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Controlled island operation of part of the 50-kV
grid in Southern Sweden

Math Bollen and Olof Samuelsson

Abstract—This paper is based on measurements obtained Il. FREQUENCYVARIATIONS

during a test of controlled islanding of part of tre 50-kV grid in
Southern Sweden. The purpose of the test was to \fgroperation

of generator controls during islanding. The variatons in voltage
magnitude and frequency are shown as well as flickeseverity
and very-short variations. A number of performanceindices have
been calculated and compared with limits. Voltage agnitude and
frequency have been studied in some detail aroundhe
disconnection and reconnection instants. The frequey varies
much more during the island operation than during gid-

connected operation. Voltage magnitude variations ral flicker

remain within their normal range. However the variaions in the
time range between 3 seconds and 10 minute appeartie higher
than normal.

|. INTRODUCTION

N island operation field test was performed in so@ith
of Sweden. The purpose of the test was to verifyecd
operation of generator controls during island opena which
is used as backup when the single infeed fails. iSkanded
part of the system has a highest voltage levelQok¥% and
supplied 15 MW of load. Generation capacity coneg¢o the

island consisted of 30 MW hydropower (equipped wit

voltage and frequency control) and 0.9 MW of wirciver.

Island operation started around 22:00 local timel al

reconnection took place around 00:15. At 23:00 wied

The 20-ms frequency values are shown in Fig. lisdal
inspection of the figure immediately shows that fitegjuency
variations during island operation are much lathen during
grid-connected operation. Not only is the rangdraguency
larger, the frequency also shows much faster vanatduring
island operation than during grid-connected operati
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Fig. 1. Frequency variations before, during andrafte experiment.

power tripped on over frequency. At 23:44 one oé th

generators in the island system was intentionallgped
leading to a loss of 2.2 MW. Around 23:50 the vgdtan the
island system was reduced significantly towardsstimae level
as in the surrounding grid. After reconnection soofiehe
generators that had been out of operation duriegigtand
experiment were reconnected.

During the experiment voltage and frequency valwese
recorded at 50 kV every 20 ms (i.e. every cycl¢hef power-

At 23:00, the frequency reaches 51 Hz, which makes
frequency protection of the wind farm trip 0.9 MWhis
causes a frequency drop to 50.3 Hz. The loss aRavN
generator unit during the island operation resultedthe
frequency swing shown in Fig. 2. The frequency g@exp
quickly by about 2 Hz to a value around 48.8 Hz.eTh
frequency control of the other generators picks the
frequency drop very well.

system frequency) using an ABB RES 521 PMU. The The initial frequency drop is around 0.5 Hz peroset As

recording started one hour before disconnectioncamtinued this is due to the loss of 7.3% of generation (2\% on a 30

until 45 minutes after reconnection. This papeispnts some MW base) the inertia constant of the system isreggd as 3.7
of the voltage and frequency measurements perfoineidg seconds.

the experiment. Note that the loss of generator event takes pldwnwhe
frequency is around 51 Hz. If the event would haaken

place for a lower frequency, e.g. 49.4 Hz, thdahirequency
drop would still have been significant and a fretpyeas low
as 48 Hz could have occurred. A stochastic stuaheédled to
estimate the risk that the loss of a generatorwitlitead to an
unacceptably low frequency in the system.
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Administration.
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TABLE I.
51.5 ) ) ) ) FREQUENCY INDEX FOR ISLAND OPERATION IN COMPARISON WH THOSE FOR
GRID-CONNECTED OPERATION INSWEDEN.
51F Index Grid-connecteq Islanded Objective
Lowest frequency 49.76 Hz 48.80 HZ 47.5 Hz
50.5 Lower limit of 95% 49.92 Hz 49.07 Hz 49 Hz
e interva
E Upper limit of 95% 50.08 Hz 50.89 Hz 51 Hz
S 50f interval
) Highest frequency 50.19 Hz 51.02 H7 52.5 Hz
L 495
lll. VOLTAGE VARIATIONS
49 The voltage values, before, during and after tHands
operation are shown in Fig. 4. Like with the frengecye values,

837 272 2.74 276 278 2.8 the rms voltage was obtained every 20 ms. The disation

. . Time (hours) o and reconnection instants are not as clearly ‘@sinl the

Fig. 2. Frequency swing due to the loss of a 2.2 Rkerator during island . . .

operation. voltage as in the frequency (Fig. 1). To better leasize the
island-operation period, the values during islapdration are
shown in red (grid-connected operation in bluesmall black

The 10-second frequency values have been calcukedopen circle further indicates the disconnection and

the average of 500 20-ms values. The resulting ginitity  reconnection instants.

distribution function is shown in Fig. 3. The prbiddy

distribution function is calculated separately tbe island-

operation part of the experiment and for grid-caee

operation. As expected the frequency spread dustand 55!
operation is significantly larger.

The relevant frequency indices for the island-ofienapart 547
of the experiment are presented in Table I. Thé-gonnected T 53
operation values, shown for comparison, are 3-sts@tues o
obtained during a 198-hour measurement period ensime gsz—

interconnected system as the experiment. No 10askecalues

were available, but the difference between 3-secordi 10-

sec ond values is small. The objectives, basechervoltage

characteristics in EN 50160, are fullfilled durinthe

experiment. This experiment involved an island vdth MW 49 1 P 3 2

generation on-line corresponding to 100 % spinmasgrve. It Time [hours]

is expected that the frequency variations incresisen this Fig. 4. \(olt_age vaIue_s beforel, during and afterethp_eriment (ZQ-ms values).
. . . Circles indicate forming ohe island and reconnection respecti

reserve decreases. For smaller islands, theraugsdlserious

risk that the limits will be exceeded.

o
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To enable comparison with the voltage at the teasiof
low-voltage equipment, the rms voltages have beated to
values for a hypothetical 230-Volt system. For #galing the

100 : : : ‘ ‘ average rms voltage before island operation isedctd 230
‘ Volt.

_ g0 A sharp drop in voltage magnitude occurs at theping
& instant of the 2.2 MW generator unit. The synchrieno

s machine gives a voltage proportional to the sp&bd.voltage

é 80r control of the remaining generators makes howekat the

a voltage drop is about half the drop in frequendyisTvoltage

% 40 drop is shown in more detail in Fig. 5. Note theosg

g similarity between the variations in voltage freqoe (Fig. 2)

& oo and the variations in voltage magnitude (Fig. 5)Yhéd time

scale.
0 . ‘ /. ‘ ‘ In Fig. 4 the voltage magnitude shows a ratherelastgp
485 49 495 80 505 51 515 about 15 minutes after the end of the island-ojmeraieriod.

Frequency [Hz] . . .
Fig. 3. Probability distribution function of the @cond average frequency 1 NiS Step is related to the rescheduling of theegmors to
during the experiment: island-operation (blue sdligve); grid-connected their normal schedule. Most likely the drop is dige the

operation (red dashed cur disconnection of a generator unit. No clear exglanais



available for the continuing rise in voltage befeaned after
reconnection, but manual excitation control islijke
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Fig. 5. Voltage drop due to the loss of a 2.2 MWegator unit during island
operation
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IV. VERY-SHORTVARIATIONS IN VOLTAGE

The very-short variations, as introduced in [1][2ave
been used to quantify voltage variations at a nmd&rm time
scale (i.e. between 3 seconds and 10 minutes).37¢exond
and 10-minute very-short variations, as calculdtedn the
measured rms voltages, are shown in Fig. 6 and Fig.he
values during island operation are indicated déffitly to
distinguish them from the values during grid-cortedc
operation. The 3-second very-short variations (Fy.are
shown dotted blue during grid-connected operatiot solid
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Fig. 7. Very-short variations during tl experiment: 1-minute value:
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V. FLICKER

The flicker severity has not been measured direditiyng
the experiment. Instead the instantaneous flickeesty has
been calculated from the recorded 1-cycle rms gelaThe
short-term flicker severity has been calculatedmfrahe
probability distribution function of the instantanes flicker
sensation using the standard expressions [3]. IJuoeithm for
calculating the instantaneous flicker sensation feen
calibrated using the signals prescribed in thekdlimeter
standard [3]. The results are within 10% of thealdealue,
with the exception of the value for 4000 changesmiaute,
which is too fast to be recorded using 1-cycle voltages.

The instantaneous flicker sensation is shown in &ighe

red during island operation. The 10-minute veryrShoshort-term flicker severity is shown in Fig. 9. Thalues

variations (Fig. 7) during island operation areicated by a
red star.

The highest values are obtained towards the enthef
island operation and upon reconnection to the diiek values
during most of the island operation are normal.
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Fig. 6. Very-short variations during the experimen-second value

during island operation are again marked red. NMeittne
instantaneous flicker sensation nor the short-tifiieker
severity is significantly higher during island ogton than
during grid-connected operation.
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Fig. 8. Instantaneous flicker sensation calculafien the

voltages recorded during the experiment.
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Fig. 9. Short-term flicker severity (Pst) duririgetexperiment. Fig. 10. Frequency recording around the disconoedtistant.
VI. OVERVIEW OFVOLTAGE INDICES The frequency drop immediately after disconnectien

All the voltage variation indices, together wittethvalues Shown in more detail in Fig. 11. The frequency drépm
and objectives, are summarized in Table 1. Apaont the slightly above 50 Hz to slightly above 49 Hz. Ersbu

very-short variations, all values are within thirits. equipment is rarely impacted by such frequency atians.
However, the underfrequency protection of distréout
TABLE Il generation like wind power or CHP is often set@tHz. Also
VOLTAGE VARIATION INDICES. MEASURED VALUES AND OBJECTIVES the first Stage of underfrequency load Sheddingehaﬁgica|
Index Value (V) | Value (%) | Limit | goning around 49 Hz. If the grid frequency jusfobe the
Highest 10-min rms voltage 234.69 V 102% 110% . . ’
Lowest 1tmin rms vitage 513.03\ | 92.6% 859 disconnection would have been 49.9 Hz the frequevmyld
Lower limit 95% interval 3-second| 212.4 V 92.4% 85% have dropped to below 49 Hz and load or local geiwer
voltage _ . . could have been impacted. The frequency drops bé®tz a
:/Jsggé'm” 95% interval 3-second 233.7 V.| 101.6% 115% | few times during the islanding period, so that the
Lower limit 95% interval 1-minute| 212.4 V 92.4% 86% disconnection does not seem to result in more sedemands
voltage on the control system than the islanding operatgaif.
Upper limit 95% interval 1-minute| 233.6 V 101.6% 114%
voltage
Highest 10-min very-short variatigné.7 V 25V 50k
Highest long-term flicker severity 7.2% 100%
49.8
N
VIl. DISCONNECTION AND RECONNECTION £>49 .
. . Q .
The above discussion was concentrated on the peafare g
of the grid during the island operation. If islanderation is §49_4
initiated and ended without an intermediate blatkou
disconnection and reconnection of the islanded wgrithe rest 492

of the grid are critical instants. During disconti@t the

voltage and frequency control of the generatorsiishbe able 9 ‘ ‘ ‘
to handle the possible reactive and active powesmaich 0 10 Time [Szgcon " 30 40
between generation and load in the island. Du”%. 11. Details of the drop in frequency immeelagfter disconnection.
reconnection the differences in voltage and frequédaetween

the islanded grld and the rest of the grld canlréstransients The V0|tage during disconnection is shown in F@ The
that result in protection operation. voltage drops about 1 Volt within a few cycles astbws a
slow decrease for about 10 seconds after that.|&tter may
however also be due to normal load variations agdhge in
voltage magnitude variations is similar to whatrézorded
during the rest of the island operation.

A. Disconnection

The frequency, measured every 20 ms, for a perfatDo
minutes around the disconnection instant, is shiowfig. 10.
Immediately after disconnection the frequency ia islanded
grids drops slowly but gradually (see Fig. 11 fodetailed
view). A frequency around 49 Hz is reached afteoual®5
seconds, at which balance between active powerrgtoe
and consumption within the islanded grid is reached
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Fig. 12. Voltage recording around the disconneciistant.
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Fig. 14. Frequency recording around the reconoedtistant.

There are no indications that the disconnection wasSince a PMU determines frequency from rate of chaofg

associated with any risk as far as the voltage robntas
concerned.

B. Reconnection

phase angle, the spike in frequency at the recdioneinstant
can be explained from a jump in phase angle o timge at
the reconnection [7]. It should be noted that sdraquency
and rate-of-change-of-frequency (ROCOF) relays mneathe

The recordings of the voltage magnitude and frecﬂ“enfrequency in the same way. This has resulted irersév

around the reconnection instant are shown in FRgarid Fig.
14, respectively. The voltage magnitude shows ja st@bout
2 Volt followed by an oscillation with a frequenbgtween 1
and 1.5 Hz. .
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Fig. 13. Voltage recording around the reconnedtistant.

The same oscillations are visible in the frequefdy. 14).
This is a typical local electromechanical mode, nghthe

generating units in the island oscillate againes¢hin the rest

documented cases of industrial installations trigpilue to a
phase-angle jump. Such relays might trip when the
reconnection results in a significant jump or datibn in the
phase angle of the voltage. Note that a jump ofy dr0
degrees in voltage phase angle in 20 ms would gre
apparent frequency of 48.6 or 51.4 Hz.

VIIl. CONCLUSIONS

The measurements performed during the islanding tes
show that the frequency range is much larger tharng
normal, grid-connected, operation. The frequenopstelow
49 Hz a number of times during the 2-hour experim&he
impact of this on the load or on local generatismot clear
and requires further scrutiny.

The range of 3 second and 10 minute voltage madmitu
values remains within their normal range. Also agé flicker
remains within its normal range. However an incedaes been
observed in the medium-term voltage variations titnascale
between 3 seconds and 10 minutes. There is notganou
experience with using these values to draw anyhdurt
conclusions from this. It however confirms thasttime scale
deserves some more attention than it receives today

The changes in voltage magnitude and frequencytdue

of the system. The damping of this mode is modesdt klisconnection and reconnection were not more setlae

acceptable.

during the rest of the island operation.

Immediately after reconnection the measured frequen
showed oscillations that were typical for a local
electromechanical mode. The measurements alstréitaghat
phase jumps lead to spikes in the frequency sifnomh a
PMU, since it determines frequency as rate of caaigphase
angle. This same phenomenon may affect protection

Another important conclusion from the experimenthiat
dedicated performance indicators and limits shole
developed for island operation This is treatecbingnd [6].



This experiment concerned a rather large islangstes,
with 30 MW of generation capacity and 15 MW of load
Furthermore it was a staged test where it was edsimat the
risk of interruption for end customers was sufiithe small.
The islanding operation of smaller parts of thel gvill likely
result in even bigger variations in frequency.

The frequency control performance reflected by dhes
measurements proves acceptable, but could be imgrov
considerably. One reason for the limited perforneaiscthat
the test was targeted at testing frequency cohyra few units
and therefore the controllers of other units wasalded. Also
note that optimal frequency control parameters igand
operation are not the same as for normal operation.

One of the challenges of the ongoing work on island
operation of microgrids is to be able to switcht fastween
control suitable for grid-connected operation anhtol
suitable for islanding operation.
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