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IMPACT OF APHOTOVOLTAIC PLANT CONNECTED TO
THE MV NETWORK ON HARMONIC DISTORTION: AN
EXPERIMENTAL ASSESSMENT

Valentina BARBU', Gianfranco CHICCO?, Fabio CORONA?, Nicolae
GOLOVANOV", Filippo SPERTINO’

This paper deals with the analysis of the experimental results obtained on a
photovoltaic system composed of a number of inverters connected to the point of
common coupling. The data have been gathered from the field for a period of one
week through a network analyzer. The harmonic distortion of phase voltages and
currents has been characterized both with reference to the generation level and by
taking into account statistical information (the RMS values corresponding to 90%
non-exceeding probability for a given range of generation level). The results show
that in the case analyzed the presence of the PV system can be beneficial to reduce
the harmonic distortion of the phase voltages with respect to the distortion
occurring when the PV system is not connected.
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1. Introduction

In the last two decades, the increasing concerns about environmental
issues, mainly air pollution, led to an increasing diffusion of renewable energy
sources and to continuous improvement in the technology of electrical
installations to deliver renewable energy to the grid. In this context, photovoltaic
(PV) systems have been one of the most developed solutions, being attractive
from the political and commercial points of view.

In the year 2011 the new PV production installed worldwide as been as
high as about 30 GW, with a growth of 74% with respect to the previous year,
reaching a total installed capacity of about 70 GW [1]. Several feed-in tariffs are
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now available for PV systems, thus the maximization of the productivity is very
important. This goal can be achieved by solar cell technologies with high
efficiency, sun-tracking systems, proper cooling techniques for PV modules in
building integrated applications, master-slave control for the inverters in large
grid-connected PV plants [2]. The growth of the PV production, as well as of the
production from other solutions such as wind systems, has reached a level that
could significantly affect the behaviour of the electrical grid. For instance, in the
occurrence of a disturbance in the electrical grid, the practice indicated by the
early standards on distributed generation and resources [3]-[6], was to switch the
local generation off in a short time (1s). However, with the growth of the local
generation, the fast shutdown of a significant portion of local generation could
cause transient phenomena in the network, increasing the risk of grid instability.
In order to overcome this problem, recent standards [7]-[9] established that under
certain voltage and frequency variations the local generation has to remain
connected to the grid. In normal conditions, the PV system operation is affected
by the uncertainty of the solar irradiance, temperature and local phenomena such
as solar cells shading due to the location of the solar arrays and to passing clouds
[10]. In these conditions, the main aspects refer to power quality [11]-[13]. The
overall waveform quality depends on the nature of the generated power and on the
structure and control of the converters that connect the PV systems to the grid
[14]. In particular, in conditions of low irradiance, the waveform of the current
injected in the grid becomes heavily distorted, anyway this high distortion is
associated to relatively low values of the injected current and as such it does not
cause particular problems for the individual installation [15]. The growth of the
installed power in PV applications has led to solutions in which a number of
converters are connected with respect to the point of common coupling
[11][16][17] with different topologies. In the presence of multiple converters
connected to the grid in a scattered way, the interaction among these converters
raises the issue of how the individual contributions affect the voltage waveform in
the grid [15].

This paper deals with some power quality aspects referring to a grid-
connected PV plant with multiple inverters. The results obtained from monitoring
the PV plant over one week are presented and discussed, highlighting the main
power quality aspects. The paper is structured as follows. Section 2 shows the
characteristics of the PV system analysed and illustrates the aspects referring to
data logging, measurement and data management. Section 3 shows and discusses
the experimental results obtained for the PV system analysed. Section 4 contains
the conclusions.
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2. Characteristics of the PV system and of the measurement system
2.1. PV system layout

Fig. 1 shows the layout of the PV system connected to the grid. The rated
or nominal power of the PV system is P, = 834.5 kW, obtained by considering
two sections with rated power values 778.61 kW and 55.89 kW, respectively. The
first section concerns the most of PV arrays placed on the roof-sheds which are
not perfectly South oriented. The seconds section includes the remainder of PV
arrays installed on the flat-roof portion, which have been oriented towards South.
The PV modules are connected in series, forming the PV arrays that are in turn
connected in parallel to obtain a PV unit with appropriate nominal power. The PV
arrays are connected to the Low Voltage grid through 8 inverters with 50 Hz
transformers at the grid interface. Table 1 shows the electrical characteristics of
the PV modules, while Table 2 shows the mechanical characteristics.

MV 20 kV
TR
1250 kVA
SUPRNY Y
user 0.4 KV
network analyzer
load auxiliary -—\—J
services PV system
P, =834.5 kW ¢
section 1 section 2
P,=778.61 kW P, =55.89 kW
Inv 1% Inv 2% Inv 3% Inv 4% Inv 5% Inv G% Inv7

Fig. 1. Layout of the PV system connection to the Medium Voltage grid.
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Table 1
Electrical characteristics of a PV module [18]
Rated power (Pma)* 245 W
Voltage at the maximum power point (Vppp)* 303V
Current at the maximum power point (Iynpp)* 8.09 A
Open circuit voltage (Voc) 374V
Short circuit current (lg.) 8.61 A
PV module efficiency 15.23%
Range of operation temperatures -40°C ... +85°C
Pmax -0.45%/°C
0/ /0
Temperature coefficients \I/:CC ;(())%)56"//(;//"((:1
NOCT 45 +£2°C

* In Standard Test Conditions (STC): solar irradiance 1000 W/m?, air mass (AM) 1.5 and cell
temperature 25°C.

Table 2
Mechanical characteristics of a PV module [18]
Type of cell Mono-crystalline silicon (156 x 156 mm )
Cell connection 60 (6 x 10)
Dimensions 1638 x 982 x 40 mm
Weight 20kg

2.2. Characteristics of the PV modules

The curves represented in Fig. 2, taken from the manufacturer’s data [18],
show that the relation between lpy and Vpy is non-linear and depends on the level
of solar irradiance on the surface of the PV panel. The maximum power point is
the combination of the lpy and Vpy values that maximize the production of the
inverter, and depends both on the solar irradiance and on the PV cell temperature.
In operational conditions, the optimization of the PV energy conversion is
achieved through the application of a specific circuit aimed at performing
Maximum Power Point Tracking (MPPT).

As it can be observed from the |-V curves in Fig. 2a, the short-circuit
current (lsc) changes proportionaly with the solar irradiance. However, the open
circuit voltage Vo corresponding to the maximum power point remains almost
constant at about 80% V. This property is also used in some control circuits to
create a simple control strategy aimed at making the PV system operating at the
maximum power point [19]-[21]. However, this behaviour corresponds to the
ideal PV system operation at clear sky. In non-ideal conditions, the maximum
power point can be located at different voltages, calling for the implementation of
a dedicated MPPT control circuit.
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Fig. 2. Characteristics showing how the electrical current and voltage for a PV module depend on
(a) the solar irradiance, and (b) the PV cell temperature for solar irradiance 1000 W/m? [18].

In Fig. 2b, the |-V curves are represented in function of different
temperature values for a solar irradiance level of 1000 W/m’. In this case, the
open circuit voltage Vo changes in an inverse way with respect to the temperature,
whereas the short-circuit current lsc changes to a lower extent. In function of the
effects of solar irradiance and temperature, on the |-V characteristics, the PV
module manufacturers establish a set of conditions for testing the devices. In the
PV industry, the standard conditions refer to the temperature of 25°C and to the
solar irradiance of 1000 W/m?, as well as to air mass (AM) equal to 1.5, at null
wind speed. These conditions refer to a day with clear sky and to a surface having
an angle of 41.81° with respect to the horizon [22].

2.3. Data acquisition and viewing

The measurements have been carried out by using the high-accuracy
network analyzer Hioki PW3198, during one week in July 2012. The network
analyzer has eight input channels: four for voltages and four for currents through
Rogowsky coils (with minimum sensitivity of 0.1 mV/A for 5000 A full scale)
providing voltage signals. The instrument accuracies are for RMS voltage +0.1%
of the range; for RMS current £1.2% of reading +0.1% of range with Rogowsky
coils; for active power +1.2% of reading +0.2% of range with Rogowsky coils.
The PW3198 provides a simultaneous digital sampling of voltage and current. The
sampling frequency is 200 kHz for measurement of RMS voltage and current,
active power and other power values, whereas for harmonic and interharmonic
analysis the analyzer operates with 4096 points, 10 cycles (at 50 Hz) or 4096
points, 80 cycles (at 400 Hz). In normal conditions (with 16 bits of A/D converter
resolution) the maximum voltage is 600 V, and in transient conditions (with A/D
converter resolution 12 bits) the maximum peak voltage is 6 kV. The data
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gathered can be visualized on the network analyzer viewer by choosing the
variables to be shown. An example in shown in Fig. 3, with a first window on the
upper part of the screen containing the list of measurements available, a
successive window referring to the long-term evolution of a selected quantity in
the time domain (e.g., active power), a first window on the lower side of the
screen implementing a limit curve (an exemple is shown for the ITIC curve for
voltage dip analysis) to check the effect of events, and the last window showing
the voltage and current waveforms in a selected operating point or transient event.
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Fig. 3. The network analyzer viewer.
3. Experimental results

3.1. Variability of the power generated by the PV system

Fig. 4 presents the variation of the active power generated by the PV
system with installed power 834.5 kW, on the time span of one week. The
measurements have been carried out in the location shown in Fig. 1, that is,
measuring the entire generation from the PV system at the point of common
coupling of the grid-connected inverters. The results show that the active power
generation follows the evolution of the meteorological conditions.

Fig. 5a shows the phase voltages and Fig. 5b reports the phase currents
produced in the three-phase system during the week. The voltage variations are
fully acceptable, as the phase voltage oscillates in the range between 238 V and
230 V (all the values belonging to the normal conditions with RMS voltage
between 90% and 110% of the rated voltage), while the current depends on the
solar irradiance level.
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Fig. 4. Variation of the active power generated from the PV system in one week.
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Fig. 5. Voltage and current at the point of common coupling during the week
3.2. Assessment of the voltage and current harmonics

The harmonics referring to the currents produced by the PV system depend
on the nature of the source, as well as on the type of inverter technology used for
DC/AC conversion and its control strategy. Furthernore, the output current is
linked to the harmonics of the voltage at the point of common coupling, which
depends on the contribution of all the generations and loads connected to the
network. For the PV system, a particular aspect referring to the current harmonics
is the behaviour of the inverter in conditions of reduced solar irradiance, also due
to the effects of shadowing or passing clouds during the day [23].
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Fig. 6 shows the total harmonic distortion THDy of the phase voltages and
THD, of the phase currents, for different values of the generation level P/P,. From
Fig. 6a it is possible to conclude that the THD of the phase voltages in the system
analyzed remains within acceptable ranges with respect to the limits imposed in
the international standards [24]. The THD of the phase currents (Fig. 6b) becomes
relatively high only when the generation level is low. For instance, when the
generation level is higher than 20% the THD; never exceeds 10%, and for
generation level higher than 60% the THD, never exceeds the limit 5% valid for
rated power conditions according to [24]-[28]).
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Fig. 6. Total harmonic distortion (THD) of phase voltages and phase currents in one week.

Further insights on the evolution of the THD during time can be obtained
by considering the behaviour of the PV system in a day with partial clouding
conditions and comparing it with its behaviour in a day with clear sky. Fig. 7
shows the THD of the phase voltages. During the night, the PV system is not
working and the voltage THD depends on the other components connected to the
network, including the local load. During the day, the voltage THD decreases
significantly. This aspect is an important confirmation of the fact that the grid
connection of the PV system is able to improve the power quality characteristics
at the point of common coupling, owing to the effect of the inverter control. For
instance, the pulse width modulation (PWM) control moves the harmonic content
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to relatively high frequencies, that may fall outside the range of frequencies
detected when performing harmonic analysis (with harmonic order up to 50). A
further confirmation of this fact is that, in general, the improvement in the voltage
THD values is higher at clear sky with respect to the case with cloudy conditions.
Hence, also during the day the voltage THD is growing when the impact of the PV
system becomes lower and the system is mainly affected by the rest of the grid-
connected components.

From Fig. 8, the behaviour of the THD of the phase currents during time
clearly shows that cases with high values of THD, are limited to the periods with
very small solar irradiance (at the sunset and at the sunrise) and to the effects of
passing clouds, while the THD; is relatively small in conditions with relatively
high solar irradiance.

The THD values provide a first indication on the impact of the PV system
operation on the harmonics. However, there are two specific aspects to be
considered:

1. the THD can be very high in cases with very low generation; in this case,
the currents injected by the PV system in the grid could be so low to make
the harmonic distortion problem practically inexistent;

2. the THD provides an overall indication on the harmonic distortion, and
does not give indications on how the harmonic distortion is partitioned
among the various harmonics; for this purpose, an additional detailed
investigation on th individual harmonic distortion is needed.
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Fig. 7. Total harmonic distortion of the phase voltage.
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Fig. 8. Total harmonic distortion for the phase current.

In the analysis of the variation of the THD, in Fig. 8 we must point out
that, for installations with a high degree of variance, large THD, values can lead to
inadequate conclusions. To properly characterize the functioning of PV system
from the standpoint of harmonic distortions produced in the PCC (Point of
Common Coupling), we propose utilizing a new indicator value, TGD, (Total
Generator Distortion), specific to sources with a high degree of variance. The
new value should be presented in relation with the nominal current (In) given by
the PV system:

i 2
Ih
1
TGD, =1N=2__ M
In
The relationship between the two values can be written as:

TGD, ___THDy

J1+(THD)? In )

b

in which | is the value for the measured electric current.

Analyzing the data from Fig. 8 outlines the statement that the TGD,
indicator clearly defines the effect of harmonics in the electrical network through
an accurate display of the transmitted power and the form of the voltage curve in
the PCC, without relaying insignificant information in the reduced power
generation time frame.

The previous aspects have been analyzed by carrying out a specific
analysis of the individual harmonic distortion for the phase currents. In order to
characterize the overall behaviour of the system, the study has been structured by
partitioning the generation level into ranges having width expressed as per cent
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ranges of the rated power Py, in particular identifying the ranges 0+5% Pp, 0+5%
Pn, 5+10% Py, 10+20% Pp, 20+30% Pp, 30+40% Pn, 40+-60% Py, and 60+-100%
Pn. Inside each range, a statistical analysis of the odd harmonic currents with
harmonic order up to 50 has been made on the entire week, and the RMS
harmonic current values corresponding to a non-exceeding probability of 90%
have been identified. The rationale for using the 90% non-exceeding probability
instead of the maximum value is to avoid to show results with high harmonic
currents possibly depending on conditions with low probability of occurrence
[15]. From the results, it appears that the most significant results can be seen for
harmonic orders up to 25.

Fig. 9 shows that the RMS values of the harmonic currents exhibit
relatively small variations for the same harmonic order when the generation level
increases. The fifth harmonic component is the prevailing one. Individual
harmonics at the third and seventh harmonic are also significant. The contribution
at the other harmonic orders is less relevant. When the RMS values I are
expressed in per cent with respect to the component I, at the fundamental
frequency, the reduction in the per cent values at the successive generation levels
become apparent. This fact confirms that the low THD values at high generation
levels are due to a reduced contribution of all the harmonic orders. The RMS
values of the individual phase voltage harmonics are represented in Fig. 10. The
fifth and seventh harmonic orders are the most relevant. The voltage values highly
depend on the interaction of the PV system output with the other components
connected to the grid. The voltage harmonics are at the same time cause and effect
of the overall harmonic distortion in the system.

3.3. Considerations on the power factor

Fig. 11a shows the points representing the power factor in function of the
generation level. The inverter control is set up in such a way to make the PV
system working as close as possible to a resistive component. This behaviour is
basically confirmed when the PV system operates at generatoin levels above 30%.
Conversely, when the generation level becomes relativel low, the power factor
goes down to low values [29]. However, as already remarked, the operation of the
PV systems at low generation levels corresponds to low currents injected in the
grid, whose effect is in any case poorly relevant to the system operation.
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Fig. 10. RMS values of the individual phase voltage harmonics (90% non-exceeding probability in
one week) for different generation levels.

In order to check whether the power factor values refer to positive or
negative reactive power values, Fig. 11b shows the points representing the
reactive factor KF values, where KF=(SZ—P2)(1/2)/P, that is, the ratio between
reactive and active power. It can be seen that the system always behaves with the
same sign of the reactive power: in particular, the inverters behave as capacitors
and the grid behaves as inductor. Even if the power factor is very close to unity
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when the power exceeds 50% of rated value, the reactive power is not completely
negligible.
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Fig. 11. Values of the power factor and reactive factor at the point of common coupling in the
measurement period of one week, in function of the generation level.

4, Conclusions

An experimental investigation of the harmonic distortion occurring at the
point of common coupling of a number of PV inverters connected to the grid has
been carried out on a PV plant of total rated power 834.5 kW. The measured data
have been gathered from the installation through a network analyzer with high
accuracy for a period of one week.

The analysis of the results show that the current harmonics generated by
the PV system highly depend on the generation level. As such, conditions in
which the solar irradiance is low or reduced by the effects of shadowing or
passing clouds lead to an increase of the harmonic distortion. However, this larger
harmonic distortion is not harmful when the associated RMS value of the current
is relatively low. In general, at high generation level the harmonic distortion is
relatively low (<5%), and the inverter control operates in such a way that in the
case analyzed the PV system is providing a positive contribution to the reduction
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of the distortion on the harmonic voltages with respect to the harmonic distortion
occurring in the distribution system without the connection of the PV system.
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