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Abstract
This paper presents new findings on phenomena contributing to flicker and voltage variations caused
by grid-connected photovoltaic (PV) inverters. The voltage variations caused by two different 6 kW
single-phase grid-connected PV inverters were studied during climatic variations by varying their grid-
coupling impedance. Two different methods for characterizing the PV-plant induced voltage variations
were studied: the short-term flicker index (Pst) and the 10 minute very-short voltage variation value
(VSV). The results clearly indicate that PV inverter power fluctuations induced by cloud shading and
enhancement have a significant effect on the VSV value, but not on Pst.  PV  inverters  have  a  clear
effect  on  the  Pst as  well,  but  the  main  contributors  are  related  to  the  inverter  design  rather  than  the
power fluctuations caused by clouds. The main contributor in the elevated Pst values could be traced
back to the poor design of the maximum power point tracking (MPPT) of the inverters. The MPPT
caused subharmonic current variations at a frequency of approximately 8 Hz which is close to the most
sensitive frequency of human eye. Another factor causing rapid voltage variations in low irradiance
conditions was the current transients related to the inverter start-up and shut-down. Harmonic current
distortion  is  also  a  potential  PV  inverter  related  power  quality  (PQ)  issue.  This  study  indicates  that
although the current total harmonic distortion (THD) may be very large at low power levels the total
demand distortion (TDD) of the PV inverters is almost constant regardless of the output power and the
harmonic current had only a very limited effect on the voltage quality even at the weakest network
having a short-circuit current of Isc=250 A. Thus, voltage variations caused by the PV inverters were
the main PQ issue in the studied networks. The investigations also clearly show that a part of the
power quality problems found in the PV plants are caused by the poor design of the PV inverters.

1. Introduction
During the past 15 years global installed PV capacity has increased approximately 45 % each year [1].
Residential rooftop PV generation has become a popular form of distributed generation (DG). This
poses new challenges for distribution network operators (DNOs), because high PV penetrations may
cause serious voltage quality problems [1-3]. Especially, in networks with low short-circuit current
capacity it may be difficult to maintain the voltage characteristics defined in EN 50160 [4]. To ensure
the compatibility between the PV installations and the power grid, the contribution of both the vendor
of the PV installation and the DNO is needed. The PV plant and power grid characteristics should be
taken into consideration already when a customer is planning a PV installation.

Due to the intermittent nature of the solar irradiance, PV plants cause voltage fluctuations in the power
network. Single-phase PV inverters commonly used in single family houses are also likely to cause
voltage unbalance. The magnitude of the voltage fluctuations and unbalance at the PV plant point of



connection depends on the network impedance and especially in weak rural networks the problems
may become severe. Conventionally, voltage fluctuations have caused concerns mainly due to light
luminosity  changes  which  are  characterized  by  short-term  and  long-term  flicker  indices  Pst and Plt

defined in [5]. For public electricity networks EN 50160 [4] states that the long-term flicker index
should  be  Plt ≤ 1  during  each  period  of  one  week.  To  accomplish  this,  EMC standards  such  as  IEC
61000-3-3[6] and IEC 61000-3-11[7] require that the flicker emissions of an individual power
equipment at the supply terminals of the equipment under test (EUT) must not exceed P lt = 0.65 and
Pst = 1. Earlier, flicker has been reported as the most common reason for power quality complaints in
many studies [8, 9]. Due to the introduction of compact fluorescent light (CFL) and light emitting
diode (LED) lighting the sensitivity of lights to voltage fluctuations has generally decreased [10].
However, some non-dimmable LED lights have showed even larger sensitivity to voltage changes than
incandescent lights [11] and halogen lighting is still widely used. Recent studies have indicated that
voltage fluctuations may also cause additional stress and shorten the life of switch-mode power
supplies (SMPSs), adjustable-speed drives (ASDs) and other electronic equipment having a full wave
rectifier with smoothing capacitor at the mains input stage [12]. The main reason is the increased RMS
ripple  current,  which  causes  temperature  rise  and  accelerates  the  aging  processes  of  the  capacitor.
Furthermore, voltage unbalance may cause additional stress to electronic equipment using three-phase
rectifiers in the mains input stage due to the transition of the rectifier stage from three-phase operation
to single phase operation [13]. Recently, there has been discussion on renewing the characterization of
voltage fluctuations based on flicker indices and in addition to the flicker indices defined in [5] a novel
method for characterizing the voltage fluctuations was proposed in [14].This method was studied also
in this paper in characterizing the voltage variations caused by the PV plant in different irradiance
conditions. Another widely studied power quality issue related to PV installations is the harmonic
emissions of PV inverters [2, 3, 23]. Especially, at low output power levels the current THD of the PV
inverters may be high – several tens of percent. This paper studies these two power quality issues of
PV installations in different network and climatic conditions.

2. Measurement setup
The measurement setup used in this study is presented in Fig. 1. It consists of three 230 V single phase
PV inverters connected in a wye configuration. A variable network coupling impedance was
connected between the inverters and the LV network to enable adjustment of the short circuit current
and R/X-ratio of the network connection.

Fig. 1: Measurement setup and the network impedances.

The arrangement enabled operation of the inverters in four different network conditions with single-
phase short-circuit currents (Isc) of 1200 A, 650 A, 488 A and 250 A, respectively. The corresponding
connection impedances and R/X-ratios of the network are presented in Fig. 1. The networks with 1200
A and 250 A short-circuit currents represent quite typical LV network R/X-ratios, whereas the 488 A
network has a considerable inductive reactance component and its  R/X-ratio represents the lower end
of LV network R/X-ratios and approaches those found in typical MV network connections [15]. Single

Isc [A] Rtot [Ω] Xtot [Ω] Zsc [Ω] Rtot/Xtot

1200 *) 0.19 0.025 0.19 7.6
650 0.349 0.025 0.35 13.9
488 0.380 0.276 0.47 1.4
250 0.898 0.276 0.94 3.2

*) inverters connected directly to point  P0



phase short-circuit currents of Isc ≈ 250  A  at  the  customer  supply  terminals  are  quite  common,
especially at rural networks. Short-circuit current Isc = 488 A corresponds the reference network
specified in EMC standard IEC 61000-3-3 [6] for voltage variation measurements of power
equipment. Short-circuit currents of Isc = 650 A and Isc = 1200 A are common in city networks. During
the measurements, inverter #2 was disconnected from the network and both inverters #1 and #3 were
connected simultaneously to the network unless otherwise specified. The measurement results
presented in this paper represent typical phenomena observed in the PV plant during several tens of
days of measurements between June and August 2014 and 2015.

The PV power plant consists of 69 PV panels having peak power of approx. 13 kW. The PV panels are
organized as three strings consisting of 17-23 panels in series. In this study, each string contained 17
series connected panels resulting a measured MPP power of 3230 W at 1000W/m2 irradiation
intensity.  The  PV system is  equipped  with  versatile  sensors  for  irradiation,  temperature  as  well  as  a
weather station. The data acquisition frequency is 10 Hz allowing recognition of the true dynamics of
the phenomena taking place in the power plant. The PV power plant is described in detail in [16].

3. Rapid voltage changes and flicker
Rapid power variations caused by shading due to, for example, passing clouds are a typical
phenomenon in PV systems [17]. Rapid and large power variations may cause flicker, additional stress
to electrical equipment and malfunction of sensitive equipment in the network. Earlier studies have not
found significant correlation between PV plant power fluctuation and flicker [18, 19]. Measurements
and analysis presented in this paper support the conclusion that power fluctuations induced by moving
clouds  do  not  cause  flicker  to  LV  system.  Fig.  2  shows  the  apparent  powers  and  short-term  flicker
indices Pst of inverters #1 and #3 measured in the test setup with different short-circuit currents with
both inverters in operation simultaneously. Apparent power is used as the power quantity, because
both active and reactive power have an effect on the voltage variations. The Pst is  highest  in  the
morning and in the evening (a) when the inverter power is low, but decreases in the mid-day when the
power variations are highest  (b).  Also the short-term flicker  indices (Pst) presented in Fig. 3 indicate
that power fluctuations during a partly cloudy day do not result in higher P st values  compared  to  a
clear day even in a networks with a low short-circuit capacity (Isc=250 A). In both partly cloudy and
clear day Pst ≈ 0.8 most of the daytime. The negligible effect of cloud induced power variations may
be explained by the rate of change of power caused by cloud shading, which is relatively low from the
flicker point of view. An extensive amount of irradiance data has been analyzed in [17] from the PV
site  used  in  this  study.  The  average  irradiance  transition  due  to  clouds  lasted  16.3  s  and  the  fastest
change was 0.9 s. In this study a 50…80 % power change due to a passing cloud usually took several
seconds, which means that the frequency of the voltage variations is at the least voltage sensitive edge
of the flicker curve specified in [7]. Based on the measurements, reactive power variations of the
inverters were small enough not to have any significant effect on the network voltage.

The high Pst values in the morning and evening and the increase of flicker with the increasing network
impedance (Fig. 2, c) are explained by the observed rapid subharmonic current variations, which could
be traced back to the poor design of the maximum power point tracker of inverter #3. With the
network connection short-circuit current of Isc = 250 A, the voltage quality would not fulfill EN 50160
due to excessive flicker. In inverter #1, these phenomena were considerably less pronounced. In fact,
the flicker observed in case of inverter #1 is mostly due to the network neutral point displacement
caused by inverter #3 current variations (d). The higher the neutral conductor impedance, the larger
the neutral point displacement and the stronger the coupling of voltage variations and flicker between
the phases. The subharmonic current variations are dealt with in more detail in section 4.

The voltage fluctuations were also studied by calculating the 10 min very-short variation (VSV) values
using equations (1)…(3) presented in [14]. Examples of the VSV values on a sunny and a partly
cloudy day in case of inverter #3 connected to the Isc=250 A network are plotted as a function of time
in Fig. 3 together with Pst, per unit voltage and apparent power fed by the PV inverter to the network.
Two distinct differences can be found between the VSV and Pst plots. Firstly, the subharmonic current



variations cause a clear elevation of the Pst level in the morning and evening (e), but they are
negligible in the VSV plot. Secondly, the relatively slow power varitions caused by passing clouds
during the partly cloudy day do not have an effect on the Pst value,  but  have a  distinct  effect  on the
VSV value (f). During the sunny day the only relevant VSV peaks are related to the stepwise changes
in the LV network voltage level caused by either abrupt load changes or transformer tap changing (g).

Fig. 2: Apparent power variations and flicker index of inverters #1 and #3 in different networks.

Fig. 3: Apparent power, voltage, flicker index and very-short voltage variations (VSV) of inverter #3
on a sunny and partly cloudy day.

Poor design of an inverter may also lead to current transients and rapid voltage changes in the morning
and in the evening when the inverter powers up or shuts down. These transients are clearly visible as
apparent power peaks in the morning and evening in Figs. 2 and 3 (h), especially, in case of inverter
#3.  The short transients at the start-up and shut-down of the inverter do not have any significant effect
on  either  Pst or  VSV  values  (i),  but  from  the  viewpoint  of  stress  and  disturbance  to  electronic
equipment  they are most  relevant.  The transients  are  dealt  with in more detail  in  section 5.  All  these
three types of voltage variations are detrimental from the network voltage quality point of view.
Therefore, the standardization related to both PV inverters and network voltage quality should be
developed in order to provide more incentive to limit the voltage variations caused by PV systems.



4. Subharmonic current variations
Analysis of the inverter DC and AC voltages and currents measured in the test setup revealed that the
MPP-trackers of the inverters cause rapid subharmonic current variations, which have a significant
contribution to flicker. As illustrated in Fig. 4 in case of inverter #3, the amplitude of these current
variations were clearly higher than in case of inverter #1, with Isc=250 A in the order of 1.5…2 A,
which is approx. 15…25 % of the highest current changes caused by shading (j). However, the rate of
change of current and the repetition frequency is higher, which makes the phenomenon more likely to
cause flicker. An example of the subharmonic oscillations observed in case of inverter #3 is presented
in Fig. 5. In low insolation conditions this subharmonic oscillation was constant leading to elevated P st

levels in the morning and evening. In higher insolation levels the subharmonic oscillation occurred
only at the instants of the string DC voltage change (once every 1-2 seconds) and was damped quickly,
but it still caused a clear elevation of the Pst level. The impact of the oscillations on the flicker index
presented earlier in Fig. 2 and 3 was enhanced by the fact that the frequency of the oscillations was
approximately 8 Hz (Fig. 5), which is very close to the frequency at which human eye is most
sensitive to light luminosity changes [7]. The network impedance had an effect on the amplitude of the
voltage variations caused by the subharmonic oscillations, but not on their frequency. In case of the
network with 250 A short-circuit current the voltage variation was in the order of one volt (Fig. 5).

Fig. 4: Current and voltage variations related to the MPP tracker of inverters #1 and #3.

Fig. 5: Subharmonic current variation at a low irradiance level in terminals of inverter #3 (Isc=250 A).
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5. Transient currents at inverter start-up and shut-down
Current transients or bursts associated with the inverter start-up in the morning and shut-down in the
evening were observed in both inverters. The current transients have an adverse effect on the voltage
quality and may cause additional stress to other electrical equipment connected to the network. The
waveform and amplitude of the transients depends on the inverter design as indicated in Fig. 6, but it
was present in both of the inverters despite the different manufactures. In case of inverter #3 the
current transients are high with a peak value of up to 20 A (Fig. 6, k), in case of inverter #1 the peak
current is lower, approximately 3-4 A and it has a considerable amount of fundamental frequency and
lower order harmonics (l). The transients could be repetitive for several minutes and they were present
in all studied network configurations. The phenomenon is linked to the abrupt changes in the DC link
voltage as illustrated in Fig. 7. In case of inverter #3, the current transients at the inverter start-up and
shut-down are linked to the abrupt changes of DC voltage between the 300-340 V level when the
inverter is connected to the network (voltage minimums) and the 400-480 V level when the inverter is
disconnected from the network (m). In case of inverter #1, the 3-4 A current transients at the inverter
start-up are linked to DC voltage changes between approx. 330 V level when the inverter is connected
to the network and the 400-420 V level when the inverter is disconnected from the network (n).

Fig. 6: Current transients in the morning and in the evening (I sc = 488A).

Fig. 7: DC voltages and current transients in the morning and in the evening.

6. Voltage level and slow voltage variations
Although the cloud induced power changes did not have a significant effect on flicker they cause rapid
voltage changes, which may disturb voltage sensitive equipment or voltage controlled motor operation
and stress electronic equipment. Fig. 8 illustrates the correlation between the irradiance and the
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inverter DC and AC powers and voltage at the network supply terminals. The most rapid power
change in the Figures is approximately 1.8 kW in 2 seconds. The AC output power of the inverter
follows the insolation intensity almost instantaneously. Especially, in conjunction with cloud
enhancement the rapid voltage changes can be large as illustrated in Fig. 8. In the left column of Fig. 8
(o) the cloud enhancement is manifested by the high intensity levels exceeding 1000 W/m2.  In  the
right column the cloud enhancement is much less pronounced, but the voltage variations are still large
due to the low short-circuit capacity of the network (p).

In the measurement setup used in Fig. 8, doubling the PV string MPP power to correspond the
nominal power of the inverter resulted in repetitive violation of the Un+10 % limit in the network with
Isc=250 A. With typical string dimensioning used in the commercial residential PV systems the voltage
variations may violate the Un±10 % limits in low load situations and cause the inverter to abruptly
disconnect from the network or limit the power especially in weak rural networks. For rapid voltage
changes there are currently no limits, only indicative values presented in EN 50160 [4]. VDE-AR-N
4105 specifies limits for rapid voltage changes and the frequency of their occurrence at the point of
common coupling (PCC) for power generation systems connected to the LV distribution system [20].
In the network with Isc = 250 A the VDE-AR-N 4105 limit was violated already with one PV string
with MPP power of 3230 W. In practice, the extent of the problem depends on the amount and type of
loads at the connection point of the inverter and the problem may also be mitigated to some extent
utilizing the reactive power control of the inverter.

Fig. 8: Rapid voltage changes associated with power variations caused by passing clouds in networks
with single-phase short-circuit current of Isc=488 A and Isc=250 A.

7. Harmonic current distortion
Harmonic currents produced by the inverter are known to depend, among others, on the instantaneous
power produced by the inverter and the amount of voltage harmonics present in the grid [21]. Fig. 9
presents the total harmonic distortion (THD) and total demand distortion (TDD) of the inverter output
current together with the apparent power and RMS phase voltage and the total harmonic distortion of
phase voltage at the connection point between the inverter and the variable network coupling
impedance. In case of both inverters the maximum demand load current used in the TDD calculation
was 14 A (corresponding to the maximum output power of one PV string connected to the inverter).
THD was  high  in  the  low insolation  conditions,  especially,  in  case  of  inverter  #1  (q).  However,  the
TDD remained fairly constant throughout the day in case of both inverters (r), which means that the
high THD in the morning and evening is not necessarily a problem. In case of inverter #1 the TDD is
approximately 1.3 % and in case of inverter #3 it is almost 4 %.
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Although there is a clear difference between the TDD levels of the inverters, the impact of both
inverters on the total harmonic distortion (THD) of the network voltage was negligible even at the
network with the lowest short-circuit current Isc=250 A (s). The current transients in the evening (and
morning) dealt with in the previous chapter are visible at the apparent power as well as in voltage and
current THD and TDD (t). Based on the measurement results presented in this chapter and the
previous one it seems that voltage variations are the primary problem related to the PV plants and at
least with low PV penetration the harmonic currents are not likely to cause problems.

The behavior of the inverter #1 and #3 current THD as a function of inverter fundamental active
power during two whole days is illustrated in Fig. 10. Measurement data is presented in the first row
(u) and moving average in the second row (v). Similar analysis was made for several days with very
similar results. During these measurements only one inverter was operating at a time. Inverter #3 THD
is generally higher except during the very low power levels, where inverter #1 THD is higher (u). In
case of inverter #3 also the network R/X-ratio seems to have an effect on the THD level – with high
R/X the THD is smaller (v). The observation is in line with [22] as higher network inductance seems
to result in higher current distortion. In [22] it is suggested that higher inductance decreases the
resonance frequency of the system and as a result increases the current distortion.

Fig. 9: Apparent power, RMS voltage, voltage THD, current THD and TDD of the inverters.

Fig. 10: Current THD as a function of inverter fundamental active power in different network
conditions.
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8. Conclusions
Experimental results on the power quality impacts of single-phase grid-connected PV systems were
presented in this paper. The main emphasis was on the voltage variations caused by the PV systems in
different climatic conditions in different networks. Two different methods for characterizing the
voltage variations caused by PV inverters were studied: the conventional short-term flicker index Pst

defined in [4, 5] and the 10 minute very-short voltage variation value (VSV) defined in [14]. The
results clearly indicate that PV inverter power fluctuations induced by cloud shading have a significant
effect on the VSV value, but not on the short-term flicker index Pst. However, the power fluctuations
induced by cloud shading have a strong impact on the network voltage level, especially in weak rural
networks. Based on the results, in weak networks such as the studied network with Isc=250 A the
voltage variations caused by commercial residential PV systems may violate the Un±10 % limits and
cause the inverter to abruptly disconnect from the network or limit the output power.

The results indicate that PV plants increase the network Pst values, but the increase is mainly due to the
poor design of the MPP-tracker of the inverters. The MPPT of inverter #3 caused subharmonic current
variations at a frequency of approximately 8 Hz which is very close to the most sensitive frequency of
human eye. The current transients associated with the inverter start-up and shut-down in low
irradiation conditions also cause unnecessary voltage variations. Depending on the inverter design, the
current  transient  peak  values  varied  from  a  few  amps  to  20  A.  The  power  variations  induced  by
shading and cloud enhancement and the problems related to the PV inverter designs cause rapid
voltage variations, which may stress the equipment connected to the grid and seriously degrade the
voltage quality. Both the inverter and network voltage quality standardization should be developed to
provide more incentive for limiting the rapid voltage variations caused by PV systems.

In addition to the voltage variations, the distortion of inverter output current was studied in different
network and irradiance conditions. The total harmonic distortion (THD) of the inverter current relative
to the fundamental frequency component was high in the low insolation conditions, especially, in case
of  inverter  #1.  However,  the  TDD  and  the  absolute  value  of  the  distortion  current  remained  at  a
moderate and constant level throughout the day regardless of the output power of the inverter in case
of both of the inverters. As a result, the effect of the distortion current on the network voltage was very
small even at the weakest network having a short-circuit current of Isc=250 A. Thus, the main PQ issue
in the studied networks was the voltage variations caused by the PV inverters.

The results indicate that the proliferation of grid-connected PV systems is likely to increase the need
for voltage quality monitoring and management in public LV networks. Serious voltage quality
problems may occur even due to small residential PV installations, if the local power network
characteristics are not taken into account in planning and installing a new PV system. Therefore, it is
important  that  both  the  vendor  of  the  PV system and  the  DNO are  aware  of  the  potential  problems
related to PV installations and co-operate in order to ensure the compatibility of the installation with
the grid. Correcting the problems afterwards is usually both difficult and expensive. The embedded
measurement, data processing and control capabilities available in the PV inverters open up new
possibilities also in monitoring and mitigating voltage quality problems in the network, but the
potential is in any case limited.
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