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Analysis of Wind Farm Islanding Experiment

Jargen Kaas Pedersen, Magnus Akdidember, IEEENiels Kjglstad Poulsen, and Knud Ole Helgesen Pedersen

Abstract—This paper deals with the problems related to an
islanding experiment performed at Rejsby Hede in Denmark.
During the experiment several interesting observations were made
in connection to distortion of voltages and currents. Observations
were also made in connection to variation of frequency and phase.
In this paper the data are analyzed in three different manners and
the results are related to the physics of the electric system.

Index Terms—DPetermination of distortion, frequency estima-

tion, inductions machines, islanding, wind farm.
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|. INTRODUCTION

S EARLY as 1918, C. P. Steinmetz considered wind power 158k
as very interesting [1]. He foresaw the use of induction
generators attached to the wind-wheel, feeding the power int6ig 1. Situation plan for Rejsby Hede wind farm.
larger bulk system with hydro and steam cogeneration. Today,

after 80 yr, wind power h_as been su_ccessfull_y mtroducgd 4% the derivative of the phase angle? At islanding the two
Denmark. Further expansion plans will turn wind power intQ . : '
Interpretations give very different answers.

a major production source in Denmark. At remote windy loca- One of the paper's purposes is to show that independent
tions, where the grid can be weak, wind mills are clustered to-

gether to wind farms. One special characteristic of wind powg}eth()ds give consistent results. This is important since the

. o . . a\palysis is based on data measurements from the real world
is the variability in power generation. The expansion plans ca o .
and the “true” frequency is unknown.

for tools to analyze voltage and frequency behavior, both at syn-_ . Lo -
. ; : . ; Typical use of frequency estimation in power systems is in
chronized and islanding operation. Paper [2] describes the dy- . ) :
. . ; ; . pfotection schemes against loss of synchronism, under- or over-
namics and stability of both synchronous and induction wi C

turbine generators. As reported in [3] there is also a risk for Juency relaying, input 5|gnal f_or hower ;ys_tem_ stabilization
and as a part of spectral estimation for periodic signals.

self-excitation at islanding operation of induction generators The material in the paper is organized as follows. Section I

\|:Jv||rt12 (i:r?t%z(;glt\i/gncgtr:)p:r\];eagl(zr;;.ril:(’japer [4]1s asurvey of wind tu|rrJ'r0vides background information on the wind farm, the island

In this paper we use measurement data from an ex erimﬁﬁp test and the measuring system. Section Il presents a pre-
pap . ; . i exp ﬁmmary analysis of the recorded data. Section IV shows how

where a wind farm was forced into an islanding situation. The . L :

; : . utliers rejection can be used to get a smooth frequency estimate

test is part of a larger EU-project to test an Advanced Static 1y

Compensator (ASVC, see [5] or [6]). The measurement noiseat corresponds to the rotor speed. Sec_tlon V uses a parametric
. : . : ; proach where frequency and harmonic content are estimated
harmonics, phase jump in voltage at islanding make the data

useful to benchmark frequency estimation algorithms. Simultaneously. Here frequency is strictly interpretated as the

The islanding experiment presented in this paper is interra}te of change in phase angle.

esting from two perspectives. In the narrow perspective it is im-
portant to ensure that nearby customers to this specific wind II. BACKGROUND
plant are not disturbed. In a broader perspective it is also im: Description of the Windfarm

portant to understand the underlying dynamics behind the fre- . . . : . .
: X : The islanding experiment was carried out on a wind farm in
guency and voltage behavior after disconnection.

C - W Denmark at Rejsby Hede, located in the south of Jutland. The
A relevant question is how to interpret the term “frequency” . : . ; . . .
: : o wind farm, with 40 wind turbines, its electrical surroundings,
at islanding. Do we implicitly mean that frequency always

: ! and an ASVC is shown in Fig. 1. To understand what hap-
refers to rotor speed, or shall we strictly define frequenc . . :
ens after islanding, we have to consider the balance of reac-
tive power of the generators, the internal cabling and the ex-
Manuscript received June 16, 1998; revised October 22, 1998. ternal overhead line. Each generator (600 kW/690 V/4 poles in-
J. K. Pedersen and K. O. H. Pedersen are with the Department of Electric .. hi h load . . ;
Power Engineering, Build. 325, Technical University of Denmark, DK-ZBOSIUCUOn mac _'ne) as a_ no-load reactive power cons_umptlon 0
Lyngby, Denmark. 200 kVar, which partly is balanced by a compensating capac-
M. Akke is with SYDKRAFT, Carl Gustavs V&g 1, S-20509 Malmo, Swedenjior producing 150 kVar. A 690 V/15 kV transformer on each
N. K. Poulsen is with the Department of Mathematical Modelling, Build. 321 h . . 1 KV hich i
Technical University of Denmark, DK-2800 Lyngby, Denmark. generator has a reactive power consumption o ar, which 1s
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Fig. 2. Voltage and current in one phase. Fig. 3. \oltage and current in 3 phases around islanding.

Internal to the wind farm, there are three different types of
15 kV cables used between the generators and the bus bars. In
all 14.7 km of cables with a total capacitance of 4.32 uF/phase
equal to 305 kVar. The 22.6 km overhead line from the wind
farm site to the switch gear adds around 150 kVar. When the . ; : ; ; s ; )
switch gear is tripped and the wind farm is islanding the total ’ * " Yo '2 *
demand for reactive power at 50 Hz amounts 1.6 MVar. In other
words, the wind farm is 80% compensated which should prevent
self excitation from taking place. These considerations have not
taken the ASVC into account. During normal operation of the
wind farm the ASVC produces the lacking reactive power. But . : : :
the ASVC was switched off at the moment of islanding and had ez e o5 o8 R
no influence on what happened afterwards.

Fig. 4. RMS and frequency in one phase.

B. The Measuring System

Voltage and current in 3-phases were measured during the
islanding experiment. The measurements started a short time
before the connection to the grid was switched off and con-
tinued a few seconds after this disconnection. The phase volt-
ages—around 5/v/3 or 8.7 kV—were measured by special
designed capacitive voltage dividers to assure satisfactory fre-
guency characteristic. The measuring system consists of a PC
equipped with a 300 kHz, 12-bit, multichannel A/D-converter
and as front-end a signal conditioning circuit including an an-
tialiasing filter. The sampling rate was set to 12.8 kHz, or 256
measurements during a 50 Hz cycle.

[ll. PRELIMINARY ANALYSIS Fig. 5. Angle of space vector of voltage deviation from 50 Hz.

Fig. 2 gives an overall view of the measurements in one phase
of voltage and current. The islanding situation starts after ageen in both voltage and current before islanding are caused by
proximately 0.4 s. Immediately after that the current drops the ASVC which immediately stops operation when islanding
one tenth of the original level and decays slowly to zero. Theecurs.
voltage maintains its level—more or less—after islanding, but Fig. 4 shows the variations in RMS-value and frequency
some variations in amplitude and frequency are introduced. Tine one phase of the voltage derived from a detection of
voltage disappears 1 s later due to a forced, mechanical brakiggo-crossings over the measurement period. The apparently
of all the wind turbines. abrupt change in frequency from 50-52 Hz at the time of

Fig. 3 gives a closer view of the behavior around the momeistanding is created mainly by the phase shift. The method can
of islanding. A phase shift is observed in the voltage when iset distinguish between a sudden jump in phase and frequency.
landing starts and a clear harmonic appears in the voltage afteAn alternative way of looking at the behavior is displayed in
islanding. This is the fifth harmonic which before islanding i§ig. 5. First, the voltage space vector (a complex sinusoid or
0.4%, but after islanding increases to 6.5%—the fifth harmoniisoid) corresponding to the 3-phase voltages is calculated. At
in the current is 1.1% before islanding. The higher harmoniesich sampling point the three phase quantities are converted to
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a3-component by multiplying the inputs by2ax 3 matrix A, s, Imag D
that is b
pe
v (k)
] = [ :
p vi(k) AGy E-1
where O
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€
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By interpretingv,, as real part andsy as imaginary part, we get rig. 6. Phase angles for two samples,of
the complex sinusoid

v(k) = va(k) + jos (k). @ The idea b_ehind the frequency estimation method [7], and
many others, is to use a complex quantity and estimate the fre-
Next, the difference between the angle of this vector and thaency from phase angle changes. The complex space vector,
angle of a pure 50 Hz space vector is determined, and this dif-complex sinusoid, is the input to the demodulation part.
ference is plotted in Fig. 5. It is seen that the frequency of the
voltage before islanding is exactly 50 Hz—the “noise” is genef. Demodulation

ated by higher harmonics. At the_time ofislanding a phase shiftthe complex signab(k) from (1), is demodulated with a
of approx. 10 takes place—not in one go, but over most of gnown complex phasor rotating at the nominal system fre-

50 Hz cycle, which may be caused by the 3 phases not being ¢jgency f, in opposition to the input. The demodulated phasor
rupted at the same time. After that the curve moves away froms calculated as,

the 50 Hz case, which indicates a change in frequency. The os-
cillations are produced by the fifth harmonic. y(k) = v(k)z(k)

IV. FREQUENCY ESTIMATION WITH OUTLIER REJECTION with ! f

0 P 0

In this section, it is assumed that power system frequency 2(k) = cos (‘2”kﬁ> +J sin <_2ﬁkﬁ)
is governed by generator speed. All generators have ineWﬂeref
and therefore frequency is postulated to be continuous. Oftﬁg :
voltage is preferred as input signal to frequency estimation
algorithms. Voltage is advantageous since the magnitudegs Estimation of Phase Angle Change

often close to the nominal value. In contrast, current can vary . o :
. The phase shift of the complex variablés used to estimate
over a much broader range, and more seriously, would qﬂt

work at no-load situations. Despite this the use of volta ac unknown_ frequency dey|at|on. For each samplefates an
has some drawbacks. For weak power systems, i.e., low shonrgleAg as illustrated in Fig. 6.
N o .Fig. 6 shows a direct way to calculate the phase angle change
circuit power, sudden load changes show up as phase jumps in le. that i
the voltages. Many algorithms are sensitive to these jumps and per sample, that IS
they often produce spikes in the frequency estimate. Al = arg(yr) — arg(yr-1)-
The spikes can be characterized as statistical outliers. We pteywever this can cause problem with large phase jumps when

pose a filter that estimates the mean and standard deviationtf angles cross over 180 or 36@orders. One simple way to
the frequency estimate and use this to reject the outliers. Tagid these problem is to calculate? from

new filter is combined with method [7] to give an algorithm Af — o
more robust to phase jumps. = arg(ys - Y1)
One way to reduce the large phase jumps is to calculate theWherex is used for complex conjugate.
ternal voltage in the generator and use this for frequency estima- o ) ) o
tion, see [8]. However, this requires current measurements dnd Postfiltering with Outlier Rejection
knowledge of the impedance towards the generator seen fronkig. 7 shows the estimate after being postfiltered in a third
the measurement point. Here we consider the case where amiger Butterworth low-pass filter with a cut-off frequency at
the voltage is measured and the voltage alone is used for fi®&0 Hz.
guency estimation. A three step procedure is described below. Fig. 7 shows a large frequency spiketat 0.43 s caused
First the data is prefiltered in a FIR low pass filter wittby the phase jump when the wind farm is disconnected from
crossover frequency 400 Hz and window length 128. To getlee external grid. This is not a frequency variation caused by
sampling rate suitable for fundamental frequency estimatiachanging generator speed. When frequency is interpretated as
the rate is decimated by a factor 8, givihg= 32 samples per change in rotor speed this spike should be filtered away. One
50 Hz cycle. way is to use a linear filter with a large time constant. However,

is the sampling frequency arfdis the nominal system
quency.
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Fig. 7. Frequency estimate after third order Butterworth LP filter.
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Fig. 8. Frequency estimate after outlier rejection filter (solid) and the rejection
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Fig. 9. The resulting frequency estimate after low-pass, outlier rejection and
final low-pass filtering.

As a final step, the estimate goes into a FIR low-pass filter
designed in Matlab wittf. = 20 Hz andN = 38. Fig. 9 shows
the result in a frequency estimate.

V. PARAMETRIC ESTIMATION

Three different types of methods have been applied in order
to consolidate the interpretations. The last one presented here is
based on a simple parametric statistical method. The basic as-
sumption in this contexts is that the signals involved are periodic
and it is possible to Fourier expand the signals. More precisely

it is assumed that a model
Y =y +ep where m=r st

where

this slows down the algorithm. An alternative approach has been n

tested where the spikes are rejected by characterizing them as
statistical outliers. The standard deviation of the frequency es-

timate is calculated for a sliding window with lengfh. The
equation used is

1

o) = [ D ALAS

izk—N+1
whereA f; is the deviation from the window mean,

Afi=fi—F
and the window mean valugis

1 k
f:N Z fi-

i=k—N4+1

One way to avoid extreme values at abnormal conditions, such
as zero input, is to limit; to be within a reasonable range,
crmin < 07 < 0fmax. Outliers are rejected by putting a bound
on each new frequency estimate. It has to be within the interval

J £ 304, thatis
fr = max{min[fy, f+30;], f —30;].

The output from the Butterworth filter shown in Fig. 7 has been
filtered in this way. The window length wa% = 96 and the
standard deviatiomr; was limited between 0.1 and 5 Hz. Th

result is shown in Fig. 8 together with the bounds.

Fig. 8 shows that the outlier rejection filter eliminates the

large spikes at around 0.43 s.

g = Z ai* cos(nywk) + 07" sin(nwk)

i=0

(2)

is valid for each phaseyf[’ is the voltage or current in one
phase). Heré is the time index ane} is a zero mean noise. The
coefficientsa*, 4" contain information on the amplitud¢.”

and the phase (with respect to origi}} of each harmonic com-
ponent in each phase, i.gp = >, A" sin(n;wk + ¢1").

The basis assumption concerning the periodicallity of the sig-
nals are, according to Fig. 3, clearly not fulfilled in the islanding
point, which is not the same for all three phases. The model (2)
might also be written as

(v v wil=xi0+][e; e ef] (3)
where
cos(wk) al ai d
sin(wk) byooby b
2y = | cos(2wk) g—= |ab a3 d
sin(npwk) br bs bl

If the frequencyw is known then it is a standard task to make

a estimate of the coefficients in (2) which minimize the sum of
Squares,

2

J— (4)

N
SN (v -un)
j=1 m

N | —
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Before islanding Atter islanding Amplitude - 1st. hanm. - sym. system
T T T T 1 T T T T T
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Fig. 10. The contents of higher harmonic components in the voltage befg¥igy. 11. The amplitude of the first and fifth harmonic component.
and after islanding.

over a data window of lengtl. Such an LS-estimate is simply "' ;
given by N\ “‘ S |
é — (XTX)—IXTY (5) X | o.oz! !o.ozs mﬂ%mdh‘?mu%o_sv;m | o.o4‘ fz.ots 005
where |
] vouioou -
X = Y =
T 7 s t
TN Yn Uv YN

On the other hand, if the frequengyis unknown, it has to be
estimated too. If we use the LS criterion (4) and define

N
oJ 33}21 R Fig. 12. The contents of higher harmonic components in the current before
J=5— == Z Z —(yr —r") islanding.
Ow — Ow
N . 2 .
62J ay;n 62y2n R . : : Froduency
HII&U—QIZZ B —W(yz”—yzn) : Z § :
i=1 m ¥

[The derivatives can easily be found using (2)] then the estimate
of w and the parameters éthcan found by utilizing a (variant of
a) Newton—Raphson method, where each iteration obey
Wil =W — gf—ll (6) )
and (5). The approximation involved when using (5) and (6) is
to neglect the cross term in the second derivative. There ex- : : : :
ists a recursive version of this method, which turns out to be g oz o8 o 3 5 T
a kalman filter mechanization, and is well suited for real time
processing. In a post mortem analysis (as used in this papgeg) 13. The estimated frequency as function of time.
the algorithm is directly applicable with some rectangular win-
dowing techniques. the wind turbine system accelerates the frequency and phases
According to Fig. 3 the voltage have a high distortion comvary. This is shown in Fig. 13, where some oscillation in the
ponent after islanding. In order to investigate this the parammechanical system is obvious.
eters in (2) are estimated up to the order of 10. The results arén order to investigate the instantaneous changes in frequency
shownin Fig. 10, where itis clear that the fifth harmonic is rathemd phase the analysis is performed just before and just after the
significant after islanding. This is also clear from Fig. 11 whernglanding. The result of the analysis is an estimate of the basic
the variations of the amplitude of the first (i.e., base frequencirfequencyw; andw, (before and after) and phasge and ¢,
and fifth harmonic in the voltage are shown. The estimate of tii@ith respect to origin) of the first harmonic in the symmetric
parameters in (2) are based on data from a time window witlsgstem. The analysis shows a jump in frequency of 1.15 Hz. The
length corresponding to 1.25 of a cycle (at 50 Hz). phase jump can be estimated by:
Similarly, before islanding there exist significant components
in the currents, as shown in Fig. 12. ¢ = (watis + 6a) = (wilis + 1)
At the point of islanding the frequency and phases changderet;; is the instant of islanding. The phase jump in the re-
instantaneously due to the lack of electric momentum. Sinperted experiment is 7°5
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VII. CONCLUSIONS

When planning a wind farm, precautions should be taken
againstislanding—to prevent disastrous consequences for cfials Kjglstad Poulsenwas born in the central part of Sjaelland, Denmark in
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level and frequency and significant harmonics are appearigstem identification, recursive estimation, and adaptive control.
New tools are necessary to analyze islanding. Different math-
ematical approaches have been tested in this paper and they
all lead to consistent results. Thus, identifying islanding from
measurements of the 3-phase voltage is possible and suitdif! Ole Helgesen Pedersewas born in Copenhagen, Denmark in 1943. He
| ith be derived. Th Its h ttracted att teceived the M.Sc. degree in electrical engineering in 1967 and the Ph.D. degree
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and we have been encouraged to continue the study. A mobirsked in Danish industry as a Research Engineer. During that time he was
mainly occupied with digital process control. Since then, he has been an Asso-
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Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 30, 2009 at 08:59 from |IEEE Xplore. Restrictions apply.



