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Ordinance of the Minister of Economy on detailed conditions of
functioning of the power system and the Manual of Movement and
Operation of Distributive Network. Based on the analysis, which was
carried out, one may assume that the requirements referring to fre-
quency changes, efficient value of the supply voltage, voltage unbal-
ance and its deformation from the sinusoidal waveform have been
met. In the period which was covered by the research, during the wind
turbine work, insignificant surpasses of the admissible level of the root
mean square of voltage were reported, but their number constituted
less than 0.07% of observations. During the research, also 20 voltage
dips of values exceeding 10% of the rated voltage, average depth of
which was 172V were reported. In majority these were disruptions
caused by other receivers connected to the network.

Introduction

Wind is one of the renewable sources of energy, energy potential of which is estimated
at the level of power equal to 40 TW (Korban, 2010). First mentions on the use of wind
energy by man reach 3000 B.C. When sails for boat drive began to be used in Egypt. Few
hundreds years later around 640 B.C. first information on the use of wind, inter alia, for
mills drive and drying off rice fields in China appeared. Windmill structures construed then
had a vertical axis of rotation. In Europe, windmills started to be built in the 12th century
and in majority these were windmills with the horizontal axis of rotation. Whereas, the first
wind power station was built in Denmark by Poul La Cour in the end of the 19th century.
Since that time, many structures of wind power stations had been developed, which differ
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both on account of the mechanical solutions as well as the structure of the generators of
electric energy applied there (Kaldellis and Zafirakis, 2012; Niedzwiecka-Filipiak and
Borcz, 1998; Polak and Baranski, 2006).

The total power of wind power stations located on all continents in 2011 was 240 GW
and increased in relation to the previous year by approx. 40 GW. The highest increase by
18 GW of the installed power was reported in China. Next positions were taken by the USA
(6.8 MW) and India (3MW). In all countries of the European Union a total increase of
power by 9.6 GW was reported, out of which the highest number in Germany (2.1 GW),
Great Britain (1.3 GW) and Spain (1GW). Assuming an average annual time of operation
of the wind turbine as 2200 hours, the obtained electric energy from the wind sources is at
the level of 528 TWh. Such amount of the produced energy can satisfy approximately 2.7%
of the global demand for electric energy (Global Wind Report, 2011; BTM Consult, 2011).

According to the state as of 31st December 2013 in Poland in the wind power industry
there were 3389.5 MW installed (Polskie Stowarzyszenie Energetyki Wiatrowej). On this
basis, indexes of the power installed in the wind energy industry per one citizen of the value
0.088 kW and also per a km? of the land area at the level of 10.84 kW are the lowest in
Europe. Total volume of electric energy generated in Poland by wind turbines along with
other renewable energy sources in 2013 was 5822 GWh which constitutes over 2.5% of the
total consumption of electric energy (Polskie Stowarzyszenie Energetyki Wiatrowey).

The need to meet obligations resulting from, inter alia, the signed protocol in Kioto on
reduction of the carbon dioxide emission is a strong impulse for the growth of the wind
energy dynamics in Poland, which we have observed in the recent years. However, a sys-
tematic increase of the wind power stations participation in the structure of production units
brings some negative effects. The most frequent problems are those related to a correct
management of generating unit operation, possessed centrally in order to ensure stability of
the system and maintain the required quality of electric energy. Main sources which cause
deterioration of the electric energy is a change of the rotational moment related to a period-
ical shadowing of propeller blades by a tower, change of the rotational moment resulting
from non-uniform wind speed at various heights and impact of the converter systems in-
stalled in some types of wind power stations. The scale of disadvantageous impact on the
operation of the electro-energy system to a great extent depends also on the degree of con-
centration of units which generate wind in this area, distance from conventional wind pow-
er stations and the condition of electricity grid (Iwaniak and Chojnowski, 2009; Kowalski,
2007; Nirmal-Kumar, Nair, Jing, 2013; Stavrakakis G.S., 2012; Tascikaraoglu, Uzunoglu,
Vural, Erdinc, 2011). Problems of low-investing of distribution networks and transmission
grids, and thus unsatisfactory quality of electric energy is especially visible on rural areas
(Reiter and Kukietka, 2011; Trojanowska and Necka, 2010), which on account of availabil-
ity of the area theoretically give the highest possibilities of formation of new wind farms.
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Objective of the paper, methodology and object of the research

The objective of the paper was to analyse the electric energy quality in the place of at-
tachment of a single wind power station to the electricity grid and in particular frequency
and the root mean square of voltage generated by this power station.

The quality of electric energy is characterized as the quality of supply voltage and relia-
bility of its supplies. The quality of voltage is characterized with inter alia frequency of
voltage, its root mean square value and the degree of deformation from the sinusoidal
course. Whereas, reliability of the electric energy supply is described mainly with indexes
concerning frequency, duration and territorial scope of short and long power cuts in the
electric enegry supply.

The objective of the paper was performed based on the author's own research carried
out in a LV switching station located in the place of attachment of a wind turbine of Nord-
tank XLR type with the power 150 kW to the MV distribution network. The object of the
research was located on the territory of Stomianki commune in the northern part of Mato-
polskie Voivodeship. The investigated wind power station was produced in 1997 whereas,
in Poland it has been working since 2007. The research which was carried out, consisted in
the constant measurement of the amount which characterizes the electric energy quality,
which then was averaged and registered in 10-minutes time intervals. For measurements,
which were carried out from July to December 2013 a portable analyser of network pa-
rameters AS-3 Plus was applied. The result of the investigated research was development of
an extensive data base including information on the impact of the wind power station on the
quality of electric energy in the distribution network.

The assessment of the quality of electric energy was carried out based on the require-
ments set forth in the Ordinance of the Minister of Economy as of 4th May 2007 on de-
tailed conditions of functioning of an electro-energy system and the Manual of Movement
and Operation of Distributive Network [Polish: IRIESD]. Based on the obtained results it
was verified whether particular parameters which characterize the energy quality in the
place of attachment of the wind power station to the network of the Distribution System
Operator are met. If in the period of research, surpasses of border values of particular pa-
rameters were identified, according to IRiESD requirements, it was also checked whether
the total time of their duration within one week, when surpasses were reported, is longer
than the admissible one.

In the effective acts of law, the frequency of the supply voltage is mentioned as a first
parameter which characterizes the quality of voltage. Rated value of frequency for the
whole heavy current system in Poland is 50 Hz not related to the root mean square value of
voltage. Average value of frequency measured for 10 seconds may deviate from the rated
value by £1% for 99.5% of the one week period. Whereas, for the entire week, it may not
change by more than +4% and -6% of the rated value.
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For generating units, attached to the distribution network, it is required that for each
week at least 95% from the set of 10 - minute average root mean square values of the sup-
ply voltage it was within £5% of the rated value.

Additionally, the operation of the wind power station may not cause sudden changes of
root mean square values of the supply voltage which exceed 3% even during the start-up
and withdrawal of the wind power station. However, if a regular operation of the wind
power station is the source of voltage changes and they have a cyclic nature of frequency
from 10 disturbances per one hour, then the change of voltage may not exceed 2.5%. At the
increase of disturbances frequency above 100, fluctuations of voltage must be lower than
1.5%. Fast changes of voltage caused by the change of power of the wind power station of
frequency 1 Hz should be of amplitude not exceeding 0.7%.

For the supply voltage unbalance it is required that within each week 95% from the set
of 10-minute average root mean square values of the constituent symmetrical, the opposite
order of the supply voltage was within 0% to 2% of the constituent value of a compatible
order.

In the literature, few methods of determination of the unbalance coefficient from the
root mean square values of interfacial tensions (EN 61000-4-30; EN 61000-2-2, EN 61000-
2-4, EN 61000-4-12, TOCT 13109-97, Engineering Recommendation P29) are known.
However, from the research results presented by Kosobudzki (2011) one may assume that
all methods of determination of the unbalance coefficient give comparable results and exist-
ing differences between the obtained results do not exceed few percent.

On account of the paper objective, which consisted in the analysis of the quality of elec-
tric energy, results obtained according to the requirements of the standard PN-EN 61000-4-
30:2011, pursuant to which the value of the tension unbalance coefficient is determined
according to the relation 1, were presented:

1—4/3-6-
K75 =100% - —’B (1)
1+43-68
where:
ﬁz UjB+UgC+UéA (2)
(U§B+U123C+U3'A)z

Uy, Upc, Ucy — root mean square values of interfacial tensions.

In the place of attachment of the wind power station to the MV distribution network, the
value of particular higher harmonics referred to the basic harmonic may not exceed 0.7%.
Whereas, coefficient of tension deformation THDy; which includes all harmonics to the 40th
row, in total must be lower than 4%.
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Research results

During the research of frequency of the supply voltage, it was between 49.87 Hz and
50.10 Hz independently from the operation of the wind power station. The analyses (fig. 1)
which were carried out, show that in over 80% of observations, frequency of supply voltage
oscillated in a very narrow scope of variability from 49.96 Hz to 50.04 Hz.
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The root mean square value of this voltage was the next parameter of the supply volt-
age, which was researched.

The average 10-minute root mean square values of supply voltage in the period of all
three phases have changed from 224 V to 242 V. In the time when the wind power station
worked or worked but with a very low load (fig. 2) a root mean square value of supply
voltage oscillated between 226 V and 238 V. During the period of operation of the wind
power station with the load exceeding 2.3 kW border values of the tension were 224 and
242 V. Registered average 10-minute maximum values of supply voltage slightly exceeding
the admissible value, which was 241.5 V were registered only at a higher production of
electric energy. The amount of reported surpasses was however only 15 which constituted
almost 0.07% of all observations. One may thus acknowledge that requirements referring to
the root mean square value of the supply voltage were met.

On account of the limitations of the used analyser (low volume of memory), during the
research, only fast changes of the supply voltage values with values exceeding 10% of the
rated voltage were registered. In the period covered by analysis, which was 150 days 20
voltage dips of average depth of 172 V was reported. Its maximum value was 5V. Duration
of disruption oscillated between 40 and 1500 ms and its average value was 0.375 s. Due to
the fact that in 75% voltage fluctuations took place only in the first stage additional re-
search was carried out which aimed at determination whether disruptions came from the
wind power station or from the network. Analysis of time of their appearance showed that
in majority of cases, these disruptions took place in the time, when the wind power station
did not work. Voltage dips during the work were reported only in the period of electric
energy production in extreme conditions when hurricane Ksawery was over Poland. During
the research short stoppages in supply were reported 8 times. Their average time of duration
was 1.2 s and they occurred in all phases at the same time. These events were registered
independently from the electric energy production by the wind power station. However, on
account of the equipment limitations based on the research which was carried out, it is
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impossible to clearly assess whether normative requirements concerning sudden supply
voltage changes are met.
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Figure 2. Histogram of the root mean square value of voltage, when: a) a wind power sta-
tion does not work, b) works with a minimum load of (to 2.3 kW), c¢) works with a load

above 2.3 kW
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The analyses which were carried out (fig. 3) show that in the whole period of research,
the value of coefficient of voltage unbalance K,y oscillated between 0a 0.6% not exceeding
the border level which was 2%.

Figure 4 presents the course of the distribution function of the relative frequency of the
determined levels of the voltage deformation coefficient THDy. During the research, the
value of the average coefficient of voltage deformation THD; was 1.85 and its maximum
values reached the level of 3.8%. The participation of observations, the level of which ex-
ceeded 3%, was very low and was only 1%. In comparison to the previous research on the
quality of electric energy in rural distribution networks [Trojanowska, Necka, 2010] one
may see that in the researched line of the value of the analysed coefficient it is at the lower
level. The analyses which were carried out show that the requirements of the admissible
deformation of the voltage curve from the sinusoidal waveform are maintained.
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Figure 4. Empirical distribution functions of the voltage deformation coefficient THDy
when: a) a wind power station does not work, b) works with a minimum load of (to 2.3 kW),
¢) works with a load above 2.3 kW

Conclusion

Based on the analyses which were carried out, one may recognize that requirements
concerning the changes of frequency and the root mean square value of the supply voltage
have been met. In the period which was covered by the research, during the wind power
station work, insignificant exceeding of the upper border value of 241.5 V were recorded,
but their number constituted less than 0.07% of observations. Moreover, values of coeffi-
cients concerning tension unbalance and its deformation from the sinusoidal course were
within the limits considered as admissible.

On account of the limitation of the applied analyser, it is impossible to explicitly assess
the impact of the investigated wind power station on the sudden changes of the supply
voltage and the index of flickering. Since, during the research only 20 voltage dips were
registered but of values exceeding 10% of the rated voltage, average depth of which is 172
V. In majority, however, these were disruptions, the source of which, are other receivers

125



Krzysztof Necka, Jarostaw Knaga

attached to the network. In the further part of the research, the use of the advanced analyser
and the detailed analysis in the above-mentioned indexes is planned.

The research, which was carried out, show that cooperation of single wind powers sta-
tions of relatively low power with electric energy network with a suitable technical condi-
tion, which compose its elements and devices, does not result in deterioration of the electric
energy quality. Unquestionable advantage of diffused generation is limitation of transmis-
sion losses due to limitaton of the distance between the source of its generation and final
recipients.
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CHARAKTERYSTYKA JAKOSCI ENERGII ELEKTRYCZNEJ
GENEROWANEJ W SILOWNI WIATROWEJ

Streszczenie. Celem pracy byla analiza jakoS$ci energii elektrycznej w miejscu przytaczenia pojedyn-
czej sitowni wiatrowej do sieci elektroenergetycznej. Cel ten zrealizowano na podstawie badan wia-
snych wykonanych w rozdzielni nN, zlokalizowanej w miejscu przylaczenia sitowni wiatrowej
o mocy 150 kW do sieci rozdzielczej SN. Obiekt badan byt zlokalizowany w poinocnej czgsci woje-
wodztwa matopolskiego. Oceny jakosci energii elektrycznej dokonano w oparciu o wymagania za-
warte w Rozporzadzeniu Ministra Gospodarki w sprawie szczegotowych warunkow funkcjonowania
systemu elektroenergetycznego oraz Instrukcji Ruchu i Eksploatacji Sieci Dystrybucyjnej. Na pod-
stawie wykonanych analiz mozna uznaé, ze wymagania odno$nie zmian czg¢stotliwosci, warto$ci
skutecznej napigcia zasilajacego, asymetrii napigcia oraz jego odksztatcenia od przebiegu sinusoidal-
nie zmiennego zostalo spelnione. W okresie objetym badaniem podczas pracy sitowni wiatrowej
rejestrowano nieznaczne przekroczenia dopuszczalnego poziomu wartosci skutecznej napigcia, ale ich
liczba stanowita niespelna 0,07% obserwacji. W czasie badan zarejestrowano réowniez 20 zapadoéw
napigcia o wartoSciach przekraczajacych 10% napigcia znamionowego, ktorych $rednia glgbokosé
wynosita 172V. W wigkszosci byly to zaklocenia, ktorych zrodlem sa inne odbiorniki przytaczone do
sieci.

Stowa kluczowe: generacja wiatrowa, energia elektryczna, jako$¢ energii, sie¢ elektroenergetyczna
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