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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
(PCUgs). 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 ope-
ration 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.
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1 INTRODUCTION

In the last decades, the energy production from
renewable sources has become an increasingly im-
portant subject, in a framework aimed at reducing
the environmental pollution and at pushing forward
the development of technologies for alternative pro-
duction 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 atten-
tion. However, the present size of most PV sys-
tems is still relatively limited and not sufficient to
cover the entire local load. The size limitations
make PV systems suitable to operate as local gen-
erators in peak-shaving mode, to reduce the load
demand seen by the grid.

In addition to the clear environmental benefits,
the effectiveness of using PV systems for energy
production also depends on the technical character-
istics of the connection of these systems to the dis-
tribution grid [1]. In particular, the PV systems are
generally unable to ensure the properties of system
controllability by acting as a single generation sour-
ce for an island normally connected to the utility
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grid, and as such they must be rapidly disconnec-
ted whenever the grid is switched off (for islanding
prevention), as well as in case of over/under volta-
ge 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 schematical-
ly represented as in Figure 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 conver-
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Fig. 1 Layout of a PV system connected to the single-phase grid

187



Performance Assessment of the Inverter-based...

G. Chicco, R. Napoli, E Spertino

Table 1 Power Conditioning Unit Specifications

Unit A B C D
transformer HF LF HF LF
nominal DC power Ppc, (W) 2700 2770 2700 1600
MPPT voltage range AVyppr (V) 66-120 268-550 150-400 140-400
MPPT efficiency nyppr 99 % 99 % 99 % 99 %
nominal AC power Pyc, (W) 2500 2600 2500 1500
nominal efficiency #pc.ac 93 % 94 % 93 % 93 %
power factor PF 1 1 1 1
THD of nominal AC current THDy - 4 % 3% 4 %
run-on time f#;(ms) 10 200 - 200

ter, the internal protections and various control sys-
tems 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 ad-
dition, 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 re-
spect 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 po-
wer supply with acceptable features in terms of
high power factor and reduced waveform distortion
[3]. In the presence of multiple PV systems operat-
ing in a close portion of the distribution system,
the PV system interactions have to be specifically
analysed [4, 5], since they could lead to malfunctio-
ning 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 Modu-
lation (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, includ-
ing a centralised inverter for the whole array of PV
modules, string inverters (one inverter for each
string of PV modules connected in series) or modu-
le integrated inverters (a single inverter for each PV
module) [10]. In particular, the adoption of module
integrated inverters leads to some benefits, concer-
ning system modularity, increased system availability,
and minimisation of the losses due to mismatching
of the current/voltage characteristics, because of the
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individual and independent control of the single in-
verters. 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 experi-
mental investigation carried out on a set of rele-
vant 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 ef-
ficiency of the maximum power point tracking, the
DC/AC efficiency, the power factor and the har-
monic distortion of voltage and current at the in-
terface 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 con-
nected to the LV three-phase grid. For the sake of
comparison, the systems have 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 con-
nected 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 com-
parison, the active power is normalised with respect
to the nominal DC power of the inverter.
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2 EXPERIMENTAL TESTS FOR POWER QUALITY
CHARACTERISATION

2.1 Definition of the parameters

A global view of the power quality issues has
been considered for the experimental study, includ-
ing the information available from measurements
both at the DC side and at the AC side [13]. In
particular:

— Ppc is the PV power, that is, the input power
of the PCU;

— Pjc is the active power at the grid side;

— Ppax is the maximum power calculated on the
power-voltage P(U) characteristic obtained by
the transient charge of a capacitor (see subsec-
tion 2.2);

— Uy is the RMS voltage at the AC side;

— Ic is the RMS current at the AC side;

— I, is the RMS value of the k-th harmonic order
component of the AC current supplied to the
load;

— U, is the RMS value of the k-th harmonic order
component of the AC voltage at the point of
grid connection;

— n is an 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:

1. the MPPT efficiency is the parameter describing
the optimum utilisation of the PV array [14]. It
represents how close to the maximum power
Pyiax the MPPT is operating and is expressed by

PDC

PMAX

()

mppT =

2. the inverter efficiency is defined in the conven-
tional way as the ratio between the output and
the input power

P
Nipy = ﬁ (2)
3. the Total Harmonic Distortion (THD) of the AC
current
1 |&
THD; =— [> I} 3)
L\iz

4. the THD of the AC voltage

THD,, = Ui > UR 4)
1 Vk=2

5. the power factor
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2.2 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 in-
ternational standards, guidelines and specifications
[15, 17, 18, 19]. A dedicated LabView [20] 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 rate (500 kSa/s), the
resolution of the Analogue Digital Converter (12-
-bit), the number of channels (8 differential chan-
nels) 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 quanti-
ties) 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 ca-
pacitance of the Sample & Hold circuit in the DAQ
board. Typical uncertainty can be within 0.1 % for
voltage measurement, +0.4 % for current measure-
ment 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
[21] behaving as storage oscilloscope and multime-
ter for measurement of RMS voltage (600 V), cur-
rent (20 A), 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 in-
terval between two consecutive measurements.

2.3 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 I/(U) characteristic of a PV generator,
proper measuring circuits of the first and the se-
cond order (with LC resonant components) can be
used [15, 16]. Concerning the circuit of the first
order, which gives the I(U) only according to the
generator operation, Figure 2 shows the scheme re-
lated to the method of the transient charge of ca-
pacitor (initially uncharged). The PV current, du-
ring the transient charge, is measured by a four-
terminals 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.
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Fig. 2 Data acquisition system for tracing the I(U) characteristic of
a PV generator

Conditioning

The PV array can be seen as an equivalent gen-
erator. Depending on the operating point imposed
by the load, this generator can be conveniently
modeled by using the Norton generator (in the re-
gion of operation with almost constant current) or
the Thévenin generator (in the region of operation
with almost constant voltage), obtaining a linear ap-
proximation of the actual I(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 condi-
tion from open circuit to short circuit. Figure 3
shows that the current signal is, at first, enough
constant and the corresponding voltage linear up
to, roughly, the voltage of maximum power Uy,
(equal to almost 80 % of the open circuit voltage).
The duration of this part of transient is approxi-

C . .

mately AtzI—U w» inversely proportional to the
sc

short circuit current Ig- and thus to the solar irra-

diance. 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 irra-
diance 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 men-
tion 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
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Fig. 4 Current-voltage and power-voltage characteristics

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 gene-
rator is shorted by the capacitor (Figure 3). With
reference to the capacitance of capacitor, values
within 1-5 mF can be suitable for obtaining tran-
sient durations within 5-100 ms, so that it is possi-
ble to neglect the interaction with the junction ca-
pacitance and assume constant solar irradiance and
temperature.

The current-voltage curve of Figure 4 is obtained
by plotting the values of current and voltage corre-
sponding 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 Figure 4.

2.4 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 I(U) and power-voltage P(U) characteristic
by the transient charge of a capacitor. The maxi-
mum power Pyxx is determined from the complete
I(U) and P(U) curves (Figure 4). The second test
determines the power pp(f) as product of the DC
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Fig. 5 MPPT efficiency for the PCUs tested

voltage upc(f) and current ipc(¢) signals of the in-
verter. Since the AC single-phase load demands an
instantaneous power fluctuating at double frequen-
cy with respect to the grid frequency, voltage and
current exhibit a 100 Hz ripple, evaluated as the
peak to peak values 2+2U,, and 232U,, with
respect to the mean values U, and [, 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 (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 ppc(f) with respect to upc(f). The ripple power
must be as low as possible, because it decreases the
mean value (active power Ppc) with respect to the
maximum value. The expression of the power Ppc is

n/2

Py =Uyl, +ZU2k12k COS Py
k=1

(6)

where cos¢,;, is negative, so that Ppc is lower than
the product Uyl,. An approximation (in excess) of
the MPPT efficiency can be provided by measuring
the DC signals with the peak value of ppc(f) assu-
med as Py,x, without determining the whole P(U)
characteristic. The MPPT efficiency values shown
in Figure 5 have been obtained by repeating the
measurement of uyppy, carried out by the above
mentioned approximation, for different conditions
of Ppc (corresponding to different values of the
solar irradiance).

There are various causes that may decrease the
MPPT efficiency, the main ones being:

a) the adoption of simplified MPPT strategies;
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b) the presence of overload due to high solar
irradiance or high inverter temperature;

c) 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 oper-
ation at fixed voltage (about 80 % of Ugc), where
the open-circuit voltage Ugc of the PV array is as-
sesses by means of a fast open-circuit measurement
at time intervals of about two seconds (e.g., Figure
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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An example of overload is shown in Figure 6
for the same PCU A. In overload conditions, the
MPPT is intentionally disabled, so that the operat-
ing point moves away from the MPP, reaching lo-
cations at higher voltages with respect to the one
corresponding to the MPP, in a region of the I(U)
characteristic with high (negative) slope and resul-
ting high amplitude of the current ripple.
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For what concerns the shading effect, tests car-
ried out on a fagcade PV plant with the inverter A
have put into evidence a partial shading effect oc-
curring during morning periods in part of the year
(from April to September) [22]. This shading effect,
concentrated on some cells of a PV array, determi-
nes a mismatch of cell current-voltage I(U) charac-
teristics, 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 con-
ditions, experimental data have been collected. As
shown in Figure 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 speci-
fically, the maximum power corresponds to a volta-
ge lower than the operating voltage range of the
MPPT indicated in Table 1. Then, very high ampli-
tudes of the peak-to-peak voltage and current rip-
ples occur (Figure 8) with operating points even lo-
cated far from the local maximum (Figure 7) and
the MPPT efficiency falls down considerably.

2.5 DC/AC efficiency

Figure 9 shows the DC/AC efficiency values for
the PCUs tested. The PCUs B and D, with LF to-
roidal transformer, generally exhibit better perfor-
mance than the inverters with HF transformer. The
PCU B, which exhibits the best performance, has
high nominal power and DC voltage within the ran-
ge 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, =\2U, =325V (with
single-phase nominal voltage U,=230 V). The PCU
B maintains high DC/AC efficiency also at low DC
power (Ppc<30 % of nominal DC power), where
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Fig. 9 DCJAC efficiency of the PCUs tested
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there is a large number of hours of operation. On
the other hand, the PCU D operates at a lower vol-
tage level, i.e., in the range 150-190 V. Moreover,
the PCU D has a larger spread of the DC/AC ef-
ficiency 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 shad-
ing 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.

2.6. 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 connec-
tion). The presence of a distorted voltage waveform

204 207

in the open connection leads to the modification of
the harmonic spectrum when the PV plant is con-
nected [25]. Clearly, the nature of the current dis-
tortion, 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 sig-
nificant problems.

The Total Harmonic Distortion (THD) values of
the AC currents are shown in Figure 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 Figure 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. 12 Power factor of the PCUs tested

temporary switching of a RC circuit at time ca-
dence of about 5 s. This technique, used for island-
ing detection [26], produces distortion to the cur-
rent waveform, deteriorating the current THD. The
number of spots detected depends on the time ca-
dence 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 measure-
ment and network impedance measurement deter-
mines the possible presence of capacitive peaks in
the current waveform sampled for performing har-
monic analysis.

The PCU B exhibits better characteristics with
respect to the other PCUs, since the THD of its
currents remains relatively low even in the presen-
ce 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, Figure
10 shows that the PCUs B and C, as well as the
PCU D in most of the cases, satisfy the require-
ment 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 vari-
ous power levels.

2.7 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 (Figure 12). How-
ever, the PCUs C and D exhibit significant reduc-
tions of the power factor at low DC power. In par-
ticular, the power factor values for the PCUs C and
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D are lower than the ones proposed by some stan-
dards, 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 har-
monic distortion content, so that the power factor
reduction in this case has to be associated to a
scarcely effective phase angle control.

3 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 moni-
tored 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 [28] in order to reduce the
size of the non-detection zones. A further phase-
-shift method is illustrated in [29]. Different functi-
ons have been tested in [30] on typical circuits for
islanding protection. However, several test circuits
have been proposed in the literature and the stan-
dardisation of the criteria for islanding detection is
still in progress [26, 30].

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 [31, 32] and consists of the time elap-
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sed between the instant of utility disconnection and
the instant at which the interruption of the current
supplied from the PV system has been completed.

A typical categorisation of the islanding events
leads to identifying short-term (<1 s) and long-term
(>15) islanding operation. Long-term islanding ope-
ration has to be avoided, mainly for ensuring the
system safety. In fact, during islanding the mainte-
nance 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 syn-
chronism 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 sin-
gle inverter. Concerning the PV system protection,
some national specifications [33] require introduc-
ing 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 Figure 13. The run-on time evaluation
has been carried out in the worst case, where the
active powers of inverter and load are equal, Py =
=P,.0 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

DAQ integrated into PC

i u
Q Q (o] o

PV module PCU
[ . P
Utility
breaker

Utility grid

load

Fig. 13 Circuit for the islanding time detection
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currents between inverter and load, the release of
relays is easier, since an over-voltage or under-vol-
tage occurs after the grid de-energisation.

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,
Figure 15 and Figure 16 show the time evolution
of the load current and of the voltage at the termi-
nals 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
Figure 16. Both cases are within the inverter spec-
ifications 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 manufactu-
rer’s specifications (200 ms). The time evolution of
the switch-off for the PCU C is shown in Figure 17
for a run-on time of 63 ms. The PCU D has simi-
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Fig. 14 Shutdown test results on the PCU A
4004 load current -8
300 cireuit breaker (phase pole) voltage | 6
200+ 14
=g
. 100+ 12 <«
& oF
S of 05
2 5
—-100 I, X3}
—-200 - L4
-300 4 L6
~400 : : : : : -8
0 50 100 150 200 250 300
time, ms
Fig. 15 Shutdown test results on the PCU B
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Fig. 16 Shutdown test results on the PCU B (voltage measurement
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Fig. 17 Shutdown test results on the PCU C

lar 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.

4 CONCLUSIONS

This paper has presented detailed results con-
cerning the performance of inverter-based PCUs,
obtained from an extended experimental analysis.
A suitable set of measured quantities has been se-
lected, in order to perform a widespread quality
testing of the PCUs. The results of the measure-
ments 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 oc-
curring during the actual operation for solar irradi-
ance, temperature, possible shading effect and dis-
tortion of the voltage waveform at the point of grid
connection. The results obtained show that the per-
formance of PCUs with similar rated values can be
significantly different. In some cases, either the de-
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clared specifications or the limits imposed by spe-
cific 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 proce-
dures for PCU testing based on the results obtained
from laboratory tests could be refined to better re-
flect the PV system behaviour in real conditions.
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Analiza svojstava izmjenjivackih mreznih prikljucaka fotonaponskih sustava. Sadas$nji trend koji vodi prema
sve vecoj potrebi za proizvodnjom energije iz obnovljivih izvora energije usmjerava poveéanu pozornost prema
primjeni fotonaponskih (PV) sustava spojenih u mrezu. Razli¢ite su tehnologije raspolozive za spajanje PV sustava
na mrezu preko izmjenjivackih energetskih jedinica (PCU). Ovaj rad prikazuje rezultate usporednog proucavanja
karakteristika razliitih tipova izmjenjivackih energetskih jedinica (PCU) na osnovi eksperimentalnih rezultata do-
bivenih za Siroki opseg Sunceva zracenja i uvjeta rada. Svojstva mreznog spoja okarakterizirana su koriStenjem
skupa parametara koji se odnose i na istosmjernu (DC) i na izmjeni¢nu (AC) stranu izmjenjivaca, kao S$to su efi-
kasnost pracenja tocke maksimalne snage, DC/AC efikasnosti, faktor snage i harmonicko izobli¢enje napona i stru-
ja na spoju s mrezom. Fotonaponski sustavi su dalje okarakterizirani uzimajuci u obzir njihove sposobnosti izbje-
gavanja nezeljene operacije otocnoga rada njegovom relativno brzom detekcijom i iskljucivanjem. Provedena je
rasprava o rezultatima, a zatim su rezultati usporedeni sa specifikacijama dobivenim od proizvodaca i s ogranice-

njima proisteklima iz nekih standarda.

Kljuéne rijeci: mrezni spoj, harmonicka izoblicenja, izmjenjiva¢, otocni rad, pracenje tocke maksimalne snage, fo-
tonaponski sustavi, izmjenjivacka energetska jedinica, kvaliteta snage
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