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SUMMARY electrical system used.

In this paper, the power quality of grid connected windurbine Regulation Principles
turbines is investigated. Special emphasis is on stationary
voltages, flicker and harmonics. In addition, theThe power output produced by the turbine is limited to the
aggregation of several wind turbines on flicker emissiorated power of the generator at wind speeds from rated
and harmonics is considered. The new Danish and Swedigimd speed (normally 12-14 m/s) up to the shut-down
guidelines for the grid connection of wind turbines and theind speed (normally 20-25 m/s). Today, two different
proposed standard IEC 61400-21 "Power Qualitytypes of regulation principles are mainly used, stall-
Requirements for Grid Connected Wind Turbines” areegulation or pitch-control.
discussed.
Pitch-Control. Pitch-controlled wind turbines control the
power by means of the pitch angle of the blades.
INTRODUCTION Generally, advantages of this type of regulation are good
power control, assisted start and built-in braking [4].
In the past decade, wind energy technology and the winBood power control is that the mean value of the power
industry have expanded remarkably. Increased efficiencyutput should be kept close to the rated power of the
higher energy prices and environmental aspects are sorgenerator at high wind speeds. However, instantaneous
of the reasons for the ongoing wind turbine boompower will fluctuate around the rated mean value of the
Moreover, the size of wind turbines has increased; 1power due to gusts and the speed of the pitch mechanism
years ago, the rated power of a mass-produced wingle. limited bandwidth).
turbine was 50 kW, today the rated power is up to 1 500
kW. However, among utilities wind turbines may beStall-Regulation. Stall-regulation is the simplest
considered as potential sources of bad power qualityegulation method. The angle of the blades is fixed and the
Increased rated power, uneven power production and weglower is controlled aerodynamically. This type of
feeder lines are some of the reasons for this. regulation has no assisted start [4]. From an electrical
The difficulty with wind power is not only uneven power point of view, two aspects are worth mentioning: Since the
production or the different types of grids used, there arpower from the turbine is always controlled
also different types of wind turbines available on theaerodynamically, stall-regulated wind turbines produce
market. Wind turbines operate either at fixed speed dess fluctuating power than pitch-controlled turbines. Stall-
variable speed. Moreover, the turbine can either be stalfegulated wind turbines do not have an assisted start,
regulated or pitch-controlled. The different types of windtherefore, the power of the turbine cannot be controlled
turbines each have their advantages and disadvantagesring the cut-in sequence.
They also have an impact on power quality in some way,
either by improving power quality or by making it worse. Wind Gradient and Tower Shadow Effect
In this paper, the power quality of grid connected wind
turbines is analysed. The features of wind turbines witlRegardless of the regulation principles used (stall-
respect to turbine regulation principles and electricategulation or pitch-control) the power will fluctuate due to
systems are described. Moreover, the proposed standate wind gradient and the tower shadow. If the turbine has
IEC 61400-21 is discussed [1] and the newthree blades, a power drop will occur three times per
recommendations in Denmark and Sweden concerningvolution of the turbine.
grid connections of wind turbines are described [2-3]. The turbine on the left in Fig. 1 shows the rotor position
when one blade passes the tower. As can be seen, at this
moment none of the remaining two blades is at the top
FEATURES OF WIND TURBINES position where the wind speed is the highest. In contrast, at
the position of the right turbine in the figure one blade is at
The power quality characteristics of wind turbines arehe top position and the two remaining blades are as far
determined by their regulation principles and the type of away from the tower shadow as possible.



commutated ones. These two types of inverters produce
harmonics of different orders and, hence, need different
types of filters. The line-commutated inverter is equipped
with thyristors. A major drawback with line-commutated
inverters is a poor power factor and a high content of
harmonic current.
A forced-commutated inverter is normally equipped with
Insulated Gate Bipolar Transistors (IGBT). In a forced-
] ) - ) commutated inverter it is possible to choose a given power
Fig. 1: Different rotor positions of a_three—blade turb_lne. The tower ¢4 ~tor. Using Pulse Width Modulation (PWM) technique
shadow and the wind gradient both contribute to power .~ . .
eliminates the low frequency harmonics and the first

fluctuations. ! h -
harmonic will then have a frequency around the switching
frequency of the inverter. Hence, only a small grid filter

Electrical Systems in Wind Turbines will be needed because of the high switching frequency.

Electrical systems used imind turbines can be divided
into two main groups: fixed speed and variable speed. = POWER QUALITY OF WIND TURBINES

Fixed-Speed Wind Turbines.Almost all manufacturers Apart from uneven power production, other factors
of fixed-speed turbines use induction generators connecté@ntribute to the power quality of wind turbines. IEC
directly to the grid. Since the frequency of the grid is61400-21 specifies the quantities characterising the power
fixed, the speed of the turbine is set by the ratio of théuality of a wind turbine. Measurement procedures for
gearbox and by the number of poles in the generator. guantifying the characteristics are given, wind turbine
order to increase the power production, some fixed-sped@guirements with respect to power quality are determined
turbines are equipped with a generator having multipl@nd methods for assessing wind turbine impact on power
windings. In this way, the generator can operate afuality are suggested. Moreover, a procedure for
different speeds. To avoid a large inrush current a sofletermining the characteristics of the power output of a
starter is used to limit the current during the cut-inwind turbine, with respect to the impact on the voltage
sequence [5]. quality in a power system, is specified.
The major disadvantage of this type of System is the pow@ne of the characteristics of a wind turbine is the VOltage
pulsation emanating from the wind gradient and towevariations caused by a start. Wind turbines normally cause
shadow effects and the uncontrollable reactive powed Voltage drop during start-up. The voltage drop is mainly
consumption of the induction generator. In order togcaused by reactive power consumption during
compensate for the latter, shunt capacitor banks are usedMmagnetisation of the generator. Another power quality
problem of wind turbines is the flicker emission produced
Variable-Speed Wind Turbines. Today several during normal operation of the wind turbine. Flicker
manufacturers are testing prototypes of variable-spee@mission is mainly caused by variations in the produced
wind turbines. Only a few large manufacturers are masgower due to the wind gradient and the tower shadow
producing variable-speed wind turbines. If properlyeffect.
controlled, all kinds of variable-speed systems can reduce
the power fluctuations emanating from the wind gradient
and the tower shadow. Normal Operation
The electrical system becomes more complicated in the
case of variable-speed operation. The variable-speedhe power from wind turbines varies with wind speed.
operation of a wind turbine can be obtained in manyince wind speed is not constant but varies with time, the
different ways, and different electrical systems are used f¢tower output also varies. Fig. 2 shows the measured active
either a broad or a narrow Speed range. power under hlgh wind SpEEd conditions of a pitCh-
The most common arrangement [oday for a narrow Speéﬂ)ﬂth”Ed fixed-speed wind turbine and a variable—speed
range is to use controllable rotor resistances. A Danisind turbine. In the figure, variations in the power
manufacturer has produced a wind turbine where the sliproduced by the wind turbines are shown. As previously
of the induction generator, and thereby the speed of tH&entioned, fixed-speed wind turbines produce power
rotor, can vary between 1 and 10%. The possibility opPulsation due to the wind gradient and the tower shadow.
reducing power fluctuations emanating from the towedn the figure, the power pulsation from the fixed-speed
shadow is one ad\/antage of this type of System_ On‘@lnd turbine is Clearly visible. Such a power pUlS&tiOﬂ will
drawback is the uncontrollable reactive powercause Voltage fluctuations on the grid, which in turn may
consumption. cause flicker. The frequency of the power pulsation is equal
Broad_range Variab|e_5peed systems are equipped witht@ the number of blades muItlplled by the rotational Speed
frequency converter. The two most common types off the turbine.
inverters are the line-commutated and the forced-



The figure also indicates the power fluctuations caused by
the pitch mechanism. Since the wind speed is not constant
but varies due to gusts and turbulence, the output power

= fixed-speed
* variable-speefd

will also vary due to the limited bandwidth of the pitch 0,157 .t
mechanism.
The power from the variable-speed wind turbine is smooth & o,1-| . =

and does not show any power pulsation. Variable-speed
wind turbines will, therefore, not have any flicker caused by
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such a pulsation. h TN
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— Fixed-speed Fig. 3: Short term flicker emission Pst from a fixed-speed and a

variable-speed wind turbine at different mean values of the
produced power.
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Rayleigh distributed. According to IEC 61400-21, the
flicker coefficient from wind turbines shall be determined

by applying:

‘ ‘ ‘ ‘ ‘ S, fic
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Fig. 2: Measured active power during normal operation of a pitch-
c_ontrol_led fixe_d—speed (solid line) and a variable speed (dotteqvhere c(y4) is the flicker coefficient an&,s is the rated
line) wind turbine. active power of the wind turbinePg. is the flicker
emission level calculated at the short-circuit power of a

Standards. In order to determine the flicker emissionf- o . . . .
. ) ctitious reference grids 5. with grid angley. The grid
produced by a wind turbine, measurements must ki o gricBese With gri gie vk gri

performed. IEC 61400-21 warns that flicker emission(?1g|e 's defined as:
should not be determined from voltage measurements, as

this method will be influenced by the background flicker ofy, = arctar{—kj
the grid. Two methods are proposed to overcome this

problem. One is based on the measurement of active and

reactive power, and the other method is based on th&ereX is the reactance ari is the resistance of the
measurement of current and voltage. The short-term flick@Fid.

emission from the wind turbine should be calculated byhe flicker emission produced by a wind turbine connected
means of a reference grid using the measured active dAd® grid with the arbitrary short-circuit power iBay then
reactive power as the only load on the grid. be calculated by

Fig. 3 shows the short-term flicker emission, Rom a

fixed-speed and a variable-speed wind turbine at differenf_-, _ C(l// ) Stef

mean values of the produced power. The flicker is k S

calculated using a PC-program developed by Risg

National Laboratory [6]. This program uses IEC 60868 According to IEC 61400-21, the following equation applies
Amendment 1 to calculate theP7-8]. The input to the for determining the flicker contribution from several wind
program are time series of active and reactive power, shatirbines connected to a common point:

circuit power and the phase angle of the grid. In this

particular case, a short-circuit power of 20 times the rategs _ _ sz_ 4)
power of the wind turbine and a grid angle of 45 degrees ' : s

are used. As can be seen in Fig. 3, for both types of

turbines, the flicker emissiongAncreases at higher wind \yhere R is the flicker emission from each individual
speeds due to higher turbulence in the wind. At rateging turbine.

power the R is low at the variable-speed turbine due to the

power control. _ o  Ccut-in

In order to calculate the flicker emission from a wind

turbine connected to a specific grid, a flicker coefficient hagne start sequences of variable-speed wind turbines and
to be determined. The flicker coefficient shall be specifiegiy||- and pitch-controlled fixed-speed wind turbines are all
for four different wind speed distributions with the annua}ifferent. Generally, and due to the controllable speed of

average wind speed at hub heights of 6, 7.5, 8.5, and 4@ tyrbine and the pitch-control, the cut-in sequence of
m/s, respectively. The wind speed shall be assumed to be

(2)

®3)



variable-speed wind turbines is smoother than for fixed-
speed wind turbines. 408 -
In fixed-speed wind turbines, the speed of the turbine
increases during the starting sequence until the generator Rt bt ]
speed is close to the synchronous speed. The generator is,

then, connected to the grid. As mentioned earlier, stall- 4001

regulated fixed-speed wind turbines do not have an v 396
assisted start. If the generator is not connected quickly, the
turbine torque may exceed the maximum generator torque, 392
thus, resulting in a turbine over-speed. Hence, the soft-
starter on stall-regulated fixed-speed wind turbines ! ‘ ‘ ‘ 388
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normally operates during 10 line-periods which leads to a me ©
time (s

relatively high inrush-current.

In the case of pitch-controlled fixed-speed wind turbines, _ _ _ _
where the start is assisted, the torque of the turbine can pl§- 5 Measured voltage during cut-in of a pitch-controlled wind
e turbine with controllable-slip.

controlled. Hence, the cut-in of the generator can be urbine with confrofiable-siip

performed n a_smoother and more controlled way. Th%etween generators. The switching between generators is
soft-starter in pitch-controlled turbines normally operates nly applicable to wind turbines with more than one

: . ) 0
for two or three seconds, which gives a lower Ir]rusn‘;enerator or a generator with multiple windings. The three

S/sz;rr'zgtlé?sczzgar!izntvvéhnzgtglrgri%lﬁﬁﬁld tgrbl_ne.e d wit hase currents and the three phase-to-neutral voltages shall
' P W urbl y equipped wi Ee measured. Measurements and subsequent simulations

Egﬁ?rfgogr?(l)‘ gogr]ng];hp'gg;fog.tml 4a1?];hiif]§e?ngggt? d calculations shall be performed to determine the
fou - 719 W u Itage change factor,kand the flicker step factor; kor

power during the cut-in of a pitch-controlled wind turblneeaCh of the switching operations at different grid angles

with a controliable-slip. ¥\. The voltage drop in percent caused by a single start of

the wind turbine may, then, be determined by:
400 +

i M’/""\wr S
300+ S AU <k (py )—2L-100 (5)
2004+ e
1001 ;g((t\\'\/gr) Whereku(y/k) is the voltage change factor calculated at the
grid angley.
—— et ot %ane(s) Under low wind conditions, wind turbines may start and
L P e R 60 stop several times. The resulting flicker emission caused by
repeated numbers of voltage drops is calculated by [2]:
-200
1
. : A
-300 - ! :(2,3 NJSZF_U (6)
T u

Fig. 4: Measured power during cut-in of a pitch-controlled wind
turbine with controllable-slip. The rated power of the wind . ]
turbine is 600 kW. Active power (dotted line) and reactive whereN is the number of voltage drops durifigseconds.

power (solid line). Since the equation refers to the long-term flicker a period

of two hours is usedU is the voltage andr is the form

The wind turbine is cut-in at t=30 seconds. As can be seefcor of the voltage dropU. The form factor for different
the wind turbine starts to consume reactive power in orded/pes of voltage drops is treated in IEC 61000-3-7, [9].

to magnetise the generator. The soft-starter limits thg, e |EC 61400-21, a flicker step factor is introduced.
reactive power for two or three seconds. The reactivgpe flicker step factor is calculated from the measured
power is, then, compensated by means of shunt capacitgfiiage drop caused by the cut-in of the generator. The
banks. As can be observed, the capacitors are switched(jpyer emission caused by a repeated number of cut-ins of

four steps with a time delay of approximately 1 second.  the wind turbine can be determined by using the flicker step
In Fig. 5, the voltage of the wind turbine is shown for thefactor as:

same time period. The reactive power consumption causes
a voltage drop. Once the capacitors are connected, the 1 S
voltage increases. R =8-K¢ (wi)-(N)3z -

(7)

Standards. According to the IEC 61400-21, herekf is the flick ¢ lculated at th id
measurements have to be performed for switching/"ereki(¥i is the flicker step factor calculated at the gri

operations during wind turbine cut-in and when switching @"9!€ ¥ N is the maximum number of switching
operations during a period of two hours.



Harmonics and Interharmonics maximum number of switching operations for a period of
two hours, the flicker coefficient and the harmonic content

Fixed-speed wind turbines are not expected to causs the current. The test shall be performed in accordance

significant harmonics and interharmonics. The standardith the proposed standard IEC 61400-21.

IEC 61400-21 does not require specification of harmonics

and interharmonics for this type of wind turbine. Steady-state Voltage

For variable-speed wind turbines equipped with a _ _ _
converter the emission of harmonic currents duringrhe steady-state voltage will vary in a grid from node to

continuous operation shall be specified. These shall b@ode depending on the connected loads and the production.
specified for frequencies up to 50 times the fundamentd general, connecting loads to a grid will reduce the
grid frequency, as well as the total harmonic distortion an¥oltage, whereas connecting power producing units will
the emission of the individual harmonics. increase the voltage. The following approximate relation
The relevant emission limits according to the IEC 61800-3an be used to calculate the percentage voltage drop:

is given in Table 1, [10]. The IEC 61800-3 further

recommends the total harmonic distortion (THD) to be less\U = M-loo 9)
2
than 5% of the fundamental rated current. u
Table 1: Emission limits according to IEC 61800-3. whereR is the resistance arXlthe reactance of the lingl.
Harmonic Odd harm. current| Even harm. curredt  is the voltage of the overhead liriejs the produced active
order (% Of lrated (% Of lrated power andQ is the produced reactive power of the wind
n<1i1 4,0 1,0 turbine.
11<n<17 20 0,5 In Denmark and Sweden, voltage variation may not exceed
17<n<23 15 0.4 2,5% for a distribution feeder. If only \{vind turbines are
connected to a feeder the voltage variation may not exceed
23<n<35 0,6 0,2
0.3 01 more than 5%. In both cases the deadband of the voltage
35<n<50 d d regulator of the transformer shall be taken into account.

According to the IEC 61000-4-7, the following equationCut_in
applies for determining the harmonic currents from more

than one source connected to a common point [11] According to Swedish Standard SS 421 18 11, the
maximum voltage variation caused by a single motor start

in= afzir(f,k (8)  shall not exceed 4% [12]. This maximum voltage variation
k is directly applicable to wind turbines. Hence, the voltage

step factor must be less than:

where j, is the harmonic current of the orderi, is the
harmonic current of the orderfrom source numbek and ( )< 4 S
a is an exponent chosen from Table 2. This“uWk/=750" S

recommendation is valid for wind farm applications.

(10)

Table 2: Exponent for harmonics. At low wind conditions, wind turbines may start and stop

several times during a period of two hours. The long-term

harmonic number n
< flicker emission, B, produced by a repeated number of
1 n<5 . N . : .
starts of a wind turbine is derived in Equation 7. The long-
14 5<n<10 ; . - :
term flicker level from a single source in a medium-voltage
2 h>10 distribution feeder may, according to the IEC 61000-3-7,
not exceed 0,25 [9]. The required short-circuit power at
RECOMMENDATIONS IN DENMARK AND the point of common connection must therefore, according
SWEDEN to Equation 7, exceed

In both Denmark and Sweden, new recommendations 1

regarding the grid connection of wind turbines have beeS =32-N32 -k (wy)- Sies (11)
accepted [2-3]. The two recommendations are quite similar

and they are both derived from the proposed standard IBBCDenmark and Sweden, the acceptable long-term flicker
61400-21. The equations in the proposed standard hdewel is R=0,5 if wind turbines are connected to their own
been revised in order to agree with the national standaféeder. The required short-circuit power at the point of
concerning voltage quality. common connection must, therefore, exceed

In the recommendations, the impact from a wind turbine on L
the utility grid is determined from test results of a wind 32

turbine power quality test. The test results shall contaimk =16-N*~ 'kf(V/k)'Sref (12)
information regarding the power factor, the maximunn the case of a feeder line to which only wind turbines are
power, the voltage change factor, the flicker step factor, tikennected.
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