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Microgeneration is the small-scale generation of heat or electric power or both, by individuals or buildings tomeet their own needs.
Recently, microgeneration is being regarded as a means to decentralize the power production of renewable energies, reducing
the impacts on the grid caused by unexpected energy demands. Given the increase in microgeneration facilities, determining
the quantity of energy produced and the power quality assumes growing importance in low, medium, or high voltage facilities.
This paper presents a power quality analysis of two different facilities with photovoltaic generation localized in a rural area of
Portugal, describing the voltage and frequency behaviour, the harmonic contents, and the total harmonic distortion. Statistical
data are presented regarding the number of voltage events and occurrence of dips and swells in both facilities as a percentage of
rated voltage. We conclude that some PV systems can severely affect voltage quality, forcing the grid to work at and even above the
maximum voltage standard limit.

1. Introduction

Increases in fossil fuel prices and growing concerns about
global warming are leading themarket to seek friendlier ways
to generate energy, in particular electricity. Microgeneration
can be used for both heat and power and is a viable solution
to satisfy residential power/thermal loads while achieving the
Kyoto targets, given its good environmental performance,
high efficiency, and low emission of harmful greenhouse
gases. However, before introducingmicrogeneration systems,
a number of issues should be resolved in terms of system
integration, reliability, and safety, particularly concerning the
voltage quality in photovoltaic (PV) systems facilities.

Electricity is mostly generated in very large plants, dis-
tant from consumer centers. The output is distributed to
consumers via a network of high-voltage cables that covers
the country, with links to neighboring countries. Substantial
energy is lost in the delivery system and Portugal, in partic-
ular, has losses in transport and distribution of around 9% of
total electricity generated [1].

In developed countries, houses and services together
constitute the major consumer of electricity [2]. This sector
is located mainly in the major cities; however rural areas
need energy supply for rural activities. Buildings are generally
one of the main energy consumers in the urban context.
Globally, buildings are responsible for approximately 40%
of the total world’s annual energy consumption [3]. Most of
this energy is for the provision of lighting, heating, cooling,
and air conditioning [4]. In Portugal, the building sector
has the second highest growth rate of energy consumption,
immediately after the transport sector [3].

In order to increase overall efficiency in the energy
system, it would be helpful if part of the energy supply
were generated at or near the points of demand. In this
context, once microgeneration systems are capable of con-
tributing with around 40% of energy demand, they can play
an important role in decreasing the amount needed from
big centralized fossil fired power plants and consequently
reducing carbon emissions [5].
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The technologies applied in small scale energy generation
can generate electricity or heat and in some cases both. Small
scale technologies for electricity production make use of
microwind turbines, PV, and microhydro systems.

PV generation connected to the utility grid has gained
growing attention, given the rapid increase in the world’s
demand for clean energy [6]. Microgeneration technologies,
particularly PV installations, have a huge potential to be
used in urban and rural environments, not only to satisfy
demand and provide decentralized production, but also to
help reduce fossil fuel dependency and reduce emissions [7].
In addition to the known environmental benefits, the impact
of urban and rural renewable energy (RE) generation upon
the occupant of a building or home can provide further
impetus towards justifying its use and added costs [8].

The technology that uses the sun as an energy source
presents direct and indirect benefits [9]. The direct benefits
include sustainable electrical power generation and financial
savings on the part of the producer and consumer. Indirect
benefits include self-sustaining buildings, increased aware-
ness about global warming, and about technical issues, such
as the advantage of generating energy near the place of
consumption and subsequent strengthening of the grid, and
the capability of reinforcing the grid during periods of high
energy demand.

This work results from a consultation made by the Uni-
versity of Beira Interior to two micro-PV generation private
facilities connected to the grid with the objective of investi-
gating their energy quality. We review work done in the field
of solar microgeneration, present and compare the data from
two different facilities with PV electricity generation, and
discuss their behaviour. Section 2 presents the most impor-
tant aspects of the case study PV facilities. Section 3 defines
the methodologies and the analysis. Section 4 addresses the
results, illustrated with graphical information about voltage
fluctuation, frequency, and harmonics and discusses the
results of the statistical analysis and Section 5 concludes the
paper.

2. Characteristics of Photovoltaic Generation

Electrification of rural areas has always been a challenge,
but PV systems can have a significant impact on rural
development [10]. PV generation models are being applied
all over the world [11–13], helping people living in rural areas
to increase their participation in modern labor markets [14],
reducing their expenses [15], and in some cases increasing
schooling levels [16].

An advanced PV generation system should involve char-
acteristics such as high efficiency, flexible control, safety, high
reliability, and excellent scalability, wherein overall efficiency
is the most important parameter to optimize cost reduction
[6]. Scalability is related to the capacity of accommodating
growth in the grid. Reliability, in contrast, refers to the
consistency of electrical energy and its availability to meet
peak demand. The energy’s consistence has to be guaranteed
as well as power quality, a very important issue contributing
to improving the quality of electrical components. The main

problems regarding power quality are high harmonic distor-
tions and voltage levels [17].

A local decentralized RE approach could be a solution to
smooth the impacts of energy failures, as well as to allow peak
shaving during busy energy supply periods. Governments are
fostering the use of these technologies by using a feed-in
electrical tariff, but its implementation is strongly dependent
on economical/financial aspects [18]. The main objective
and challenge of RE integration in decentralized locations
are the incorporation of technically and economically viable
systems in collecting and processing RE sources. Decentral-
ized energy production, that is, distributed generation (DG),
has high economic potential. These systems are expected to
play a significant role in local power generation of Euro-
pean countries, particularly in Southern Europe [19]. A DG
agglomeration forms a microgrid (MG), term first used in
2001 [20], which can function either connected to the grid
or in isolation. The impact upon power quality relies on the
MG connection to the DG [21].

Microgrids comprise low voltage (LV) distribution sys-
tems [22] together with distributed energy sources and
storage devices as energy capacitors and batteries [23], which
have nonlinear electronic devices. These cause considerable
harmonic pollution in power supply systems, having severe
undesirable influences on system components by changing
parameters of grid impedance, distorting the fundamental
voltage and current waveforms, influencing the availability of
short circuit power, overheating the transformers and cables,
and causing resonance and false operation of protection
devices [17]. Once it becomes prominent, it will decrease
power quality and increase unexpected maintenance pro-
cesses and expenses [5].

The application of PV systems in power systems as
a safe and clean source of energy from the sun can be
divided into two main fields, namely, stand-alone and grid-
connected applications [24]. Microgeneration technologies
can be employed in a number of ways that imply different
roles for energy consumers and companies. PV microgen-
eration appears to be highly appreciated, once it has very
lowmanufacturing costs leading to affordable solar electricity
[25], as well as an improvedmodule efficiency, cost reduction,
and increased productivity [26].

The two grid-connected systems under study are located
in a countryside region of Portugal, with a peak installed
power of 4.14 kWp and 3.87 kWp, for the first and second
facility, respectively. They are covered by a special regime,
underDecree Lawnumber 363/2007 [27], whereby all holders
of a contract for electricity consumption at low voltage can
produce and sell electricity to the grid for 15 years. This
subsidized regime is applied to microunits with a capacity
limited to 50% of the contracted power and not more than
3.68 kW of delivered peak power, using the following energy
sources: solar, wind, hydro, and biomass cogeneration [27].

The first facility is constituted by 18 solar panels type
SanyoHIP-230HDE1 (HIT).The panels are installed in a two-
axis tracking system, DEGER3000NT. The panel strings (2
modules in parallel and 9 panels per module) are connected
to the grid through a SMA Solar Sunny Boy SB 3800/V
converter.
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Figure 1: System block diagram.

The second facility is constituted by 18 solar panels type
Sanyo HIP-215NKHE1. The panels are installed in a fixed
structure without tracking. The panel strings (2 modules in
parallel and 9 panels per module) are connected to the grid
through a SMA Solar Sunny Boy SB 3300 converter.

Figure 1 shows the block diagram of both systems. The
two facilities are located in a rural area, fed by a low voltage
line derived from an aerial transformer, and have a similar
structure.

3. Methodologies and Analysis

The monitoring of each referred facility started with the
installation of a single phase voltage quality recorder Fluke
VR1710 to collect data correspondent to the voltage evolution
in an interval of time for posterior analysis of each facility’s
operational behavior and voltage quality. This device was
capable of recording all the data analyzed in this paper by
using an appropriate voltage probe. It was also capable of
recording all values without gaps, obtaining the whole picture
with one instrument that records both events and voltage.
The RMS average, minimum, and maximum values can be
recorded from 1/4 of a cycle. For this work, the values were
recorded from 1/2 of a cycle. This allows detection of all
drops in voltage with no interruptions. In these systems, the
analyses were centered in two different power quality factors:
the fluctuation of the PV system output power and the voltage
harmonic distortion.

Both facilities are similar; however the first has a tracking
system and a little bit more power than the second, thus
injecting more power into the network. This work will show
that the second facility has more problems, arising from the
amount of injected power. Therefore, a major task of this
work was the comparison of the operating mode and the
power quality of both facilities. The former is particularly
relevant in rural facilities with weakly meshed distribution
systems and is usually considered a serious problem in PV
systems, due to severe operational problems to the utility
network caused by variations in solar irradiance (depending
on climate conditions or panel placement), as power oscillates
in lines, under and over loading, causing critical voltage
fluctuations and voltage flickers [28]. The latter factor, also
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Figure 2: Voltage values registered during one day in the first
facility. The green line represents the minimum voltages, where the
green big dots are the voltage dips, the black line represents the
medium voltages, and the red line represents themaximumvoltages.

a serious issue in PV systems, may occur due to the use of
power inverters and decreases the reliability of power systems
[29].

The equipment was configured to start data recording at
the same time as the team visit and lasted seven days. The
data were recorded in the same week during the summer, but
in different locations.The voltage valueswere registered every
five seconds. For this work, the day withmost solar irradiance
was chosen as the most representative for illustration pur-
poses. In total, 17280 values of voltage and frequency and 144
values of harmonics were collected from both facilities. The
voltage dips were defined as values equal or lower to 207V
and the voltage swells were defined as values equal or higher
to 253V, for a 230V rated voltage. After the recording period,
the data were transferred to a computer to be analyzed, as
described in the next section.

4. Results and Discussion

The acquired data were organized into two sets of values, one
for data recorded in each facility. For illustration purposes,
we rely on data recorded during a single day in each facility.

4.1. Voltage Profile. Figure 2 represents the voltage profile for
the first facility during the third day of data recording. Dips
are only observed in the evening: seven dips were registered
and the largest case presents a very low value of voltage, below
100V and nearly 60% lower than the rated voltage (230V),
the limit imposed by the European Standard EN 50160 [30].
In this facility, no swells were recorded during the seven days.

Figure 3 represents the voltage profile for the second
facility observed during the second day of data recording.
During the daylight period, swells occurred frequently, with
9634 swells registered, the largest case corresponding to a
maximum voltage value of 260.75V, which is 3.06% higher
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Figure 3: Voltage values registered during one day in the second
facility. The green line represents the minimum voltages, the black
line represents the medium voltages, and the red line represents the
maximum voltages.
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Figure 4: Voltages of the first facility during the recording period
with the values sorted in descending order.

than the limit (253V) imposed by the standard [30]. In this
facility, no dips were recorded during the seven days.

The operational behaviour of both facilities is clearly
different. The first facility never exceeded the maximum
limit imposed by the standard [30]; however it registered
a few dips, around 6 p.m., which corresponded to a fault
in the network. The second facility revealed operational
problems during working hours. From the obtained results
one can conclude that the most influential parameter in the
operation of the PV system is voltage fluctuation, particularly
overvoltage exceeding the standard limit. As a consequence
the inverter will automatically connect and disconnect from
the grid.

Figure 4 shows the voltage values of the first facility
organized in descending order. It is possible to see that
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Figure 5: Voltages of the second facility during the recording period
with the values sorted in descending order.

the voltage values stay between the limits during most of the
day, except the few dips around 6 p.m.

Figure 5 shows the results obtained from the second
facility with the voltage values sorted in descending order. It
is possible to see that during more or less a quarter of the day
the maximum voltages are above the upper limit.

The first facility exhibited voltage values between 220V
and 240V, a very tiny interval, with no values outside the
boundaries, which is a very regular behaviour for the voltage
profile. Thus, the corresponding PV system is operating
properly. The second facility exhibited quite a different
behaviour: during a quarter of the day, all the voltage values
were above 253V (upper limit imposed by the standard),
including the minimum, medium, and maximum values.
Thus, the corresponding PV system operation is inadequate.

4.2. Harmonic Distortion and Harmonics. Figure 6 presents
the harmonic distortion for the third day of data recording
(same as above) in the first facility.The THD and the 3rd, 5th,
and 7th harmonic distortions are clearly below the allowed
limits: 8%, 5%, and 6%, respectively, as stated in [30].

Figure 7 presents the harmonic distortions for the second
day of data recording (same as above) in the second facility.
The THD and the 3rd, 5th, and 7th harmonic distortions are
clearly below the allowed limits: 8%, 5%, 6%, 0.2%, and 0.1%
for the remaining harmonic order, respectively, as stated in
[30].

4.3. Frequency. Figure 8 shows the frequency profile for both
facilities. The deviation is clearly below the absolute value of
0.5Hz imposed by the standards [30]. It is possible to see
a consistent behaviour, independent of the voltages profiles.
The voltage profile is imposed by the inverter of the PV
system, rather than any network malfunction.

4.4. Statistical Analysis. Statistical analysis of the voltage
valueswas performed to describe differences in severity of the
fluctuations in the grid voltage of both facilities, considering
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Figure 6: Total harmonic distortions registered during the day in
the first facility.
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Figure 7: Total harmonic distortions registered during the day in
the second facility.

all the data recorded. The histograms with the minimum,
medium, and maximum voltage values were obtained, rep-
resenting the number of occurrences and the duration of
dips and swells in each range of voltages. Figure 9 shows
the obtained histograms for the first facility. The minimum
voltage had a mean value of 234.44V with a standard devi-
ation of 2.894V. The 95% percentile was 238.5 V indicating
that 5% of the voltages were above 3.7% of the rated voltage.
Also, 99.97% of the voltage values were within the 90%–110%
range; thus about 0.03% of them were outside the standard
limits. The medium voltage had a mean value of 234.73V
with a standard deviation of 2.359V. The 95% percentile was
238.8 V, indicating that 5% of the voltages were above 3.83%
of the rated voltage. Also, 100% of the voltage values were
within the 90%–110% range. The maximum voltage had a
mean value of 235.15 V with a standard deviation of 2.365V.

The 95% percentile was 239.1 V indicating that more than
5% of the voltages were above 3.96% of the rated voltage.
Once again, 100% of the voltage values were within the
90%–110% range.

Figure 10 represents the statistical analysis for the min-
imum, medium, and maximum voltage values, respectively,
for the second facility. The minimum voltage had a mean
value of 249.03V with a standard deviation of 3.504V.
The 95% percentile was 255.6V indicating that 5% of the
voltages were above 11.3% of the rated voltage. Also, 84.12%
of the voltage values were within the 90%–110% range; thus
about 15.88% of them were outside the standard limits. The
medium voltage values had a mean value of 249.48V with a
standard deviation of 3.082V.The 95% percentile was 256.3 V
indicating that 5% of the voltages were above 11.43% of the
rated voltage. Also, 81.11% of the voltage values were within
the 90%–110% range; thus about 18.89% of them were outside
the standard limits. The maximum voltage had a mean value
of 250.16V with a standard deviation of 3.674V. The 95%
percentile was 257V indicating that more than 5% of the
voltages were above about 11.74% of the rated voltage. Also,
79.09%of the voltage values werewithin the 90%–110% range;
thus about 20.91% of them were outside the standard limits.

The voltage dips and voltage swells during the day of
most solar irradiance are represented in Figures 11 and 12, for
the first and second facilities, respectively. The vertical axis
represents the voltage level of the dip or swell event and the
duration of the event is marked on the horizontal axis. The
green circles represent the voltage dips and the red circles
represent the voltage swells.The combination of the level and
duration of the occurrence indicates the severity of the dip or
swell event.

Figure 11 shows that the first facility operates with voltage
levels within the standard limits. Only a very small number
of dips (7 dips during a full day) occurred, with no swells.

In Figure 12 it is possible to observe that, for the second
facility, the swells are all near 110% of the rated voltage due to
inverter operation. Since there is sufficient solar irradiation,
the PV inverter is capable of providing power.When the rural
low voltage grid has a suitable voltage and frequency, the
inverter connects to the grid at its AC terminals, synchroniza-
tion occurs, and the inverter starts supplying power.Once this
occurs, the voltage rises and reaches the voltage limit imposed
by the inverter in order to stay connected. The voltage rises
because there are not enough loads connected to the grid
near the injection point.This operation is constantly repeated
causing voltage fluctuations (the voltage starts to rise when
the inverter connects to the grid and drops when the inverter
disconnects).

One difference between the two facilities is the duration
of each event. In the first facility, the longest registered event
lasted 1.2 sec, and in the other facility, generally with longer
events, the longest registered event lasted 330 sec.

A second difference is that only voltage dips were
registered in the first facility, while the other facility only
presented voltage swells. This difference is a consequence of
the inadequate PV system operationwhich forces the inverter
to automatically connect and disconnect from the grid.
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Figure 8: Frequency evolution in both facilities. The green line represents the minimum voltages, the black line represents the medium
voltages, and the red line represents the maximum voltages.
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Figure 9: Statistical voltage distributions in the first facility.
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Figure 10: Statistical voltage distribution in the second facility.
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Figure 11: Occurrences of voltage dips and voltage swells for the first
facility. The green circles represent the minimum values below the
lower limits and the red circles represent themaximum values above
the upper limits imposed by the standard.
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Figure 12: Occurrences of voltage dips and swells for the second
facility. The green circles represent the minimum values below the
lower limits and the red circles represent themaximum values above
the upper limits imposed by the standard.

5. Conclusions

The presence of grid-connected PV generators always pro-
duces a rise in the voltage profile due to the decrease in the
total load.This rise may cause overvoltage and, of course, this
is a hindrance to the penetration of DG units.

This paper presents the results of a power quality analysis
of two real PV generation facilities connected to a rural
LV grid. The voltage fluctuations and the voltage harmonic
content were observed and described statistically.

The first facility showed very satisfactory results com-
pared to the second one. The infrastructure did not present
maximum voltage values exceeding the upper limit, and
minimum values below the lower limit were scarce and were

resulting from the network operation. We can conclude that
this facility appears to be economically viable for microgen-
eration.

The second facility, in contrast, exhibited a considerable
percentage of voltages exceeding the standard limit and the
inverter technical maximum voltage limit. In particular, for
the maximum voltage values, when comparing the percent-
age of the minimum and the maximum voltages outside
the 90%–110% range, it can be concluded that the limits
were violated mainly due to voltages above 110% of the rated
voltage. The number of times this occurs contributes to
decreasing the amount of energy delivered to the grid (the
inverter only stays connected during a small period of time
during the day), implying losses in revenue and making this
PV facility economically unviable. In addition, the severity
of the voltage fluctuations imposed on the grid, near the
injection point, results in increased voltage pollution, that is,
decreasing in voltage power quality.
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