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ABSTRACT

Distributed generation is increasingly playing ajoraole

in electricity supply systems as recognition is enaflits
low carbon credentials. However, the integratidrihese
units at distribution voltages is a major challenfw
utilities. One particular issue is that generatarsay,
unintentionally, continue to supply local demandewh
areas of the network are isolated from the mairtesyis
Reliably detecting this condition is regarded bynyas an
ongoing challenge as existing methods are not egtir
satisfactory. This paper proposes a novel mettaset on
accumulated phase angle drift that provides inh#yen
enhanced stability without unduly sacrificing seingly. It

is passive and thus requires no additional invasive
hardware. Transient simulations have been usedqusly
to demonstrate its performance [1]. The current gap
presents further validation of the PAD method pentance
resulting from the field trial of relays connected the
38kV network in Ireland, Scottish Power 33kV nekwiar
North Wales and an on-going laboratory trial at the
University of Strathclyde (UoS).

Keywords: power system relaying, loss of grid, digital
transient simulation, distributed generation.

1 INTRODUCTION

The connection of generation at distribution vodtags
seen as one of the most important challenges fawiaern
electricity supply systems. These units offergbeential

to take advantage of local renewable or sustairexigegy
sources, whilst avoiding the high carbon emissiand
losses associated with large fossil fuel thernaists and
long distance transmission respectively. Theretrisng
consensus that many issues need to be tackledebefor
distributed generation can play a safe, reliablel an
profitable role in modern electricity supply systeem

A specific area of concern for utilities is thastlibuted
generation (DG) may continue to supply local demand
when areas of the network are isolated from thenmai
system [2]. Thisis a particularly undesirableditan and
therefore protection is required for its detectaomd the
subsequent tripping of DG. Although many protattio

methods have been developed for this task, coratéin
exists with regard to their performance in termstraf
highly interrelated criteria of sensitivity and lsiléty [3].

This paper proposes the use of a method based on
accumulated phase angle drift that provides intbren
enhanced stability without unduly sacrificing sérgy.

This method continues with the prevailing practitesing

only passive techniques and thus requires no additi
invasive hardware.

2 ACCUMULATED PHASE ANGLE DRIFT
(PAD)

The proposed method is dependent on only passive
principles with a tripping threshold being appligd an
accumulated phase angle drift calculated from nredsu
frequency values.

The method is based on the threshold comparisaamn of
accumulated phase angle drift derived from theediffice
between the current measured local frequency aat th
estimated using historical data (this being reiecof the
current grid frequency).
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Figure 1: An illustration of frequency estimation using
linear extrapolation based on historical data.

When a true loss of grid event occurs, the measured
frequency will deviate from its nominal rated valaed
thus a difference will exist with respect to théimated

grid value. This difference in frequency will lead
changes in the phase angle that will increaset)dvith
time. The nature of this increase is complex amd i
dependent upon a range of factors, including: geoer
inertia, initial power imbalance and the parametdrthe
method used for frequency estimation.
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5. TRANSIENT PERFORMANCE ANALYSIS

The transient performance of the proposed mettasd h
been assessed using Real Time Digital SimulatidiD@&
simulating a combination of idealized disturbareed full
islanding simulations using rotating machine models
The dynamic response of a synchronous machinddssa
of grid connection is primarily determined by thesiitia
constant of the machine. The controller parametérsugh
important do not significantly impact on the dynami
response in the first few hundred milliseconds loé t
transient. The behaviour of a DFIG based genedajoends
mostly on the control e.g. a Phase-Locked Loop (PLL
controller. Shortly after disconnection from thélgend the
loss of the reference signal the controller becaimstable.
Identification of the islanding event is therefoetatively
easy in such cases [4]. For this reason only spmcius
machines were tested in the simulations.

5.1 Simulation Model

Two main network case studies have been usedirtie f
scenario tests the operation of relays protecting a
synchronous generator connected to a 33kV netvamidk,
the second scenario tests the operation of relaysgiing

a synchronous generator connected to a 11kV network
These models are simplified versions of the futivoek
supplied by a UK DNO with appropriate aggregations
made to reduce their complexity where necessagchE
scenario consists of a grid source, simplified oekywpoint

of isolation, local trapped load and generatorl(ding a
step-up transformer where appropriate)the model, for
simplicity, the control is using P+V. The important
controller for loss of grid is that of the goverrod this is
modelled appropriately. For the AVR, basic voltagstrol

is enabled which is satisfactory (provided thatrésultant
power factor is within normal acceptable bounds).

A single line diagram for the 11kV network modeldan
fault locations is shown in Figure 2.

j Fault Position A (20%
Retained Gen Voltage)

Fault Position B (50%
Retained Gen Voltage)

Fault Position C (80%
Retained Gen Voltage)

Figure 2: 11kV network model and fault locations.

5.3 RTDS Sensitivity Tests

Loss of grid test cases using a synchronous maehiof,
2.5%, 5% and 10% power imbalance were carried mut t
check the sensitivity of the protection. Figureh®ws the
response of PAD with a 2.5% real power imbalance
between the pre-islanding output and captured dénigine
algorithm can detect the loss of grid in all tetes, except
0% imbalance. The trip time increases linearly viAthD
angle setting. To assess the performance a 50{ntsrte
was used to determine the maximum settings foiitbetys
Figure 4 shows the maximum PAD settings to detect
various power imbalances for the 33kV test netwdid.
detect all imbalances a suitable setting of 1&uiicient

for both test networks. This setting can be furthereased

if the operating time criterion is relaxed.

PAD Response to Active Power Imbalance 2.5% - 33kV ~ SM
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Figure 3:33kV SM Sensitivity Active Power Imbalance
2.5%

PAD Sensitivity Settings for 30MVA SM (Assume a maximum operating time of 500ms)

9
8

N
b

B PAD Active
B PAD Reactive|

N
5 8

Max Settings (Degrees)
5

o

10 5 -10

25 0 -25 -5
Imbalance Ratio (% of Gen Rating)

Figure 4: 33kV SM Maximum Sensitivity Setting for PAD
5.5 RTDS Stability Tests for Network Fault

Scenarios

To test the stability, test cases were created vétfous
fault types causing voltages to be reduced (retiaine
voltage) to 20%, 50% and 80%. For the 33kV network
model the protection is stable for all fault typesept
close-up three-phase faults. The trip time alsceiases in
an approximately linear function with setting vau€&or
the 11kV network model the protection is stable &br
fault types if the angle setting is set at or abbo& The
responses to a remote three-phase network fatitthvig
the worst case for stability, at 20%, 50% and 86¢ained
voltages are shown in Figure 5. The minimum P Atirge

to achieve stability for a 1/2/3 phase fault isf8f the
11kV network model.
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11kV Stability Test Results - ABCG fault
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Figure 5. 11kV SM Stability (Retained Voltage 80%,
Three-phase fault).

5.6 Performance assessment

The results show that the relay is sensitive terg gmall
(2.5% on the generator base) mismatch in activeepaith
a setting in the region of 10° with a trip time €5@s. With
the same setting the protection is stable for &st majority
of simulated fault scenarios with the exclusionhaf 33kV
system three phase fault with a retained voltagz0édv,.

Therefore, significant stability gains are evidevitile a
high level of sensitivity is preserved.

6 SITE TRIALS

A protection relay with the PAD algorithm has been
connected on the 38kV network at the interface26MW
windfarm in Ireland since August 2011, see Figuré\6
PAD relay has also been connected to the 3 phage lo
voltage supply in the laboratory at the Universdf
Strathclyde (UoS) since October 2009. A PAD relag h
also been connected since February 2012 on theisbcot
Power network to a 33kV circuit at Rhyl substatidrich is
connected to a 60 MW offshore wind farm.
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Figure 6: PAD relay connection to a windfarm in Ireland

All the trial relays are set up to trigger the disiance
recorder from the PAD protection with a sensitietisg of
5° to capture power system events.

6.1 Disturbance Record (DR) Analysis

An analysis of a few records from the site triaks ased to
illustrate the real life performance of the relyachieve
best settings and optimally tune the algorithm peaters.

6.1.1. Record 1

Figure 7 shows a DR from the Ireland trial relay Jih
September 2011. Initially the 38kV cable was gised
from the system down as far as the windfarm. Tlealker
was then opened at one end of the 38kV cable,
disconnecting the windfarm from the system cauaitass

of voltage seen in the DR.

A transformer magnetising current of 5A was measdine

the relay before the CB was opened indicating tirelw
farm generators were not outputting power at ttaiges

Frequency fluctuation./'

PAD angle accumulatior——p

Figure 7. Transformer disconnection 10 Sept 2011,
07.39.01.000 at windfarm in Ireland

The DR shows that the frequency is dropping frorf@dz
before the CB is opened to 49.323Hz at the PADarig
then reduces to 47.942Hz as the CB opens. As the
transformer de-energises the voltage drops beleweiay
frequency tracking level of 10V secondary at wipciint

the relay uses its default setting of 50Hz and RAD
resets.

The PAD picks up momentarily when the actual fregye
and estimated frequency differ for a short timetlses
transformer de-energises with the maximum PAD angle
being -32.25°. The grid CB operation can be comsidlas

a loss of grid condition so in this case the PABragion is
desirable. The PAD angle is accumulating corresottit the
voltage decays to a low level demonstrating gooditeity

of the PAD protection to a genuine loss of griddeat.

6.1.2. Record 2

Figure 8 shows a voltage disturbance DR from theyrat
the UoS on 19 May 2010. The frequency is 49.968Hzea
start of the record and VA = 265V, VB = 269V and C
269V rms.

Initially, there is a large voltage dip in the Bgsie to 32V
rms (12%) and a smaller dip in A and B phasesr@vl
rms (67%) and 157Vrms (58%) respectively for
approximately 32 cycles. The residual voltage iy Vew
before and during this disturbance. Later in tloere there
is a voltage dip in all 3 phases to 34V (13%) / 348%) /
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38V (14%) rms respectively.

<«4— PAD angle accumulation. \
Frequency.
Voltage disturbance.
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Figure 8. Voltage fluctuation 19 May 2010, 03.37.12.707
at University of Strathclyde

There are some small frequency fluctuations cabgete
distortion in the voltage waveform as the voltageange.
The largest frequency variation is from 49.965Hz to
49.69Hz during the first voltage dip. The PAD acclates
for the first frequency fluctuation to a maximumue of
-6.364° and -1.5° for the second frequency flugtunat

The voltage disturbance may be due to a fault englrase
with a fuse being blown or some static load switghiThe
single phase fault/switching may have been on tieide

of the delta-star transformer as the fault is Vésiin all
phases and the residual voltage is low as the d#ltding
would block the zero sequence component. The PADdvo
be stable for this incident with a setting of 10°.

6.1.3. Record 3
Figure 9 shows a frequency fluctuation recordethfthe
relay in the Rhyl site trial on 28 September 2012.

Frequency—W

PAD Angle Accumulation

Figure 9: Frequency fluctuation 28 September 2012,
02.45.42.000 at Rhyl

Figure 100 PMU frequency DRs on 28 Sept. 2012
The DR shows the frequency initally at 50.08Hz #reh

reduces by 0.337Hz to a minimum of 49.743Hz aktint
of the DR in approx 5.483s (average df/dt overphisod is
0.062Hz/s). The PAD phase angle accumulates down to
-54.77° before resetting.

This frequency disturbance was caused by a bipplgng
incidents on the UK-France interconnector on™ 28
September 2012. The frequency dip recorded by #i2 P
relay down to 49.72Hz is backed up by the DR fregye
measurements from PMUs at the University of Stigitie;
Manchester University and Imperial College Londesfer

to Figure 10. The small time difference betweenRA®
relay and PMU records, taking into 1 hour for Suenm
time saving, is due to fact that the relay clockas time
synchronized so has drifted over time.

7 CONCLUSIONS

The use of an accumulated phase angle drift has bee
demonstrated in this paper to be an effective medins
detecting the loss of grid condition. It was sha@wpossess
good levels of sensitivity at near balance condgiwnhilst
maintaining a high degree of stability under seviergt
disturbances. The site trials have indicated tingenf 60°

is required to provide stability for large distunigas in the
network which is higher than indicated from the RS D
testing. The main impact of a higher PAD settinidpat the
PAD algorithm will take a little longer to accumtéao the
trip threshold when detecting a loss of grid cadodit
however, a higher setting will help maintain stipifor
severe power system faults and disturbances. Mdaevdll
be gathered and analysed from the trials over thd n
several months to assess the PAD performance taiuligls
the optimal angle setting and algorithm internabpaeters.
In conclusion, the site trials and RTDS testingdatk that
the PAD algorithm is very stable during disturbance
resulting from faults and load switching on adjd@éruits
but requires a higher setting to ensure stabilityar major
system wide events. Furthermore, an improvemettdo
existing reference frequency signal estimationbeasought
in order to improve the stability, particularly,rthg system
oscillatory events.
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