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 Abstract—The main topic of this article is the PhotoVoltaic Zero Energy Network (PVZEN) laboratory, which 

is an energy community for research purposes established at the Politecnico di Torino campus. The PVZEN 

laboratory has three users, each equipped with a PhotoVoltaic (PV) generator, lithium batteries with proper 

electronic converters, and emulators of electric appliances, including heat pumps. These users are capable of 

exchanging energy based on specific strategies conceived for maximizing the use of renewable energy 

sources. This work is focused on the identification of energy models that can describe the main components 

of the community. With the aim of providing reliable models that can enable other researchers in 

simulating the microgrid in different operating conditions, a monitoring system has been installed close to the 

relevant commercial devices, to obtain traceable measurements of electrical and environmental quantities. The 

reference results provided by the monitoring system allowed the multi-meter internal to the inverters to be 

characterized. Furthermore, the DC measurements provided by the monitoring system allowed reliable 

models to be identified for PV generators and storage systems. For the former, the identified models 

exhibited root means square errors between measured and predicted energy lower than 1 % during a time 

interval of about three months; for the latter, charge and discharge efficiencies and self-discharge were in 

agreement with expected values for the lithium batteries. 

 
 



 

I. INTRODUCTION 

HE new paradigm of energy communities in the energy sector enables local authorities, 

companies and private citizens to share energy production from renewable sources 

according to directives 2018/2001/EU and 2019/944/EU, within the “Clean Energy for All 

Europeans Package” [1], [2]. These directives are intended to promote the self-consumption 

of energy from renewable sources for developing a local energy trade. The number of pilot 

projects in this scenario has increased since European Union (EU) members started receiving 

these directives and the analysis of energy communities in 29 EU countries in 2022 can be 

found in [3]. Almost ten thousand energy communities are present in Europe and almost half of them 

are in Germany. An example is the village of Feldheim, where a localized energy system based on 

wind turbines, PhotoVoltaic (PV) generators, and biogas is in operation [4]. Another example is 

Samsø, a Danish island, which has reached carbon neutrality by significantly reducing its CO2 

emissions thanks to different sustainable technologies, such as on-shore and off-shore wind 

turbines, biomass-fueled district heating, solar systems, electric vehicles [5]. Ecoisola, which is 

located in Salina Island in Italy, is a pioneering energy community that effectively meets its energy 

requirements through the integration of PV and wind power plants, energy storage systems, and 

demand response strategy [6]. In general, most of the energy communities employ PV systems and 

electrochemical batteries, thus highlighting the importance of these two technologies. 

In the framework of energy communities, this paper deals with the PhotoVoltaic Zero Energy 

Network (PVZEN) laboratory, which is a micro-grid established at the Politecnico di Torino campus. 

The present paper focuses on the purpose of “energy community digital twin”, which can be used by 

researchers in any site for PV generators, with reasonable number of users and with any load power 

profile. Such a digital twin needs a metrological characterization of the PVZEN components, thus 

requiring an ad-hoc monitoring system that can provide traceable measurements of electrical 

quantities in Direct Current (DC) and Alternating Current (AC). In particular, the measurements 

provided by the multi-meters embedded inside the commercial power converters are compared to 

the measurements performed by a specifically designed data-acquisition system, which acts as a 

reference both for electrical and environmental quantities. 

This paper is the extended version of the I2MTC-2024 conference paper [7] and is organized as 

follows. Section II shows a review on the energy modelling of microgrid components. In section III, 

the description of the architecture of the PVZEN laboratory and the details about the models that 

simulate the main components are provided. Section IV describes the reference data-acquisition 

system and its metrological performance, while section V describes the methodology used to identify 

the parameters of the models involved. Section VI reports experimental results, which refer both to 
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the metrological characterization of the components of the PVZEN laboratory and the model 

identification process. The conclusions are summarized in Section VII. 

II. REVIEW ON ENERGY MODELLING OF MICROGRID COMPONENTS 

The novelty of the present paper is the combined effort in optimizing energy models for different 

microgrid components, e.g., photovoltaic systems, lithium batteries, and converters, and in providing 

traceable measurements supporting these energy models. In fact, this paper provides information 

about the measurement systems, calibration details and uncertainty evaluation, useful for the 

replicability of the proposed procedure. Moreover, measurements from the PV converters are 

compared to measurements obtained with the system calibrated by the authors. In this Section, a 

review related to the modelling of the above-mentioned microgrid components is presented, with a 

special focus on the qualification of measurements in terms of uncertainty. 

Regarding the modelling of PV generators, the literature review shows that papers generally do 

not provide adequate information about measurement uncertainty and traceability. The models can 

be subdivided into two main groups. The first group includes papers based on models that directly 

estimate the DC power at the Maximum Power Point (MPP) without calculating the entire current-

voltage (I-V) curve [8,9]. These “DC models” use simplified equations where power is proportional to 

irradiance [10], incorporating corrections for the losses due to temperature [11] and low irradiance 

[12]. The second group includes papers that rely on diode-based models [13], simulating the 

operation of PV arrays as equivalent circuits, such as single-diode or multi-diode configurations 

[14][15]. Although they offer higher estimation accuracy, they require high computational effort and 

are less used in microgrid simulations with respect to “DC models”. Moreover, a comparison 

between them in [16] showed that, for energy modeling, the use of a “DC model” is the best 

compromise between accuracy and computation effort. 

A common approach for the improvement of the DC model is the comparison of the simulated 

generation profiles and the measured data [17]. In [18], each parameter of the double diode model 

is calculated with formulae that use different parts of the measured I-V curve: for example, the points 

close to short circuit condition are used for the calculation of the shunt resistance. In [19], a similar 

approach is used that relies on a regression model. A different method is proposed in [8]: in this 

case, the DC theoretical model is modified by changing the value of the model parameters, or 

adding new formulae, to minimize the differences between measurements and simulations (e.g., the 

root mean square value). Nevertheless, in [8] the optimization of the model is done including also 

the DC/AC conversion efficiency and all the other sources of losses in the systems (e.g., the 

transformer), because few details are available about the analyzed plants. 



 

On the other hand, the research papers focusing on the data acquisition of microgrid components 

are generally lacking in the models and their optimization. For example, article [20] proposes a real-

time monitoring system for PV panels and incorporates uncertainty quantification in the 

measurement process. Nevertheless, the energy model is limited to the performance ratio calculation 

[21]. In [22], an in-situ calibration methodology for heterogeneous acquisition systems in PV plants 

is proposed. It introduces a multifunction calibrator for the traceable reference measurements of 

electrical signals, temperature, and irradiance, ensuring the measurement accuracy. Also in this case, 

the energy calculation is limited to the efficiency of the PV modules. A combination of PV modules 

modelling and measurement analysis is presented in [23], where the estimation of the required 

environmental quantities is analyzed together with their measurement system specifications. 

Table I summarizes the review of energy modelling and measurements on PV modules. The 3rd 

column “energy modelling” includes paper with a detailed discussion of the energy model; the 

papers comparing theoretical models with measurements, without modifying model parameters, are 

in 4th column. If the model parameters are changed to match the measurements, the reference is 

listed in the 5th column. 

TABLE I.   REVIEW ON ENERGY MODELLING AND MEASUREMENTS ON PV MODULES AND ARRAYS 
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[23] X  X X X 

Regarding the modelling of DC/AC converters and electrochemical batteries in PV plants, the 

literature review highlights again that papers generally do not provide enough information about 

measurement systems and uncertainties [24]. Regarding the inverter efficiency calculation, the 

possible models for the conversion losses are generally polynomial functions [25] and the use of 

second-order polynomials is usually the compromise solution. In [26], the authors use the same 

model of [25] and propose a procedure to check the correct operation of the PV converter for losses 

estimation; in this case, the measurement uncertainty is provided. Another work providing details 

about measurements on PV converters is [27], in which efficiency measurements are performed both 

by electrical input-output and calorimetric methods for thermal losses. 

Regarding the modelling of electrochemical batteries, circuit-based models are several [28]: the 

simplest one includes an ideal voltage source with an internal resistance, while more advanced 

versions integrate open circuit voltage, resistances, and RC circuits, with parameters identified 

through impedance spectroscopy techniques [29]. Mathematical models describe battery behavior 

using equations that relate physical quantities to internal circuit parameters, which are applicable to 

both charging and discharging conditions [30]. Nevertheless, in most cases, the papers provide 

information about measurement, but to perform them it is necessary to use small batteries, or in 

case of commercial devices, to open and disassemble the battery case, for example to disconnect the 

battery management system [31]. In this work, for the purpose of energy modelling, the State of 

Charge (SOC) model is selected for its simplicity, but adequate for microgrid energy modelling. It can 

be applied to any electrochemical storage device, and measurements can be easily performed on 

commercial systems. 

     
Fig. 1. The architecture of the PVZEN laboratory (left side), and internal block diagram of the converters (right side). 
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III. THE PVZEN PROJECT 

The PVZEN project is based on an experimental laboratory for energy communities at the 

Politecnico di Torino campus [32]. The laboratory includes PV generators, electrochemical 

accumulators, and electric users, including heat pumps for air conditioning (heating/cooling) of 

lab rooms and generic appliances such as lamps and electronic devices. Since the PV power 

profiles differ from users’ power profiles, electro- chemical storage systems give the possibility to 

compensate for this mismatch, permitting an optimal synergy between self- consumption of electrical 

production and self-sufficiency of users’ consumption. The PVZEN laboratory enables the testing of 

both the off-grid operation and the energy-community operation for the users. The role of the 

external utility grid is to support the micro-grid in case of electricity production deficit, above all 

during winter season. 

A. Configuration of the PVZEN laboratory 

Fig. 1 (left side) shows the main components of the three users in the PVZEN laboratory, i.e., the 

PV generators, the storage systems and the DC/AC converters. The electronic converters, in which 

the main functions are represented in Fig. 1 (right side) as black boxes, are crucial devices for the 

correct operation of micro-grids, since thanks to a controller they provide: 

● the internal MPP Tracker (MPPT) capability that optimizes the operation on the I–V curve of the 

PV generators by a DC-DC converter (PPV in Fig. 1); 

● the regulation of charge/discharge of the accumulators according to the constraints of their state 

of charge, but in the PVZEN lab the battery management systems are provided by the 

manufacturer of the lithium batteries (PB); 

● the suitable power quality (the output PL) in terms of frequency and Root Mean Square (RMS) 

value of the voltage waveform, minimizing the harmonic distortion in the DC-AC converter 

equipped with MOSFETs, commutated at 20 kHz by pulse width modulation; an internal switch 

enables or disables the connection to the external utility grid (PAC-IN in Fig. 1). 



 

The users are connected in parallel with each other as well as with the grid. Within this 

configuration, users can share their energy surplus with each other and can receive power from the 

external grid in case of energy deficit. The PV system is subdivided into three photovoltaic 

generators with a total peak power of 11.1 kWp (the peak power expressed in Wp refers to an 

irradiance value GSTC = 1000 W/m2). The mono-crystalline silicon (m-Si) PV modules have a rated 

efficiency of 21.4 % and a peak power of 370 Wp. The 

PV-module orientation towards the South in the northern hemisphere, combined with a tilt angle 

that depends on the latitude, allows to maximize the energy production. Nevertheless, the PV 

arrays in PVZEN have been installed to represent different non-optimal installation conditions on the 

rooftops of apartment buildings, especially regarding the azimuth angles. The first PV generator is 

equipped with 12 modules (peak power of 4.44 kWp) with an orientation (SE) of −64° relative to 

South (−90° is East, 0° is South and 90° is West). The second PV generator includes 6 modules 

(peak power of 2.22 kWp) with an orientation of 116° (NW). The third PV generator includes 12 

modules (peak power of 4.44 kWp) that are subdivided into two 6-module sub-generators: the first 

one has an orientation of −64° (SE) relative to South and the second one an orientation of 116° 

(NW) relative to South. All the PV modules have a tilt angle of about 10°. As a result of the non-

optimal installation conditions, irradiance is always lower than 1000 W/m2, then arrays never reach 

the peak power. For example, for the 4.44 kWp strings, the maximum power does not exceed 3.2 

kW. 

The storage systems of the three users exhibit equal energy capacities. Each user is equipped with 

four lithium batteries with a nominal energy capacity of 2.4 kWh per unit, thus obtaining a total 

nominal energy capacity of 9.6 kWh for each user and an overall capacity of 28.8 kWh for the 

microgrid. The batteries have a nominal voltage of 48 V, a charge capacity of 50 Ah, a maximum 

 
Fig. 2. Block scheme of the monitoring system installed on the first plant (PV generator with 12 modules) of the PVZEN laboratory. 



 

charging and discharging current of 100 A for one minute, and a Depth Of Discharge (DOD) of 

90%, thus the minimum SOC is 10%. 

Regarding the DC/AC conversion with sinusoidal output voltage (230 Vrms, 50 Hz), each user is 

equipped with a 5 kW converter that is designed to work both grid-connected and off-grid. For this 

reason, each device has an AC input for the connection to the grid and an AC output for the 

connection to the loads. The block diagram on the right side of Fig. 1 shows the main components 

of the converter: the DC power from PV array can feed the storage system, permitting its charge: as 

previously written, this DC/DC converter is equipped with a MPPT. The DC/AC stage can work also 

receiving AC power from the utility grid to charge the lithium batteries at DC side (rectifier mode); 

then, the power injection into the grid is set to zero. The connection with the grid can be 

disconnected (PAC_IN) for off-grid operations. 

Regarding the electrical loads, the three generation units are independently connected to real 

users, which are a laboratory of electronic measurements, some office appliances of a room, and a 

computer-server room. Moreover, each unit supplies a resistor bench that can reproduce known 

profiles of residential or office users, including heat pumps. The maximum power that each resistor 

can dissipate is 4 kW. 

Each inverter is equipped with a control and monitoring device that provides real-time information 

on the status of both inverter and PV-storage system that is connected to the same inverter. The 

main measurements provided by the inverter include the PV power (PPV), the power exchanged with 

the storage system (PB), the power absorbed from the AC input (PAC-IN), and the power delivered to 

the load (PL). In addition, the inverter reports the State Of Charge (SOC), the charge/discharge 

voltage, and the temperature of the storage system. According to the manufacturer’s specifications, 

the maximum relative admitted error for the measurements provided by the instrumentation built 

into the inverter is ±3% (±5%) for real-time measurements when the output power is higher (lower) 

than 20% of the rated power. One should note that the majority of manufacturers does not provide 

any information that allows the uncertainty of the measured quantities to be evaluated and the 

traceability of the same measurements is rarely ensured. For this reason, the monitoring system in 

PVZEN, which is described in section III-C, is a useful tool to obtain traceable measurements that are 

fully characterized in terms of uncertainty. 

B. Theoretical models for the simulation of PVZEN equipment 

The PVZEN microgrid is based on PV generation and lithium batteries. This subsection presents 

the selected energy models available in the literature for PV modules, DC/AC converters and storage 



 

systems. These models are selected because they offer a good tradeoff between accuracy and 

computational effort. Indeed, energy models employ equations to compute input/output efficiencies 

of energy transformations through the determination of the losses in the processes (they are optical 

in the glass of PV modules, electrical in the DC to AC conversion, etc.). However, energy models do 

not permit the reconstruction of waveforms (DC ones with ripples and AC ones with harmonics) and 

so the time scale is a minute or multiples of it, as a quarter of an hour. Moreover, the selected 

models can be easily included in convex or linear optimization [33], permitting easier and better 

management in case of steady-state simulation and control of a high number of users. The only 

model that cannot be totally linearized is the SOC calculation, because it includes an “if” condition, 

i.e., the formula changes whether the battery is in charge or in discharge state [34]. Moreover, the 

selected models can be used in most of the microgrid configurations and neither the selected 

energy models nor the proposed measurement procedures are affected by the interactions between 

users in the grid, particularly with regard to the converter and battery models. 

To calculate the production of a PV system, the global irradiance G on the module plane and the 

air temperature Tair are required [35]. These quantities can be measured by a weather station near 

the PV system or downloaded from online services [36]. In this PVZEN lab, the global irradiance has 

been measured by a pyranometer placed on the horizontal plane and the experimental results have 

been corrected to represent the irradiance on the plane of PV modules by the conventional method 

[8]. However, this method exhibits poor accuracy at low irradiance levels (G < 300 W/m2), as will be 

clarified in the Section VI.B, because diffuse irradiance is evaluated with an assumption of isotropic 

sky. As written in Section II, to evaluate the electrical power generated by PV modules (PPV), a “DC 

model” is used according to the following equations: 

 PPV = Ppeak ⋅ (G / GSTC) ⋅ ηlowG ⋅ ηtemp ⋅ ηmix (1) 

ηtemp =1+ γth ⋅ (Tmod – Tmod,STC);⋅ ηlowG = 1 - (G0 / G) (2) 

● Ppeak is the peak (or rated) power of the PV system at Standard Test Conditions (STC), i.e., irradiance 

GSTC = 1 kW/m2 and module temperature Tmod,STC = 25 ◦C; 

● G0 is the irradiance threshold value below which there is no PV generation in this hyperbolic model; 

● γth is the coefficient that expresses the dependence of the PV generation on module temperature 

Tmod; 

● ηmix is the mixed efficiency, which takes into account several loss factors, such as reflection and 

refraction losses, module soiling, mismatch losses and losses in cables due to Joule effect. 

The module temperature is evaluated from Tair and G using the following equation: 



 

 Tmod = Tair + (NOCT – Tair,NOTC) ⋅ (G / G NOCT) (3) 

where NOCT is the Nominal Operating Cell Temperature, which is the module temperature when 

the air temperature Tair,NOCT = 20 ◦C, the irradiance GNOCT = 800 W/m2 and the wind speed is 1 

m/s [37]. 

Regarding the DC/AC converters, power conversion losses Plosses can be modelled as a function of 

the output power Pout using the following quadratic equation: 

 Plosses = kquad ⋅ (Pout)2 + klin ⋅ Pout +P0 (4) 

where kquad models the losses as a square function of Pout and klin represents the losses linearly 

proportional to Pout and P0 is the converter self-consumption power [38].  

The operation of a storage system can be described by the evolution of its State Of Charge 

(SOC), which is defined as the ratio of residual to nominal energy capacity [39]. The SOC at the time 

instant t can be evaluated from the SOC at the previous time instant (t − 1) using the following 

equations for the charge and discharge phase, respectively: 

𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡 − 1) + |𝑃𝑃𝐵𝐵|∙∆𝑡𝑡∙𝜂𝜂𝑐𝑐ℎ
𝐶𝐶𝐵𝐵∙

− 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ∙∆𝑡𝑡
𝐶𝐶𝐵𝐵

 (5) 

𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡 − 1) − |𝑃𝑃𝐵𝐵|∙∆𝑡𝑡
𝐶𝐶𝐵𝐵∙𝜂𝜂𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ

− 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ∙∆𝑡𝑡
𝐶𝐶𝐵𝐵

 (6) 

● PB is the charge/discharge power in the time interval ∆t; 

● CB is the nominal energy capacity of the storage system; 

● ηch and ηdisch are the charge and discharge efficiencies; 

● Pself-disch is the self- discharged power. 

C. The monitoring system 

The measurement of time-variant electrical quantities can be carried out with two techniques: one 

is the multimeter approach, in which the RMS values of voltage and current waveforms and the 

average value of instantaneous power (active power) are the most important goals (high number of 

bits to obtain good resolution); the other one is the oscilloscope approach, in which the correct 

definition of the waveforms is the most important output (high sampling rate but poor resolution). 

For the commercial electronic converters, the multimeter approach is chosen by the manufacturers 

of a DC-DC converter and a DC-AC converter, to give general information about the input/output 

performance. Hence, also the instrumentation, used as a reference system by the authors, has the 



 

same multimeter approach, but with higher number of bits in terms of resolution to ensure better 

accuracy. 

The models described in Section III-B, which allow the behavior of PV generators, DC/AC 

converters and storage systems to be evaluated, can be identified using the measurements provided 

by the devices embedded in the inverters. However, equations (1) and (3) also require environmental 

quantities, such as the irradiance on the plane of the PV modules and the air temperature, which are 

not usually available. In addition, the traceability of the measurements of the electrical quantities 

provided by the inverters is not ensured and the uncertainty of these measurements is rarely 

stated. To fill this gap, the PVZEN laboratory has been equipped with a monitoring system that is 

able to measure both electrical and environmental quantities. Such a system is subjected to 

metrological confirmation [40], thus ensuring the traceability requirement and providing a full 

characterization of the different measuring chains in terms of uncertainty. 

A block scheme of the monitoring system that has been installed at the PVZEN laboratory is 

shown in Fig. 2, which refers to the first plant (PV generator with 12 modules). The other two plants 

are monitored in the same way for the DC and AC electrical quantities, while the environmental 

quantities are measured by a single pyranometer and a single weather station. The monitoring 

system is based on a 7 and half digits multimeter that embeds two 30-channels insulated 

multiplexed boards. The DC and AC voltages are directly connected to one board (gray background 

color in the figure), while the other low-level analog signals are connected to the second board 

(white background color in the figure). 

About the PV generator, the DC voltage (VDC) of each string made up of 3 modules is 

measured (thin dashed lines in Fig. 2) as well as the current of each string (IDC), which is converted 

into a voltage signal (thick dashed lines in Fig. 2) by means of a through-hole sensor with range of 50 

A, nominal conversion factor of 40 mV/A and uncertainty stated as ±(0.05% · reading + 0.01% · 

range) A. The DC voltage of the storage system is also measured and the corresponding current is 

sensed through a through-hole sensor with range of 500 A, nominal conversion factor of 4 mV/A and 

uncertainty stated as ±(0.04% · reading + 0.008% · range) A. 

For the AC quantities, the inverter is monitored both on the input (mains) and output (load) sides. 

The voltage lines are directly routed to the same board that measures the DC voltages, while the 

current from the mains and the current to the load are converted to voltage signals by means of clamp 

meters with ranges of 20 A and 200 A, nominal conversion factors of 100 mV/A (range 20 A) and 10 

mV/A (range 200 A), bandwidth of 1 kHz and uncertainty stated as ±(1.5%· reading + 0.5) A. The 



 

monitoring system provides the active power PAC with a relative uncertainty of ±0.2% in the range 

(0.1 ÷ 5) kW. 

Solar irradiance is measured on the horizontal plane by means of a broadband secondary-standard 

pyranometer with a nominal sensitivity of 10 µV/W/m2. The voltage signal at the output of the 

pyranometer, which exhibits maximum values of about 10 mV, is amplified (nominal gain 100) and 

then connected to an input channel of the multiplexed board that collects all the low-level analog 

signals. The relative measurement uncertainty of the solar irradiance is 2%, which mainly depends on 

the instrumental uncertainty of the pyranometer and its calibration uncertainty. 

The board that measures the pyranometer output also receives the signals from a device that senses 

the temperature of a module of the PV generator and from a weather station, which provides the 

measurement of the quantities: 

● air temperature and relative humidity, uncertainty 

±0.5 °C in the range (−20 ÷ 60) °C and ±3 %UR in the range (10 ÷ 90) %UR, respectively;  

● wind speed and direction, uncertainty ±0.5 m/s in the range (1 ÷ 40) m/s and ±5 ° in the 

range (0 ÷ 360) °, respectively; 

● atmospheric pressure, and precipitation absence/presence. 

IV. CHARACTERIZATION OF THE MONITORING SYSTEM 

Before the installation of the monitoring system in the PVZEN laboratory, all the measurement 

chains that are not provided with a calibration certificate have been subjected to a preliminary 

metrological characterization against reference standards (multifunction calibrator, digital multimeter 

and wattmeter). Such a characterization, which has been performed at the Testing and Calibration 

Laboratory of the Electronics and Telecommunications Department of Politecnico di Torino, has 

involved the digital multimeter and the DC and AC current sensors described in the previous section. 

During the characterization, the multimeter of the monitoring system has been set in the same 

configuration as it is used in the PVZEN laboratory, using an integration interval of 1 PLC to ensure 

a suitable noise rejection. 

About the measurement of DC and AC voltages, the multimeter exhibited measurement errors that 

were compliant to its specifications, then the instrumental uncertainty for these quantities is 

(0.005% · reading + 0.003) V in the range 300 V for DC voltage measurements and (0.06% · 

reading +0.15) V in the range 300 V and in the frequency range (0.04÷20) kHz for AC voltage 

measurements. 



 

Also, for the measurement chains of DC currents, which include the multimeter and the through-

hole current sensors, and AC currents, which include the multimeter and the clamp meters, 

measurement errors during the characterization resulted compliant to the maximum admitted errors 

obtained by the combination of the specifications of multimeter and current sensors. The 

corresponding instrumental measurement uncertainty is then (0.1%·reading +0.01) A in the range 

50 A (DC current measurements of the PV strings); (0.5% · reading + 0.5) A in the range 500 A (DC 

current measurements of the storage systems); ±(2.0% · reading + 0.2) A in the range (0.5 ÷ 20) A 

and in the frequency range (0.04 ÷ 1) kHz (AC current measurements). 

For the measurement of AC active power, the multimeter was compliant to its specifications, then 

the instrumental relative uncertainty for this quantity is 0.2% in the range 

(0.1 ÷ 5) kW and in the frequency range (0.04 ÷ 1) kHz. 

V. METHODOLOGY FOR MODELS OPTIMIZATION 

The parameters involved in the models described in section III-B were identified starting from 

environmental and electrical measurement data. In the following subsections, the procedures for 

estimating the parameters are described. 

A. PV generator 

In equation (1), Pnom and γth are provided by the manufacturer, while ηmix and G0 have been 

estimated. For the evaluation of the parameters, the measured PV power (PPV_meas) was compared to 

the estimated value obtained from equation (1). In particular, the parameters resulted from the 

minimization of the square error between the measured power and its prediction considering N sets 

of input data (i.e., sets containing module temperature Tmod_meas and irradiance Gmeas values sampled 

at the same time). The mathematical formulation of the optimization problem is the following: 

min
𝐺𝐺0,𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚

∑ �𝑓𝑓�𝐺𝐺0, 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 ,𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖,𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚_𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖� − 𝑃𝑃𝑃𝑃𝑃𝑃_𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖�
2𝑁𝑁

𝑖𝑖  (7) 

where f is equation (1) with the parameters γth = −0.003 ◦C−1 and Pnom equal to the rated power of 

each PV generator. 

The parameter optimization was carried out for all different string orientations of each PV 

generator. Therefore, one set of parameters was determined for generator #1 (Pnom = 4.44 kW) and 

another one for generator #2 (Pnom = 2.22 kW). On the contrary, two sets were identified for 

generator #3 (Pnom = 2.22 kW for each orientation). The optimization was carried out using the 

trust-region-reflective algorithm. 



 

Regarding the module temperature, the NOCT is the parameter to be estimated in equation (3). In 

this case, the measured module temperature Tmod_meas was compared to the estimated value, 

according to the following formula: 

min
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

∑ �𝑔𝑔�NOCT,𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖,𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎_𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖� − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚_𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖�
2𝑁𝑁

𝑖𝑖  (8) 

where g is equation (3). The input data for equation (3) were the measured air temperature (Tair meas) 

and the measured irradiance on the module plane (Gmeas). Since the module temperature is measured 

on the rear surface of the central modules of four strings (1E, 2W, 4W and 6E), two for each 

orientation, four separate optimizations were carried out. The same algorithm employed for the 

evaluation of G0 and ηmix (trust-region-reflective algorithm) was used. 

B. Inverter 

From the power conversion loss formulation in equation (4), the inverter input power (Pin) can be 

expressed as: 

 𝑃𝑃𝑖𝑖𝑖𝑖 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 

 𝐾𝐾0 ∙ 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 + (𝐾𝐾1 + 1) ∙ 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 + 𝐾𝐾2
𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛

∙ 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜2 (9) 



 

where Pnom is the inverter nominal power, K0 is equal to P0/Pnom, K1 is equal to klin and K2 is equal to 

kquad ⋅ Pnom. The three parameters K0, K1 and K2 were estimated. Since the PVZEN inverters are bi-

directional, two sets of parameters were determined, one for DC/AC conversion and another one for 

AC/DC conversion. For evaluating each set of parameters, the power entering (Pin_meas) and the power 

exiting the inverter (Pout_meas) measured by the data logging device of the inverters were used. The 

parameters resulted from minimizing the square error between the measured input power and its 

prediction, calculated using equation (9). The mathematical formulation of the optimization problem 

is the following: 

min
𝐾𝐾0,𝐾𝐾1,𝐾𝐾2

∑ �ℎ�𝐾𝐾0,𝐾𝐾1,𝐾𝐾2,𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜_𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖� − 𝑃𝑃𝑖𝑖𝑖𝑖_𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖�
2𝑁𝑁

𝑖𝑖  (10) 

where h is equation (9) with Pnom equal to 5 kW in DC/AC conversion and 3.5 kW in AC/DC 

conversion. Also in this case, the optimizations were performed in MATLAB using the trust-region-

reflective algorithm. 

A. Storage system 

Three parameters associated with the selected SOC model need to be defined: charge and 

discharge efficiencies and self-discharge power. For the estimation of ηch, ηdisch and Pself-disch, the 

 
Fig. 3. Generalised Gauss-Markov linear regression among the 
power measurements related to the PV generator of the first plant of 
the PVZEN laboratory. 

 
Fig. 4. Generalised Gauss-Markov linear regression among the 
power measurements related to the storage system of the first plant 
of the PVZEN laboratory 



 

charging and discharging power PB was needed together with the SOC evolution. Indeed, the 

predicted SOC, evaluated using equations (5) and (6), was compared to the SOC value provided by 

the battery management system through the data logging device of the inverter. Regarding PB, it 

was calculated from the voltage and current measurements performed by the PVZEN monitoring 

system. The three parameters resulted from minimizing the square error between the measured SOC 

and its prediction. The mathematical formulation of the minimization problem is the following: 

min𝜂𝜂ch,𝜂𝜂disch,
𝑃𝑃self−disch

∑ �𝑚𝑚�𝜂𝜂ch, 𝜂𝜂disch,𝑃𝑃self−disch,𝑃𝑃𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 ,∆𝑡𝑡𝑖𝑖� − 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖�
2𝑁𝑁

𝑖𝑖  (11) 

where m is equation (5) in charging and equation (6) in discharging, with CB equal to 9.6 kWh. In 

this case, the N pairs of input measured data must be time-consecutive because the SOC of a given 

moment depends on the previous one. In the first analyzed instant, the SOC of the previous interval 

was set equal to the measured one. The optimizations were carried out using the trust-region-

reflective algorithm. 

VI. RESULTS 

A. Evaluation of Measurement Errors 

One of the main outcomes of the monitoring system is the evaluation of the measurement errors 

of the devices internal to the inverters of the PVZEN laboratory that provide DC power (PPV and PB) 

and AC power (PL and PAC−IN). The identification of the models described by the equations (1), (4), (5) 

and (6) can take advantage from this kind of characterization. Furthermore, the comparison among 

the identification results based on the power measurements provided by the inverters and the ones 

obtained using the power measurements of the monitoring system is of great interest. The first 

comparison has involved the measurements of the DC power provided by the three PV generator of 

the PVZEN laboratory (PPV1, PPV2 and PPV3) and the measurements of the power exchanged between 

inverters and storage systems (PB1, PB2, and PB3). These quantities are compared to the power 

measurements provided by the monitoring system, which are obtained as the product between each 

DC voltage and the corresponding DC current, thus obtaining the reference values PPVi,ref = VPVi,ref 

·IPVi,ref and PPBi,ref = VBi,ref · IBi,ref (i = 1, 2, 3). 

Since the measurement devices embedded into the inverters are not synchronous with respect to 

the monitoring system, a specific pre-processing has been implemented in order to align the 

available results. In addition, the inverters have an update rate of 1 min (average of 12 

samples with 5 s acquisition interval), while the digital multimeter of the monitoring system 

updates the reference values with an interval of 20 s. For this reason, the comparison has been 



 

made among the average values provided by the inverters and the 4-sample moving average of 

reference values of the multimeter, thus covering a common time interval of 1 min. The 

measurements acquired from November 2022 to May 2023 have been processed selecting days 

characterized by clear weather conditions. The range of power measurements PPVi and PBi 

provided by the inverters have been subdivided into equally spaced intervals and the 

corresponding measurements PPVi,ref and PBi,ref have been associated to each interval. The mean 

value and the experimental standard deviation (type-A method for uncertainty evaluation 

according to the GUM approach [41]) of each quantity have been evaluated for each sub-interval 

and an unweighted least-square method has been implemented to obtain a preliminary linear 

fitting of the power mean values. Then, an outlier removal technique has been implemented that 

is based on the standard deviation σres of the regression residuals, excluding measurements that 

provide residuals that exceed 3 · σres. Once the complete dataset has been obtained, a Generalised 

Gauss-Markov (GGM) linear regression [42] has been used to relate the power measurements provided 

by the inverters to the corresponding measurements from the monitoring system. 

The linear regression results referring to the first PV generator are reported in Fig. 3 in the range of 

about 0 W to 

3.2 kW. In the figure, the blue dots are the couples of mean values PPV1/PPV1,ref obtained with the 

procedure described above, while the red line is the result of the GGM linear regression, which takes 

into account both the uncertainty of reference values (instrumental uncertainty + noise, light blue 

dashed lines in the figure) and reading of the inverter (noise, dark blue dashed lines in the figure). 

The main outcome of this analysis is the estimation of gain and offset errors of the device internal to 

the inverter, which are −4.4% and +0.85 W. 

The same results referring to the storage system of the first plant of the PVZEN laboratory are 

reported in Fig. 4 in the range of about −1.3 kW to 2.7 kW, where the minus sign is related to a 

power exchange from the battery to the inverter. In this case, the device internal to the inverter has 

shown a gain error of −0.3% and an offset error of about −11 W. 

Similar results have been obtained for the other two sections of the PVZEN laboratory, as 

summarized below: 

• PPV2: gain error = −4.6%, offset error = 1.5 W; 

• PPV3: gain error = −4.3%, offset error = 0.5 W; 

• PPB2: gain error = −0.1%, offset error = −13 W; 

• PPB3: gain error = −0.5%, offset error = −8 W. 



 

B. Models optimization 

The following subsections show the results of the optimization processes carried out to evaluate 

the parameters involved in the energy models. These results are obtained by averaging 1-min 

profiles to obtain 15-min profiles. This averaging is done to mitigate the lower performance 

observed in the measurement of irradiance values lower than 

300 W/m2, even though a second-class pyranometer is employed. This approach is justified by the 

purpose of the present work; actually, according to [43] the energy flows in grid applications are 

mostly calculated with quarter-hourly data. 

1) PV generator: The obtained values for G0 and ηmix are shown in Table II, where the parameter G0 

is included in a narrow range from 24 W/m2 to 27 W/m2, while the parameter ηmix has values 

between 0.84 and 0.91. The deviation of ηmix is mainly due to the PV module orientation between 

SE and NW, which can be due to different optical losses (reflection and refraction). Indeed, the PV 

strings with the same orientation show similar efficiencies. The analysis of the results that refer to 

the PV power calculated by equation (1) with respect to the PV power measured by the monitoring 

system highlights large deviations in the low power range, i.e. for power lower than 1 kW, as evident 

in Fig. 5. The main reasons for this behavior are: the use of the simplest model for the low 

irradiance-losses [44]; the poor MPPT capability at irradiance lower than 300 W/m2; the high 

uncertainty of the indirect measurements provided by the irradiance sensor in the above mentioned 

irradiance range. 

Table III displays some results that were obtained using 

N ≈ 7700 data points, corresponding to about 1900 h of operation. The squared error appearing in 

the objective function to be minimized is expressed through the square root of its mean value, 

referred to as Root Mean Square Error (RMSE): 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �∑ (𝑦𝑦�  𝑖𝑖− 𝑦𝑦𝑖𝑖)2

𝑛𝑛
𝑛𝑛
𝑖𝑖=1  (12) 

where 𝑦𝑦�𝑖𝑖 is the predicted value, yi is the measurement, and n is the number of observations. The 

RMSE is reduced during the process as well as the difference between the PV energy calculated 

using the measured power and the PV energy calculated considering the power estimated with 

equation (1). In particular, the energy difference becomes lower than 1%, in absolute value, for each 

PV generator. 

TABLE II 

G0 AND ηmix ESTIMATED VALUES. 



 

PV generator 

(orientation) 
G0 (W/m2) ηmix (−) 

#1 (SE)  24  0.91 

#2 (NW)  27  0.84 

#3 (SE)  25  0.89 

To improve the model behavior at low power level, another model for low-irradiance losses is 

adopted, that is based on the following expression of the parameter ηlowG: 

 𝜂𝜂lowG  = 1 −  𝑒𝑒(−𝐺𝐺 / 𝐺𝐺0)
 (13) 

The model identification with the equation (13) for ηlowG provided the results reported in Fig. 6 for 

the first PV generator, where the optimization process brings to the new parameters G0 = 91 W/m2 

and ηmix = 0.87. This exponential model for PPVcalc is very close to the hyperbolic model, since the 

slopes of the fitted curves are both higher than 0.98 and the constant terms are lower than 0.01, 

where the first is negative and the second positive. The future upgrade to reduce these remarkable 

deviations with power levels lower than 

1 kW will be the installation of an irradiance sensor, based on a calibrated solar cell, on the plane of 

the PV modules. 

2) Inverter: In Table IV the two sets of parameters involved in the conversion power loss model are 

 
Fig. 5. Identification results of PV generator model using the 
hyperbolic expression for the parameter ηlowG. 
 

 
Fig. 6. Identification results of PV generator model using the 
exponential expression for the parameter ηlowG. 

 



 

shown, together with additional details about the optimization results. The subscript "in" refers to 

“initial” condition; thus, it is used for inputs parameters from literature (for example, G0,in and ηmix,in). 

The subscript "in" is also used to identify the results of the mathematical model before optimization, 

i.e. the models with initial parameters. The implemented optimization reduced the initial RMSE 

(RMSEin), showing that the obtained parameters can represent the conversion losses better than their 

assumed initial values. These results represent a preliminary estimation as they were evaluated using 

measurements provided by the inverters, which are based on low-accuracy multi-meter. 

Improvements are expected in future work using measurements acquired by certified instruments. 

3) Storage system: The values of the parameters obtained for the three storage systems are shown in 

Table V. The RMSE between the measured SOC and its prediction is reduced to a few percentage points 

using the identified parameters (RMSEopt). Similar results were obtained for the three systems: this is 

reasonable as they consist of the same number of battery modules, are operated by the same type of 

battery management system and connected to an inverter of the same model, and were installed on the 

same date, which means same ageing. The charge and discharge efficiencies resulted in 98%. The 

average self-discharge power is 6 W, confirming a low value for lithium batteries. Using the identified 

parameters, the prediction of the SOC is close to that measured, as shown in Fig. 7 for the BESS #3. 

 
Fig. 7. Measured (blue line) and predicted (red line) SOC for the BESS #3. 

TABLE III 

RMSE AND ENERGY DIFFERENCE BETWEEN MEASUREMENTS AND PREDICTIONS. 

PV generator (orientation) 
Using G0,in and ηmix,in Using G0 and ηmix 

RMSE (W) Energy difference RMSE (W) Energy difference 

#1 (SE) 106.9 3.3% 103.2 −0.39% 

#2 (NW) 81.7 13.3% 61.8 0.56% 

#3 (SE) 61.4 5.5% 56.4 −0.24% 

#3 (NW) 70.5 11.9% 53.1 −0.23% 

TABLE IV 

RESULTS OF INVERTER PARAMETERS EVALUATION. 

Direction RMSEin(W) RMSEopt(W) K0 K1 K2 



 

DC/AC 50.6 42.5 0.014 0.008 0.153 

AC/DC 44.0 25.6 0.020 0.005 0.165 

TABLE V 

RESULTS OF STORAGE SYSTEM PARAMETERS EVALUATION. 

BESS RMSEin(%) RMSEopt(%) ηch ηdisch Pself-isch (W) 

#1 40 2.0 0.98 0.98 2.9 

#2 28 2.5 0.98 0.98 8.6 

#3 35 1.2 0.98 0.98 6.1 

VII. CONCLUSIONS 

A methodology has been proposed in this paper for identifying reliable models that describe the 

behavior of the components of a PV plant, which are PV generators, power converters and storage 

systems. Results that refer to the identification of these models for the components of the PVZEN 

laboratory have been also reported, which could enable other researchers in simulating energy 

communities in different climate conditions and with different load profiles. Particular attention has 

been paid towards the reliability of the identified models, which is strongly related to the 

measurements of the involved quantities, which are DC and AC power and environmental quantities. 

With the aim of obtaining traceable measurements that are qualified in terms of uncertainty, a 

monitoring system has been installed along the whole PVZEN laboratory that is able to provide 

environmental quantities and electrical quantities upstream and downstream the power converters. 

Experimental results are provided that refer to the characterization of the measuring devices 

embedded into the inverters of the PVZEN laboratory as well as to the identification of the proposed 

models. 

About the characterization step that refers to the measurement of the DC input power from the PV 

generators, negligible offset errors were obtained, while the gain errors were close to −5% that 

exceed the manufacturer’s specification (relative error of ±3% for power measurements higher than 

20% of the rated power). On the contrary, gain errors lower than −0.5% and then compliant to the 

manufacturer’s specifications were obtained for the measurement of the power exchanged between 

inverters and storage systems, with a maximum offset error of −13 W. These outcomes highlight the 

large difference between the uncertainty provided by the monitoring system installed along the 

PVZEN laboratory (see section III.C) and the uncertainty of the inverter measuring devices. For this 

reason, the models for PV generators and storage systems have been identified based on the 

monitoring-system measurements, which also ensure the metrological traceability. The identification 

process provided reliable models for the PV generators that exhibit root means square errors 



 

between measured and predicted energy lower than 1 % during a time interval of about three 

months. Furthermore, the model at low irradiance values has been improved by means of an 

exponential relationship. About the storage systems, charge and discharge efficiency of 98 % have 

been obtained and the average self-discharge power for the three plants was of about 6 W, which is 

conform to the typical behavior of lithium batteries. For the models of the power inverters, the 

identification process relied on the AC power measurements provided by the measuring devices 

internal to the inverters, since the metrological characterization of these devices for AC 

measurements have not been completed yet. The preliminary results have shown the effectiveness of 

the optimization process, which allows the root mean square error of the power losses to be 

significantly reduced. However, better results are expected once the same models will be identified 

using the AC measurements provided by the reference monitoring system. 
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