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Effects of Flicker in a Distribution Grid with high PV Penetration
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ABSTRACT: The quantity of installed photovoltaic (P¥ystems in the German distribution grid is stifreasing. In some
areas the installed PV capacity exceeds 3 k8PR-13] per house connection (HC). Therefore ¢tz lflow changes its
characteristics and leads to new requirementshigtid. In some areas the power feedback is hitjtzer the delivery and
the installed PV capacity becomes the decisivefdor grid planning. This paper discusses the ichp&PV systems on the
flicker level. The focus hereby is on the corr@atbetween the flicker level and the grid voltagel ¢he meteorological
parameters. Different approaches to investigatkeife is an influence of PV systems on the flickier taken into account.
Furthermore an investigation if the normative limsiexceeded will be shown.

Keywords: Grid integration, Stability, Photovoltaic

1 INTRODUCTION

Flicker is a subjective impression of the discoumitiy of
visual perception caused by a variation of voltagel
therefore a volatile luminance. The flicker canrheas-
ured by a flickermeter (defined in [VDE-0847]) that
based on a reproduction of a 60 W incandescent, ltmap
sensitivity of the human eye and the corresponbiagn
reaction. For the evaluation of the emissions ckffié
flicker limit curves have been determined. The oeas
for flickers are voltage fluctuations, whereby tharve
form of this variability (sinusoidal, ramp, rectédepand
the frequency are essential.

Flickers can be characterized by [SCH-13]:

« short term flicker (index st) in a time period of
10 minutes and long term flicker (index It) in a
time period of 2 hours,

« the relative voltage changes(t),

« different correction factors.

Long term flicker () is one relevant parameter for the
power quality. The permissible value of i a low
voltage grid, produced from the totality of all dees and
loads, is according to the German low voltage gliite
[VDE-4105]

P, <05 (1-1)
even at the weakest node. The value is calculatad f

twelve consecutive short term flicker ({{P[SCH-08].
Flicker values are given dimensionless.

=Y
Pu= =7 (1-2)

The limiting value for the short term flicker is

Py < 1.0. (1-3)

This value is decisive for product standardizatiom not
for power quality. Nevertheless, due to the tempora
resolution this short term flicker is used in tloidwing

to analyse the dependency of the flicker on theféad

in. The long term flicker is only used to analyseeed-
ances of the normative limit.

Higher values leads to disturbing perceptions ahuse
voltage fluctuations and variations in the luminarxy
more than 50 % of the test persons. Formula (5&@H-
08] describes the calculation instruction. Esséididhe
voltage variation in %, R and F are frequency anthfo
factors, r is the repetition rate.

(1-4)
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Frequency and form factors for various repetitiates
and relative voltages changes are given in [SCHTI&.
size of these factors is in the range of 0.2 aAd 1.

On days with a fluctuating cloudiness the ramp oditine
irradiation and thereby the irradiation changes \agy/
high. The generated output power of PV systems is
strongly volatile [WIR-12]. This has an intenseeeffon

the grid voltage and thereby possibly on the flicka

this article, the evaluation of the short and Idegn
flickers depending on the relative grid voltages thme

of the day, date of the year, global irradiatioadients
and the clear sky index in an area with a high BNgpra-
tion is shown.

2 DATABASE

To gain more knowledge of the changing grid reguire
ments the E.ON Bayern AG initiated the project “Gofd
the Future” (Netz der Zukunft) [EBY-10] in coopemati
with the University of Applied Sciences Munich attne
Technische Universitat Miinchen. In this project edim
um voltage grid in Lower Bavaria and the underlyiogy



voltage (LV) grids are analysed. This area standifgh

PV yields (for Germany) and an above average P\épen
tration (5 kW, / HC). Around 560 smart meters are in-
stalled, mainly at house connections with PV systefn
database collects the 10 minutes average data thhem
measurement devices. The short term flicker is elae-
trical parameter that is recorded. All results rdfe the
period from January 2011 to December 2012. Thus the
test series include two complete summers.

To get significant results, several evaluation stepe
necessary. The low voltage grids have to be andlyse
separately because of the high data volume. Eaeintsm
meter calculates the 10 minutes averagevBlue for
three phases. This leads to 432 values per smadr me
and day and therefore to nearly five Million datues
per year for a grid with thirty smart meters.

All flicker values are real measurement data. Tioeeeit
is not possible to match theses values bijectivétb
systems or loads. Different approaches to alloth&
flicker levels to loads or PV systems are realisEde
assignment is done for the relative grid voltape, date
and time as well as the global irradiation gradieand
the clear sky index.

The clear sky index is the quotient of the measined
diation to the clear sky reference irradiance anghrtic-
ular location and day [ZEH-12] (see formula (2-The
clear sky index from one irradiation sensor in itheesti-
gation area is calculated and used for this stAdglear
sky index value equal to one describes clear skgieo
tions. Days with a fluctuating cloudiness causerckky
index values different to one. Cloud shadowing cause
clear sky index values lower than one, irradianoe e
hancements cause clear sky index values higherotfan
(2-1)

ko = Gmeasured
r=—"
Gclear sky

The investigation of the flicker is made for seVvdoav
voltage grids. The results, however, are similar 40
investigated grids. Therefore the detailed redoitonly
one low voltage grid in the year 2012 will be dissed
and shown in the following evaluations.

This LV grid can be characterized by a high PV pene
tion of more than 1050 kyVof installed power in June
2012. 13 of 144 house connections are equipped with
smart meters. This leads to a PV penetration of
7.3 kW, / HC.

3 RESULTS

DISTRIBUTION OF THE LONG TERM FLICKER

In this section the long term flicker, which is ardevant
parameter for power quality, in an exemplary LVdgis
analysed. The investigated village shows a totadity
more than two Million data points in the period rfro
January to December 2012 (Table 1). Only 0.20 %trea
a flicker level higher than 0.5. To exclude unrepraa-
tive outliers, the 95 % quantile is determined (fFéeg1).
The mean value is 0.135, the 95 % quantile 0.365h Bo
values a far below the normative limit. Neverths)es
around 60 values were measured with a level abaee o
This is twice the allowed maximum value.

Table 1: Distribution of the long term flicker for one low
voltage grid in the investigation area in 2012. @% of
the R, values are higher than the normative limit.

Py Number of Share of the
data points totality in %

>0.0 2048 511 100

>0.1 1 600 553 78.13

>0.3 258 745 12.63

>0.5 4103 0.20

>1.0 58 0.003

>1.5 0 0
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Figure 1. Distribution of the long term flicker for an
exemplary low voltage grid in the investigation aiea
2012. The mean value and even the 95 % quantiléaare
below the normative limit.

CORRELATION OF THE SHORT TERM FLICKER
WITH THE RELATIVE GRID VOLTAGE

All following results refer to the measured shastnt
flickers because of the higher temporal resolutom-
pared to the long term flicker. The short termkéc is
not relevant for power quality. It is only signiict for
product standardization. The evaluation of the ddpa-
cy of the flicker on PV systems contains differeqt-
proaches that will be shown in the following anak/s

To investigate the influence of PV systems on therts
term flicker, the correlation between thg &nd the grid
voltage is a useful indicator. Relative grid voltadegher
than 100 % leads to a high power feed in. It canetfore
be assumed that the corresponding flickers carabsed
by PV systems and loads during days with a fluatgat
cloudiness or only by loads on clear sky days. agEt
lower than 100 % occur during times with lower e
no PV power feed in and therefore without any reatide
irradiation. Thus flickers that appear on these diow
voltages can be attributed to loads.

Figure 2 visualizes the short term flicker depegdan
the relative grid voltage. High densities of flickealues
are red, low densities are blue. Most of the slemn
flickers are within a range below 0.15 and occuvait-
ages between 98 % and 101 % of the grid voltagamyMa
of the high short term flicker values of 0.15 upté are
detected at voltages higher than 100 %. Theseeflick
values can be attributed to the power feedbaclatiito.
Most of the installed PV systems are connectechtts@
one [PAR-12]. Due to that, differences betweenphas-
es are expected. There is in fact a slight digpaéirit it is
still marginal. In general there is a considerauatter of
the R, values on each phase. Therefore only one phase is
shown in most of the following evaluations.
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Figure 2: Visualization of the short term flicker in de-
pendency of the relative grid voltage. Higher fick

values occur mainly at voltages higher than 100 %.

CORRELATION OF THE SHORT TERM FLICKER
WITH THE TIME OF THE DAY

In this part of the investigation the short termaker is
assigned to the time of the day. Therefore all dayses

of the R, values are superimposed. Figure 3 shows the
result for phase one of the exemplary grid.
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Figure 3: Visualization of the short term flicker over the

time of the day. Higher flicker levels can be sdaring

daytime with a slight peak at noon.

The upper part of Figure 3 displays the short tiicker

in the range from zero to one. In the night hobeslevel
is low, at around 0.1. During daytime a bigger adrat a
higher level occurs. Therefore the density of tHesels
is lower.

The lower part of the figure illustrates only thaytime
levels. Besides the equal distribution between 0@
20:00 o’clock is a slight peak at noon. This pealld be
caused by PV systems. It is obvious that duringioey
the flicker level is higher due to the living habif the
people. The connected loads, such as motors, cansum
electronics or agricultural and industrial machjnesn-
sume higher loads and have therefore a higher impac
voltage fluctuations and on the flicker. During Imig
much less machines or other devices are in use.

CORRELATION OF THE SHORT TERM FLICKER
WITH THE DATE OF THE YEAR

After the correlation with the time of the day, ttley of
the year correlation is the logical next step. Bgtams
produce a large part of their yearly electricity time

months Mai, June, July and August. If PV systemela
noticeable impact on the flicker level the expedctl

in these time period should be higher than durirggrest
of the year.

Figure 4 shows the short term flicker on phasefonéhe
whole year 2012. There are some data gaps, edgenial
June. The flicker level remains nearly constantr e
complete year. Only a flimsy enhancement in Jurge an
July is visible. There is no obvious drop in thenter
months. This leads to the conclusion that the didievel
caused by loads is as high as the level caused\by P
systems. Even the few high levels in the summertimon
could be evoked by loads.
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Figure 4: Visualization of the short term flicker in de-
pendency of the day of the year. Marginally higttieker
levels can be seen in June and July with a slighk =
the end of June.

Figure 5 shows the behavior of the daily flickers
throughout the year. The duration of higher fliclerels
during the days is a function of the day of theryéang
summer days are an indicator for longer high flicke
levels. This fits with the rhythm of the human rioetas
well as with the PV production.
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Figure 5: Visualization of the short term flicker in de-
pendency of the time of the day and the day of¢ae.
The length of higher flicker levels during daytirsgies
during the year.

CORRELATION OF THE SHORT TERM FLICKER
WITH THE GLOBAL IRRADIATION

To investigate the influence of PV systems on tickdr
it is essential to calculate the correlation to tiebal
irradiation. In this paper that is done in two difint
ways:

« 10 Minute average values of the irradiation
(Gmear)-

« Difference between maximum and minimum ir-
radiation in a 10 minute interval {f).



The short term flicker refers to a 10 minute tinha.sin
comparison to that the global irradiation is avaiaas a
high precision one second value for ten differexdat
tions in the investigation area. To correlate theetseries
it is obvious to calculate 10 minute average imtdn
values with the knowledge that all enhanced irrtimtia
values are smoothed. The results of this examina&ter
to the time period 01.06.2012 to 10.10.2012 becadise
the data availability. In this period ten autarkensors
located distributed in the investigation area delivradi-
ation and ambient temperature on the horizontahepla
For each low voltage grid the irradiation of thearest
sensor is used.

Figure 6 outlines the result. Each flicker levetretates

to one 10 minute average irradiation value. A srmall
crease to higher flicker levels on high irradiatieadues
can be seen. The 90 % and 99 % quantile make the co
herences more apparent. The flicker level is neadg-
pendent on the irradiation. Even at cloudy dayshwit
maximum irradiations around 300 W/m? the flickers
reach the same level as on days with a bright smesh

Values Concantratian
[ ]
Low High
0.8 i 9

90 % Quantile|
99 % Quantile|

FSILI

00 1000 1200

%950 700 500 80
Gmeanm\c’Wm2
Figure 6: Visualization of the short term flicker in de-
pendency of the 10 minute average irradiation value
Considerably higher flicker levels can be seen with i

creasing irradiances.

To separate the clear sky conditions from the flatihg
cloudiness with a possible impact on the flickerelethe
“maximum difference” per 10 minute raster is caétatl.
This “maximum difference” is the difference betwebe
absolute maximal to the absolute minimal irradiatio a
10 minute interval. On a clear sky day this valsidoiv.
On days with a highly volatile irradiation profilthe
“maximum difference” can reach values up to
1000 W/ma,

The results are displayed in Figure 7. It is expeédb
receive excessive flicker levels at higher “maximum
difference” irradiations. The 90 % and 99 % quantil
makes the constant flicker level scattering evident
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Figure 7: Visualization of the short term flicker in de-

pendency of the 10 minute “maximum difference” dira

ation value. The flicker level remains constant.

To sum up these two different approaches: Slighit-
er flicker levels occur on higher mean irradiaticalues
but not on higher “maximum difference” irradiations
This leads to the suggestion, that higher fliclesels are
produced by loads during daytime. This is constsiéti

the evaluation of the flicker in dependency of tinee of
the day and the typical human behavior.

To eliminate the influence of the loads as effectas
possible the same evaluation as shown in Figuseddne
only for Sundays. Assuming that most of the loads a
shut down on a Sunday, the effect of PV systemsldho
be more apparent.
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Figure 8: Visualization of the short term flicker in de-
pendency of the 10 minute “maximum difference” dira
ation value on Sundays. The flicker level remaitis s
constant.

The flicker values on Sundays in dependency of the
“maximum difference” irradiation are revealed irg#ie
8. Again the distribution remains nearly constant.

Nevertheless, to exclude the influence of a fluitga
cloudiness on the flicker level the evaluationtad torre-
lation with the clear sky index is done in the daling
section.

CORRELATION OF THE SHORT TERM FLICKER
WITH THE CLEAR SKY INDEX

Days with a fluctuating cloudiness exhibit cleay skdex
values different to one. The values can be lower @u
cloud shadowing or higher do to irradiation enhance
ments [ZEH-12]. Consequently influences of PV syste
on the flicker value should occur on clear sky de
values unequal to one.

The pictures of Figure 9 illustrate the flicker walin
dependency of the clear sky index for all threespba
Despite obvious differences in the phases all efittdo
not show elevated flicker values at clear sky irdex
unequal to one.

Phase one displays the highest flicker values eear
sky index around one. This can again be attribtdettie
ordinary human behavior and due to that contributed
loads. Furthermore is the investigated low voltggd a
rural area with a high density of agricultural lsa@hese
loads are mainly used outside on sunny days.

A similar behavior at least in the density of thiekker
level shows the second picture of Figure 9. In tthied
one, the distribution of the flicker level is ngacbnstant.
The most serious difference between the third ded t
other two pictures is the absolute level of thekdir.
Phase three has a maximum level around 0.3, phese o
and two of 0.4 up to 0.6. Due to that conspicuossne
there are more and / or stronger loads connectaleto
phases one and two than to phase three. Once again
influence of PV systems on the flicker level candie
tained.

To eliminate the load as well as possible the fulhy
analysis on Sundays is taken out.



Values Concantration

PS\L1

1200

v |
“J\\r\""'J R

1000

b Ji
A
N ‘A “\

s00 =

~200

5 1.0
Clear Sky Index

PleZ

5 1.0
Clear Sky Index

Values Goncentraticn

ogh . tew High

PleJ

5 1.0
Clear Sky Index
Figure 9: Visualization of the short term flicker in de-
pendency of the clear sky index for all three pbase
Despite obvious differences in the phases all thieaot
show elevated flicker values at clear sky index eslu
unlike one.

COMPARISON OF THE FLICKER LEVEL ON A
LONG FEEDER WITH PV SYSTEM ON A CLEAR
SKY DAY WITH A FLUCTUATING DAY

A nearly entire elimination of the load is possiliig
considering only one long feeder with a huge P\tesyis
on Sundays. This evaluation is done in this parthef
evaluation.

In this approach the irradiation profiles of allr8lays are
analysed. The most fluctuating and clear sky iatoin
profiles are taken into account. The measured house
connection is at the end of a long feeder and @ K@,

PV system is installed.

Figure 10 and Figure 11 show the irradiation anzkélr
profiles for these two exemplary days on the chagéh
node. Blue represents the irradiation in W/mz, tied
flicker level. Slightly higher flicker values occuan the
fluctuating day. There are high peak flicker valuss
times with no or very low irradiance. These valuas
again be attributed to the influence of loads. Howdd
always be taken into account that the measurecsalte
far below the normative limit of one. The peak ‘e of
this evaluation are below 0.2.

INVESTIGATION OF THE FLICKER LEVEL ON
CLOUDY DAYS WITH ALMOST NO PV FEED IN
AND ON CLEAR SKY DAYS WITH NO IMPACT OF
PV SYSTEMS ON THE FLICKER LEVEL

The goal of this section, in contrast to the lamstlgsis, is
to eliminate the influence of PV systems on thekér
level. Therefore days with a thick cloud cover atear
sky days without any feed in fluctuations are exadi
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Figure 10: Visualization of the short term flicker (red)
and the irradiation (blue) at the end of a longdeefor a
clear sky day.
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Figure 11: Visualization of the short term flicker (red)
and the irradiation (blue) at the end of a longdeefor a
fluctuating day.

In the first part only the cloudiest days in 20X2 ana-
lysed. The choice of the days was done by a Fagtiéfo
Transformation (FFT) and filtering algorithm [RAU{13
This algorithm sorts the daily irradiation profilea
twelve categories in dependency of the irradiatjcedi-
ents and the maximum irradiations. All analysedsddgy
not reach irradiation values higher than 350 Wkigure
12 displays the daily irradiation profiles of theuf
cloudiest days in 2012.

The inherent flicker values of these four cloudyglare
displayed in Figure 13. The comparison of FigurevitB
Figure 3 shows no differences in the maximum flicke
level. There are higher flicker values during dapet
because of the human daily life. Summarising thoiei
values evoked by loads are at least as high aflicker
values caused by PV systems. Nevertheless, thahe is
possibility of occasional high flicker values catdisyy PV
systems despite all realised investigations.
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Figure 12: Dalily irradiation profiles of four days in 2012
with a thick cloud cover.
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Figure 13: Visualization of the short term flicker in
dependency on the time of the day on days withck thi
cloud cover. Again higher flicker levels can be rsee
during daytime.
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The maximum R value was measured on thé"L&nu-

ary 2012. On this day the short term flickers oagghone
reached a maximum value of 1.38, on phase two3ff 1.
and on phase three of 1.17. This day was a sunny
Wednesday without any irradiance fluctuations. Daoie
this awareness of the flicker Figure 14 displays dhily
irradiation profiles of eight days in 2012 with fioctua-
tions in the irradiation. All these days are almpstfect
clear sky days. The maximum irradiation dependshen
day of the year.
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Figure 14: Dalily irradiation profiles of eight days in
2012 without any irradiance fluctuations.

The inherent flicker values of these eight cleay dlys
are displayed in Figure 15. The comparison of FdlLB
with Figure 3 shows no differences in the maximum
flicker level. There are higher flicker values dwgiday
time because of the human daily life. All flickens these
days have to be generated by loads.
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Figure 15: Visualization of the short term flicker in
dependency on the time of the day on days without an
irradiance fluctuations. Again higher flicker legetan be
seen during daytime.

4 SUMMARY AND CONCLUSION

In this article the influence of PV systems on flieker
level in an area with a high PV penetration is yeed.
Therefore measurement data from around 560 smart
meters for two years are available. The surveyisedor
various low voltage grids with different supplywsttures.

The evaluation delivered the following results: Ter-
missible value for power quality of the long terlicKer

(P, < 0.5) is not always respected. There are 0.20 % of
the values that exceed the limit. Neverthelessthaties
are very rare.

Different approaches to determine the effects ef RV
feed in on the flicker level and to isolate theeef§ of the
load on the flicker level were taken into accoufite
evaluation of the short term flicker{Pin dependency on
the relative grid voltage shows slightly above ager
flicker values at voltages higher than 100 % ofribeni-
nal grid voltage. These values can be caused bgyBY
tems on days with a fluctuating cloudiness but dgo
loads at clear sky days with a high PV feed in. ifives-
tigation of the short term flicker in dependency the
time of the day and the day of the year leads to no

knowledge of the influence of PV systems. By caltul
ing the correlation between flicker value and globa
irradiation or clear sky index, no influence is @us.
The loads do have a more significant influence lom t
flicker. Only the investigation of a long feederthva big
PV system on Sundays (load is marginal) revealghts
dependency of the flicker on PV systems. The evia@oa
of the flicker level on days with a thick cloud emvand
on clear sky days show as high flicker levels asdeith

a fluctuating cloudiness. These values can be cetelgl
attributed to loads.

In conclusion it can be stated that no higher @iclevels
are caused by PV systems. The determining factor re
mains still the load. This statement is only amlie
under the current planning conditions. If thesediions
change, for example the maximum voltage hub in low
voltage grids of 3 % [VDE-4105], these statementel
their validity. If the PV penetration reaches highialues

in the future this study has to be implemented ragai
investigate the influence of these new high petietra

on the flicker level. Nevertheless, there are mgh lievia-
tions in the flicker level expected.
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