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Abstract- The present trend towards extended adoption of energy production from renewable sources is leading to in-creased
attention towards the diffusion of grid-connected photovoltaic (PV) systems. Different technologies are available for the
connection of the PV systems to the grid through inverter-based Power Conditioning Units (PCUs). This paper presents the
results of a comparative study referred to the characteristics of different types of PCUs, based on the experimental results
obtained for a wide range of solar irradiance and operating conditions. The performance of the grid connection has been
characterised by using a set of parameters, referred both to the DC and to the AC side of the inverter, such as the efficiency of
the maximum power point tracking, the DC/AC efficiency, the power factor and the harmonic distortion of voltage and current
at the interface with the grid. The PV systems have been further characterised by considering their ability of avoiding the
undesired islanding operation through relatively fast detection of the islanding conditions and fast PV system shutdown. The
results are discussed and compared to the specifications provided by the manufacturers and to the limits imposed by some
standards.
Keywords— grid connection, harmonic distortion, inverter, islanding, maximum power point tracking, photovoltaic systems,
power conditioning unit, power quality

I. INTRODUCTION
In the last decades, the energy production from renewable sources has become an increasingly important subject, in a framework
aimed at reducing the environmental pollution and at pushing forward the development of technologies for alternative production of
energy. The economic barriers that are of obstacle to a widespread evolution of some types of energy production from renewable
sources have often been reduced by offering specific incentives towards the construction and operation of new plants and systems.
In this framework, Photovoltaic (PV) systems have been subject to special attention. However, the present size of most PV systems
is still relatively limited and not sufficient to cover the entire local load. The size limitations make PV systems suitable to operate as
local generators in peak-shaving mode, to reduce the load demand seen by the grid. As such they must be rapidly disconnected
whenever the grid is switched off (for islanding prevention), as well as in case of over/under voltage or over/under frequency. In
these cases, suitable protections shutdown the PV system within time limits specified by specific Standards [2].
The PV system components can be schematically represented as in Fig.1. The DC side includes a number of arrays of PV modules,
interfaced with the external grid by means of inverters or, more generally, Power Conditioning Units (PCUs). The main components
of the PCU are the Maximum Power Point Tracker (MPPT), the DC/AC converter
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Fig. 1 Layout of a PV system connected to the single-phase grid
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Table 1 Power Conditioning Unit Specifications
Unit A B C D
transformer HF LF HF LF
nominal DC power PDCn (W) 2700 2770 2700 1600

MPPT voltage range AVMPPT

V) 66-120 268-550 150-400 140-400
MPPT efficiency nMPPT 99 % 99 % 99 % 99 %
nominal AC power PACn (W) 2500 2600 2500 1500
nominal efficiency nDC-AC 93 % 94 % 93 % 93 %
power factor PF 1 1 1 1

THD of nominal AC current
THDI - 4% 3% 4%

run-on time tl (ms) 10 200 - 200

The internal protections and various control systems required for performing efficient PV system operation. The scope of the MPPT
is to optimise the performance of the PV modules by tracking the maximum power point of the current/voltage characteristic with
the highest possible accuracy, in function of the conditions affecting the DC power supplied (solar irradiance and temperature). In
addition, the electrolytic capacitor C acts as buffering storage device to balance the fluctuations of the single-phase instantaneous
power demand at the AC side, that occur at double frequency with respect to the grid frequency, in order to limit the DC voltage
ripple at the input section of the PCU. The other controls are aimed at providing AC power supply with acceptable features in terms
of high power factor and reduced waveform distortion [3]. In the presence of multiple PV systems operating in a close portion of the
distribution system, the PV system interactions have to be specifically analysed [4, 5], since they could lead to malfunctioning of the
controls, being each control typically designed on the basis of the individual PV system characteristics.

Various technologies are available for performing the DC/AC conversion [6, 7, 8, 9]. Self commutated inverters (with MOSFETS or
IGBTs in bridge con-figuration) are equipped with Pulse Width Modulation (PWM) and High Frequency (HF) or Low Frequency
(LF) transformer. Different solutions are also available for what concerns the number and location of the inverters in the PV system,
including a centralised inverter for the whole array of PV modules, string inverters (one inverter for each string of PV modules
connected in series) or module integrated inverters (a single inverter for each PV module) [10]. In particular, the adoption of module
integrated inverters leads to some benefits, concerning system modularity, increased system availability, and minimisation of the
losses due to mismatching of the current/voltage characteristics, because of the individual and independent control of the single
inverters. As a counterpart, the inverters integrated in the single modules must withstand the different climatic conditions that occur
during the PV system operation and must be individually equipped with islanding protections.

This paper reports on the results of an experimental investigation carried out on a set of relevant technical aspects concerning the
connection of PV systems to the external grid. A first aspect is the characterisation of the PCU performance by using a set of
parameters, referred both to the DC and to the AC side of the inverter, such as the efficiency of the maximum power point tracking,
the DC/AC efficiency, the power factor and the harmonic distortion of voltage and current at the interface with the grid [11]. A
further aspect is the characterisation of the ability of the PV system to provide a relatively fast shutdown in order to avoid undesired
islanding operation.

The investigation concerns four PV systems connected to the LV three-phase grid. For the sake of comparison, the systems have
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similar values of the total power (about 20 kW). All the PV plants have been funded by the Italian programme »10,000 PV roofs«
[12] and are in operation since 2002.

The PV systems data are summarised in Table 1. Three PV systems (A, B and C) include six single-phase inverters, with groups of
two inverters connected in parallel to each single phase. The PV sys-tem D includes eight single-phase inverters, with two groups of
three inverters and one group of two inverters connected to the three-phase grid. The PWM inverters belong to different
manufacturers. In particular, the inverters A and C use the HF transformer, whereas the inverters B and D adopt the LF toroidal
transformer. For the sake of comparison, the active power is normalised with respect to the nominal DC power of the inverter.

1. EXPERIMENTAL TESTS FOR POWER QUALITY CHARACTERISATION

A. Definitions of the Parameters

A global view of the power quality issues has been considered for the experimental study, including the information available

from measurements both at the DC side and at the AC side [12]. In particular:

1) PDC is the PV power, that is, the input power of the PCU

2) PAC is the active power at the grid side

3) PMAX is the maximum power calculated on the power-voltage P(U) characteristic obtained by the transient charge of a
capacitor (see subsection 2.2)

4) UAC is the RMS voltage at the AC side

5) 1AC is the RMS current at the AC side

6) Ik isthe RMS value of the k-th harmonic order component of the AC current supplied to the load

7) Uk is the RMS value of the k-th harmonic order component of the AC voltage at the point of grid connection

8) nisan even number representing the highest harmonic order considered in the study.

The following parameters have been used for characterising the PCU performance in terms of power quality:

a) The MPPT efficiency is the parameter describing the optimum utilisation of the PV array [12]. It represents how close to the
maximum power PMAX the MPPT is operating and is expressed by

MPPT = e

max

b) The inverter efficiency is defined in the conventional way as the ratio between the output and the input power

c) The Total Harmonic Distortion (THD) of the AC current

d) The THD of the AC voltage

2 Uz
k=2

THD, =2

B. Instrumentation

The experimental tests on the PV systems have been carried out in clear days, for a wide range of solar irradiance. The results
analysed are extracted from daily measurements. The analysis has been performed by taking into account national and international
standards, guidelines and specifications [10, 7, 8, 9]. Dedicated Lab View [12] software has been used for automatic data acquisition.
The software is based on a Data Acquisition board (DAQ), integrated into a notebook PC. The DAQ specifications are the sampling
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rate (500 kSa/s), the resolution of the Analogue Digital Converter (12--bit), the number of channels (8 differential channels) and a
voltage range of +10 V. Suitable voltage and current probes (used as a signal conditioning stage to extend the range of the measured
quantities) must have operational amplifiers with both high input resistance (> 1 MQ), in order to neglect the »loading effect«, and
low output resistance (<50 Q), for obtaining low time constants with the capacitance of the Sample & Hold circuit in the DAQ
board. Typical uncertainty can be within £0.1 % for voltage measurement, £0.4 % for current measurement and about £0.5 % for
power measurement. These values have been obtained by performing a suitable calibration procedure, in the laboratory, on the
measurement chain composed of DAQ and probes. Without this calibration, the uncertainty would be significantly higher (e.g., 1 %
or more).

The software implements Virtual Instruments [11] behaving as storage oscilloscope and multimeter for measurement of RMS
voltage (600 V), current active power and power factor. The multimeter also performs harmonic analysis for the calculation of the
Total Harmonic Distortion and operates as data logger with user-selected time interval between two consecutive measurements.

C. Tracing The Pv Generator Current-Voltage Characteristic By Transient Charge Of A Capacitor
In order to measure in a single sweep the cur-rent-voltage 1(U) characteristic of a PV generator, proper measuring circuits of the first
and the second order (with LC resonant components) can be used [12, 11]. Concerning the circuit of the first order, which gives the
I(U) only according to the generator operation, Fig 2. shows the scheme related to the method of the transient charge of capacitor
(initially uncharged). The PV current, du-ring the transient charge, is measured by a four-terminal shunt (or a current probe based on
the Hall Effect) and converted into a voltage signal, as well as the voltage across the PV generator.

Breaker

>

PV generator Capacitor

Shunt

Shielded

Signal cable PCMCLA

Conditicning |:> DAQ :> Pe

Fig. 2 Data acquisition system for tracing the 1(U) characteristic of a PV generator

The PV array can be seen as an equivalent generator. Depending on the operating point imposed by the load, this generator can be
conveniently modelled by using the Norton generator (in the region of operation with almost constant current) or the Thévenin
generator (in the region of operation with almost constant voltage), obtaining a linear approximation of the actual 1(U) characteristic.
Then, the transient evolution associated to the capacitor charge can be divided into two parts. The first part can be studied as a
capacitor charge with constant current and linear voltage, whereas the second part corresponds to a charge with a real voltage
genera-tor, leading to an exponential evolution of both voltage and current.

At the closing of the breaker, the voltage across the capacitor cannot change instantaneously and hence the PV generator changes
abruptly its condition from open circuit to short circuit. Fig. 3 shows that the current signal is, at first, enough constant and the
corresponding voltage linear up to, roughly, the voltage of maximum power U M (equal to almost 80 % of the open circuit voltage).

U
The duration of this part of transient is approximately inversely proportional to the At = —L

SC

short circuit current ISC and thus to the solar irradiance. Then, around the maximum power, the sub-sequent evolution is similar to
an exponential, both for current and for voltage: also this duration de-pends directly on the capacitance. During the transient charge,
in which solar irradiance and temperature are considered constant, the I(U) characteristic is covered in a single sweep from the short
circuit to the open circuit condition.

For deeper understanding, it is necessary to mention the junction capacitance of PV generators, which has low value (much lower
than microfarads), because an high number of series connections of PV cells (in the modules) and of PV modules (in the strings) is
often used to obtain the PV genera-tor. Therefore a sharp peak of current, higher than the short circuit current, arises immediately,
during the transient, when the voltage across the PV generator is shorted by the capacitor (Fig. 3). With reference to the capacitance
of capacitor, values within 1-5 mF can be suitable for obtaining transient durations within 5-100 ms, so that it is possible to neglect
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the interaction with the junction capacitance and assume constant solar irradiance and temperature.
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The current-voltage curve of Figure 4 is obtained by plotting the values of current and voltage corresponding to the same time
instant. In addition, multiplying the current values by the corresponding voltage gives the points of the power-voltage curve shown

in Fig. 4.

7 28
6+ 24
54 120
- =
g 41 6~
g3l 12 &
57 S
27 P8
14 L 4
0 T T T T T T T T 0
-1 1 b 3 4 5 6 ' 8 9

Fig. 4 Current-voltage and f)%wer-voltage characteristics

D. MPPT Efficiency
The MPPT efficiency is obtained from two tests, carried out as close as possible in order to maintain similar ambient conditions

(solar irradiance and temperature). The first test determines the current-- voltage 1(U) and power-voltage P(U) characteristic by the
transient charge of a capacitor. The maxi-mum power PMAX is determined from the complete I(U) and P(U) curves (Fig. 4) . The
second test determines the power Pdc(t) as product of the DC voltage UDC(t) and current IDC(t) signals of the
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1 80
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331 1405
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T 20
14+
i . . v - : 0
0 4 8 12 16 20 24
voltage, V

Fig. 5 MPPT efficiency for the PCUs tested

inverter. Since the AC single-phase load demands an instantaneous power fluctuating at double frequency with respect to the grid
frequency, voltage and current exhibit a 100 Hz ripplg,-evaluated as the peak to peak values 2 2 U2 k and 2 2 U2 k with respect to
the mean values U0 and 10, respectively, for k = 1,..., n/2. The ripple voltage and the ripple current always have a 180°

phase shift, that is, on the I(U) characteristic, if voltage increases, then current decreases. On the other hand, ripple voltage and
ripple power can have a 0° or 180° phase shift, respectively if the operating points on the P (U) characteristic are biased on the left
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(dP/dU > 0) or on the right (dP/dU < 0) with respect to the MPP. If the operating points on the P(U) characteristic are not biased, it
is difficult to state the phase shift of pDC(t) with respect to uDC(t). The ripple power must be as low as possible, because it
decreases the mean value (active power PDC) with respect to the maximum value. The expression of the power PDC is

Pdc :Uolo +kz Uzklzkcos¢2k
=1

where cos ¢2 k is negative, so that PDC is lower than the product U 010. An approximation (in excess) of the MPPT efficiency can
be provided by measuring the DC signals with the peak value of pDC(t) assumed as PMAX, without determining the whole P(U)
characteristic. The MPPT efficiency values shown in Figure 5 have been obtained by repeating the measurement of uMPPT, carried
out by the above mentioned approximation, for different conditions of PDC (corresponding to different values of the solar
irradiance).There are various causes that may decrease the MPPT efficiency, the main ones being:

1) The adoption of simplified MPPT strategies

2)  The presence of overload due to high solar irradiance or high inverter temperature;

3)  The shading effect on some modules of the PV array.
About MPPT strategies, an example is shown where the MPPT of the PCU A imposes the operation at fixed voltage (about 80 % of
UOC), where the open-circuit voltage UOC of the PV array is assesses by means of a fast open-circuit measurement at time

intervals of about two seconds (e.g., Fig. 6). This practice does not correspond to searching for the true MPP, and as such it leads to
relatively low values of the MPPT efficiency.
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Fig. 6 Voltage and current ripples at the DC side in the presence of overloading
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Fig. 7 operating points imposed by the MPPT in the presence of the shading effect
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Fig. 8 Voltage and current ripples at the DC side in the presence of shading effect

An example of overload is shown in Fig. 6 for the same PCU A. In overload conditions, the MPPT is intentionally disabled, so that
the operating point moves away from the MPP, reaching locations at higher voltages with respect to the one corresponding to the
MPP, in a region of the 1(U) characteristic with high (negative) slope and resulting high amplitude of the current ripple.

For what concerns the shading effect, tests carried out on a facade PV plant with the inverter A have put into evidence a partial
shading effect occurring during morning periods in part of the year (from April to September) [12]. This shading effect,
concentrated on some cells of a PV array, determines a mismatch of cell current-voltage I(U) characteristics, with an important
reduction of the avail-able power, only limited by the bypass diodes, i.e., diodes connected in anti-parallel to a group of PV cells in
order to limit the negative impact of the shading effect. Furthermore, the shaded cells can work as a load and the hot spots can rise.
In order to evaluate the PCU performance in shading conditions, experimental data have been collected. As shown in Fig. 7,
representing the right-hand sides of the complete P(U) and I(U) characteristics, the P(U) characteristic changes shape and can
exhibit more than one maximum power point. More specifically, the maximum power corresponds to a voltage lower than the
operating voltage range of the MPPT indicated in Table 1. Then, very high amplitudes of the peak-to-peak voltage and current
ripples occur (Fig. 8) with operating points even located far from the local maximum (Fig. 7) and the MPPT efficiency falls down

considerably.

E. Dc/Ac Efficiency
Fig. 9 shows the DC/AC efficiency values for the PCUs tested. The PCUs B and D, with LF toroidal transformer, generally exhibit

better performance than the inverters with HF transformer. The PCU B, which exhibits the best performance, has high nominal
power and DC voltage within the range 300-350 V, allowing for selecting the turns ratio of the transformer close to unity to obtain
the peak value of the grid voltage U p = 2Ur = 325 V (with single-phase nominal voltage Ur = 230 V). The PCU B maintains high
DC/AC efficiency also at low DC power (PDC < 30 % of nominal DC power), where there is a large number of hours of operation.
On the other hand, the PCU D
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Fig. 9 DC/AC efficiency of the PCUs tested
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operates at a lower voltage level, i.e., in the range 150-190 V. Moreover, the PCU D has a larger spread of the DC/AC efficiency
values due to a wider range of operating conditions, also including overloads caused by high solar irradiance. The relatively lower
efficiency of the PCU A is also affected by the systematic shading effect, as shown in the previous subsection, that also produces
even harmonics of the AC current; even harmonics are not present in the AC voltage and thus do not contribute to the AC active
power production. The PCU C is able to guarantee high DC/AC efficiency at high power, but its efficiency falls down when the
power decreases.

F. Total Harmonic Distortion

From the power quality point of view, the grid connection of PV plant through inverter implies the presence of distorted current
waveforms, even if the voltage at the grid side has negligible distortion when the PV plant is not connected (open connection). The
presence of a distorted voltage waveform

in the open connection leads to the modification of the harmonic spectrum when the PV plant is connected [25]. Clearly, the nature
of the current distortion, represented by the most involved harmonic orders, varies from case to case and during time. The worst
power quality conditions may occur at low loading [23, 24], but in these cases the current magnitudes are relatively low and do not
cause significant problems.

The Total Harmonic Distortion (THD) values of the AC currents are shown in Fig.10. The PCU A has a poor harmonic behaviour,
since the THD of its currents never falls below 8 %. The other PCUs exhibit decreasing values for increasing values of the DC
power. The THD of the currents for the PCUs C and D show variations in a relatively large range, whereas the THD of the voltage
remains close to the same values, as shown in Fig.11.

The PCU D presents a particular behaviour, with the presence of high current THD spots at high power. These spots are due to the
effect of the net-work impedance measurement circuit, based on the
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Fig. 10 Total Harmonic Distortion of the current for the PCUs tested
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Fig. 11 Current vs. voltage Total Harmonic Distortion for the inverters tested
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Fig. 12 Power factor of the PCUs tested

temporary switching of a RC circuit at time cadence of about 5 s. This technique, used for islanding detection [26], produces
distortion to the cur-rent waveform, deteriorating the current THD. The number of spots detected depends on the time cadence with
which the measurements are performed (12 s in this case) and on the length of the time interval used to compute the THD (100 ms).
The lack of synchronism between harmonics measurement and network impedance measurement deter-mines the possible presence
of capacitive peaks in the current waveform sampled for performing harmonic analysis.

The PCU B exhibits better characteristics with respect to the other PCUSs, since the THD of its currents remains relatively low even
in the presence of the largest distortion of the voltage, for the entire range of normalised DC powers.

In order to check the fulfilment of the maximum limits allowed for the waveform distortion, Fig.10 shows that the PCUs B and C, as
well as the PCU D in most of the cases, satisfy the requirement of current THD lower than 5 % at full load imposed by [18], while
the PCU A never reaches the required level. However, from the experimental results it is clear that the indications concerning the
harmonic distortion should be more specifically referred to the voltage THD and possibly to various power levels.

G. Power Factor

The power factor embeds the contributions of both the phase shift between current and voltage at the fundamental frequency, and
the harmonic distortion of the waveforms. All the PCUs tested exhibited a qualitatively similar behaviour above 50 % of the
nominal DC power (Fig. 12). How-ever, the PCUs C and D exhibit significant reductions of the power factor at low DC power. In
particular, the power factor values for the PCUs C and D are lower than the ones proposed by some standards, e.g., the IEEE
Standard 929-2000, according to which the PV system should operate at power factor higher than 0.85 when the output exceeds
10 % of the rating [27]. Furthermore, the PCU C presents low power factor but relatively low harmonic distortion content, so that
the power factor reduction in this case has to be associated to a scarcely effective phase angle control.

11l. AVOIDING THE ISLANDING OPERATION

Islanding operation occurs when, in the absence of supply from the utility grid, the PV plant opera-tes alone to supply the local load.
When an island is formed, frequency and voltage may exceed the acceptable ranges, so that frequency and voltage monitoring can
recognise the island formation and can switch the PV plant off. However, in case of sufficient balance of generation and load, the
monitored quantities may fall into a range for which the protections are unable to work (the non-detection zone) and the island could
persist without trip of the protections. Hence, efficient islanding detection must include the addition of specific functions to the
common protection schemes, e.g., measurement of the network impedance. Phase criteria based on the detection of zero phase error
between the PV output current and the voltage at the PV terminals have been illustrated in [12] in order to reduce the size of the
non-detection zones. A further phase--shift method is illustrated in [11]. Different functions have been tested in [11] on typical
circuits for islanding protection. However, several test circuits have been proposed in the literature and the standardisation of the
criteria for islanding detection is still in progress [6, 12]. The typical parameter representing the ability of automatic shutdown of the
PCU after a lack of supply at the utility side of the network is called run-on time [3, 2] and consists of the time elapsed between the
instant of utility disconnection and the instant at which the interruption of the current supplied from the PV system has been
completed.
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A typical categorisation of the islanding events leads to identifying short-term (< 1 s) and long-term (> 1 s) islanding operation.
Long-term islanding operation has to be avoided, mainly for ensuring the system safety. In fact, during islanding the maintenance or
repair personnel, arriving to operate on an expected isolated feeder, could be unaware that it is still energised and could then be
injured. In addition, after opening the circuit breaker from the utility side, the islanded PV system would lose synchronism with
respect to the utility. The analysis of PV system islanding also requires to take into ac-count the possible mutual interference among
the islanding prevention methods, That could lead to longer run-on times and possible failure to detect islanding if several PV
systems are present in the island.

The islanding tests have been carried out by per-forming measurements at the AC side of each single inverter. Concerning the PV
system protection, some national specifications [33] require introducing redundant islanding protections, with both the local
protection at the (output) AC side of each inverter and a centralised protection for the three--phase system at the grid side. The
presence of these protections impacts on the time evolution of the shutdown process.

The run-on time has been evaluated by using the circuit of Fig.13. The run- on time evaluation has been carried out in the worst case,
where the active powers of inverter and load are equal, PAC = Pload, and the reactive power is null. This worst case corresponds to
the matching condition: at the moment in which the grid is switched off, the cur-rent supplied by the inverter has the same RMS
value as the current of the local load, thus making it difficult to detect the islanding condition and to deactivate the PV system. In

case of different RMS currents between inverter and load, the release of relays is easier, since an over-voltage or under voltage

occurs after the grid deenergization . g _
DAQ integrated into PC

i u

7P 7 °

PV module PCU Utility grid
i . s

Utility
breaker

load

Fig. 13 Circuit for the islanding time detection
The average values of the run-on times occurred on a set of tests are around 7 ms for the PCU A, 120 ms for the PCUs B and D, and
60 ms for the PCU C. For the PCU A, Figure 14 shows that the PCU switch-off is very fast (6 ms), in line with the values specified
in Table 1. Its run-on time could even be too fast with respect to the switch-off du-ration required by most standards (about 200 ms),
leading to possible untimely trip. For the PCU B, Fig. 15 and Fig. 16 show the time evolution of the load current and of the voltage
at the terminals of the circuit breaker, respectively in case of measurement on the phase and on the neutral pole of the circuit breaker.
The run-on time is 84 ms for the case in Figure 15 and 80 ms for the case in Fig.16. Both cases are within the inverter specifications
shown in Table 1. However, in a few cases one of the inverters of the PCU B exhibited run--on times up to 280 ms, exceeding the

manufacturer's specifications (200 ms). The time evolution of the switch-off for the PCU C is shown in Fig.17 for a run-on time of

63 ms. The PCU D has similar 400~ _12
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Fig. 14 Shutdown test results on the PCU A
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Fig. 17 Shutdown test results on the PCU C
Characteristics as the PCU B and exhibited a similar behaviour. The asymmetrical evolution of the voltage, shown in all the cases

after the load current interruption, is due to the presence of the RC transient consequent to the discharge of the capacitor connected
at the AC inverter terminals.

IV. CONCLUSIONS
This paper has presented detailed results concerning the performance of inverter-based PCUs, obtained from an extended
experimental analysis. A suitable set of measured quantities has been selected, in order to perform a widespread quality testing of
the PCUs. The results of the measurements carried out in actual operating conditions of the PV systems have put into evidence
some critical aspects in the performance of the various PCUs. These aspects are mainly linked to the internal strategies implemented
for tracking the maximum power point and to possible severe conditions occurring during the actual operation for solar irradiance,
temperature, possible shading effect and distortion of the voltage waveform at the point of grid connection. The results obtained
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show that the performance of PCUs with similar rated values can be significantly different. In some cases, either the declared
specifications or the limits imposed by specific standards were not completely satisfied. These facts should be carefully taken into
account by the manufacturers, in order to define suitable inverter and PCU specifications. In particular, the procedures for PCU
testing based on the results obtained from laboratory tests could be refined to better reflect the PV system behaviour in real
conditions.
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