝑷𝒂𝒄/𝑷𝒅𝒄). 

 

Results 
 

Figures 2–5 offer an at-a-glance comparison of the good-

ness of fit for each model and inverter. These include the 

parametrized expression that has been fitted from the data 

available, except for Figure 4, in which the surface corre-

sponds to Equations (5)–(8), as described in Subsection 2. 

C. In this latter case, the parameters obtained for the San-

dia Inverter Model are encompassed in Table III. 

 
Table III. – Parameters of the Sandia Inverter Model  

 

Parameter Inverter 1 Inverter 2 Inverter 3 

𝑷𝒂𝒄𝟎 (W) 2500 2500 2500 

𝑷𝒅𝒄𝟎 (W) 2596 2526 2637 

𝑽𝒅𝒄𝟎 (V) 380 384 377 

𝑷𝒔𝟎 (W) 15 15 15 

𝑪𝟎 (W-1) 5.87 · 10-6 6.05 · 10-5 3.07 · 10-5 

𝑪𝟏 (V-1) 1.39 · 10-4 1.09 · 10-4 1.30 · 10-4 

𝑪𝟐 (V-1) 0 0 0 

𝑪𝟑 (V-1) 0.0466 0.0016 -0.0018 

 

Although the mean error (ME), root mean square error 

(RMSE) and the R-square coefficient are also shown in 

Figures 2–5 to give an idea of the goodness of fit, the dis-

tribution of the absolute error as a function of the DC input 

power has been included in Figure 6 as well, as in Ref. [5]. 

In general, Inverter 1 presents the worst results in terms of 

fitting (see in Figures 2–5) and the best modelling ap-

proach correspond to the exponential curves (see Figure 

3). Also note that, in Figure 4, the correction to consider 

the linear effect of 𝑽𝒅𝒄 according to the modified Sandia’s 

algorithm does not improve the results in Figure 2, possi-

bly due to lack of data for wider DC voltage levels. 

 
 

Fig. 2. Unidimensional Sandia Inverter Model (Model 1) 
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Fig. 3. Unidimensional exponential curve fitting (Model 2) 

 

 
 

Fig. 4. Bidimensional Sandia Inverter Model (Model 3) 
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On the contrary, the bidimensional model directly fitted 

(Figure 5) does seem to outperform the simplified Sandia 

Inverter Model in Figure 2. There is still some room for im-

provement in the case of Inverters 1 and 3, for which the 

fitted surfaces present asymptotic behaviors that yields bad 

estimates at low DC input power levels (especially for In-

verter 3).  

 

In any case, all the models tend to slightly overestimate the 

efficiency as shown by the negative ME shown in Figures 

2–5 and the error distribution in Figure 6, especially at lower 

DC input power levels when the uncertainty rises as well. 

The error is nevertheless well distributed around zero as in 

the case presented by Sandia National Laboratories [5], 

which contributes to prove the validity of this study.  

 

4.  Conclusion 
 

Four different models were fitted and validated for CICLO-

3000 inverters in their actual operating conditions, by fol-

lowing the framework proposed by Sandia National Labor-

atories [5]. Although no efficiency curves from the manu-

facturer were used, the data available allowed grouping and 

generating them for three DC voltage levels. 

The four models obtained will be refined in the future and 

compared against the efficiency curves obtained in a con-

trolled environment for a wider range of voltages, alt-

hough Model 2 has been in particular already used for a 

self-consumption facility [3]. On the one hand and in con-

trast to Sandia’s approach, it provides the efficiency value 

from an exponential curve, so it might result fruitful to as-

sess the fitting of exponential surfaces in this regard.  

 

On the other hand, as the surfaces for Model 4 were actu-

ally estimated between 𝑃𝑎𝑐 , 𝑃𝑑𝑐 , and 𝑉𝑑𝑐, it is not surpris-

ing the apparition of asymptotic behaviors when adapted 

to estimate 𝜂𝑖𝑛𝑣. When parameter estimation is subject to 

solving a non-linear optimization problem, as is the case 

for hyperbolic or exponential surfaces, more complex fit-

ting techniques will need to be used in the coming studies. 

 

Finally, readers should be aware of one assumption that 

might require a more in-depth analysis: the one-minute 

sample period is supposed to ensure steady-state condi-

tions as MPPT should take just some seconds to act [2], 

but if suddenly changing operating conditions occur, the 

data might require an additional filtering stage to exclude 

all the sample potentially corresponding to transients. 

 
 

Fig. 5. Bidimensional surface fitting (Model 4) 
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Fig. 6. Error distribution as a function of DC power for each inverter and model analyzed 
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