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Abstract— In recent years wind power integration has
substantially increased in southern states of Austlia. At

present South Australia has the highest wind genet@an

capacity of any region across the country. This laye capacity
penetration would likely displace existing synchroous

generation fleet. These wind generators have neéh enough
inertia  response nor governor support to control mgr

frequency excursion. Under high wind power availabity and

cheaper import from neighboring region, South Austalian grid

could depend on few synchronous machines for freqoey

regulation. Under such a scenario, a big contingegc may

produce a severe frequency excursion in the network
Consequently, system may face a considerable amouot load

shedding, which may degrade the standard of networlservice
quality. To understand these issues, this paper iegtigates
frequency response of a power system in presence ligh wind

penetration. The network under consideration loosel represents
South Australian power system. Additional frequencycontrol

strategy, such as deployment of synchronous condems to

enhance network frequency response is also studied.

Index Terms—Frequency response, Inertia, Headroom, Under
frequency load shedding, Wind power.

l. INTRODUCTION

To achieve clean energy target, integration of vendrgy
has been steadily increasing in many countriestralie is
experiencing a similar development in recent tiffileis has
been largely motivated by climate change policidsich are
meant to reduce carbon emissions in Australia. b\ee
technological advancement has made wind energy ousie
effective. Current installed capacity of wind geatem in the
Australian National Electricity Market is around235W [1].
Among different states in Australia, South Austdtias the
highest wind penetration. Up to now, the installethd
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[2]. Fig. 1 shows a time distribution of the numbef
synchronous machines online in South Australia betw
November 2012 and November 2013.
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Figure 1. Time distribution of no. of committed synchronouaahines [2]

Unlike synchronous generators, modern wind machiloes
not provide inertia and governor support aftersuibance to
control frequency excursion. Thus, presence ofelamcple
wind generation and consequently few synchronoushinas
during low demand periods can drastically increttserisk of
concerning frequency response in the South Auatrali
network after a major disturbance (such as intereotion
trip). Therefore, South Australian network provides
challenging case study for power system frequeespanse
investigation.

A number of studies on power system frequency mEspo
due to high wind penetration have been reportedhin
literature. These papers include frequency respafsthe
Eastern Interconnection, Electric Reliability Coliio Texas,
California and Western Electricity Coordinating @oil and

capacity has reached around 1,500 MW [1]. Maximumieland grid [3-6]. These papers consider the @flie of

instantaneous wind generation was around 1,350 k2014
[2], which is approximately at the same level o€ ttotal
demand during low load conditions.

several factors such as inertia, reserve, wind tpeien level,
interconnection flow and percentage of governopoasive
generation on system response. To improve poweersys

Growing wind participation continues to economigall frequency response, inertia and governor like stpfrom

replace conventional synchronous generators framStuth
Australian generation mix. Since 2012, average remnds
committed synchronous machines in the system helineé

wind turbines are presented in [7-9]. The proposedhods
are developed by considering wind speed variation;linear
control and tuning of tip speed ratio.



According to a recent report [2] published by Aaktm These are NPS_5, TPS 5 and PPS_5. Table | cordains
Energy Market Operator (AEMO) and ElectraNet, cotlse description of synchronous generators.
there is no process impleme_nted in unit commitndenision Most wind farms in South Australia are located ipper
process of the South Australian system, which eiure any North, Mid North and in the region between Rivedarand
minimum number of committed synchronous generattigh  Heywood interconnection [1]. In the simulation netk; wind
availability of wind generation may compel Souths&alia to  farms are lumped at two buses (ID: 508 and 509% wdtal

rely on few synchronous machines for frequency robtfter

power generation capacity of approximately 1,500 M\Whd

a contingency [2]. As a consequence, system mag fggrms are modelled as Type-3 wind machines (Do&ely-

substantial under frequency load shedding (UFL®)wéirer,
this report does not provide any solution to imgrénequency
response and reduce UFLS. To meet these gapsstatthis
paper investigates frequency response of a powstersy
which loosely resembles South Australian systenj. [IBen,
it proposes a solution by using synchronous coretento
enhance frequency response and decrease UFLS.

Il.  SYSTEM DESCRIPTION

The studied power system has been designed based on

South East Australian 14-Generator Model [10]. Tieévork
used for this study loosely represents southern eaglern
Australian high voltage network. Therefore, it does exactly
demonstrate any particular feature of those netsvoilthe
results presented in this paper should not be gragido
resolve any conclusion involving to the actual perfance of
the network. The South Australian region (Area-bjhe 14-

Generator Model system has been modified to ingatpo

existing wind generation. Generator models of thedied
system are adjusted with generic governors, esciterd
stabilizers to facilitate dynamic analysis [11]gFR shows a
schematic presentation of the studied system.
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Figure 2. The studied power system [10]

Induction Generator: DFIG).

TABLE I. SYNCHRONOUSM ACHINE PROFILE
Name of No. of Capacity _of Base MVA | Inertia constan_t
Power units each unit of egch (H) of each unit
plant (MW) unit (s)
NPS_5 2 300 333 3.50
TPS 5 4 200 250 4.00
PPS_5 6 150 166 7.50

Presence of substantial wind generation and powgort
from neighboring network may set the studied systemely
on few synchronous machines to control frequenacyatien
after a major disturbance (such as loss of interection)
predominantly in low load situations. The studigdtem is
investigated in five simulation scenarios in lowadiocondition.
Numbers of committed synchronous generating units a
varied from 5 to 1. Each of them is assumed toatus0% of
their maximum rating. However, in reality they céme
operated to their minimum stable operating poiifteceded
to be. It is assumed that cheaper power is impartedthe
studied region through AC interconnection, whicherapes
around its maximum capacity of 460 MW. Systendlmaset
around its minimum level, which is 1200 MW. Powepiort
and demand are kept fixed for all simulation cases.

System inertialR), primary reserve or headrooidR) and
instantaneous wind penetration leVAIRL) are expressed by

(1)-3) [12]

SIMULATION SCENARIOS

i=n
IR=3(§xH)) 1)
i=1
i=ng
HR= Y (Prxi — Pgen]i) 2)
i=1
WPL = Pwind (3)
Psync + Pwind + I:?mport

where § denotes the rated MVA of-th synchronous
generatorH; refers to the inertia constantieth synchronous
generator (in s),n is the total number of committed
synchronous generatorBy..; is the rated capacity ofi-th
synchronous machine (in MW)Rye; denotes the power
generation of-th synchronous machine (in Mg refers to
the total number of governor responsive synchronous
generatorsP,inq Stands for the total power generation from
wind (in MW), Py refers to the total power generation from
synchronous generators (in MW) an®p.« denotes the
power import through interconnection (in MW). Siratibn
scenarios considered in this paper are summaniz&dble II.

To examine the worst case frequency response,
interconnection trip contingency is studied in tbégper. Load
shedding is assumed to start when frequency gdesy b9

The studied system is connected to its neighborimg [13]. For each 0.1 Hz drop, 3% load sheddingésumed.

network through an interconnection. According te tetwork
data of [10], in the studied power system there 3apower
plants with total installed capacity of around 23MW.



TABLE II. SIMULATION SCENARIOS

No. of synchronous | Pgnc Puing IR HR WPL

generators MW) | (MW) | (MWSs) | (MW) (%)
5 570 220 5575 765 18
4 470 320 4575 615 26
3 320 470 3400 430 38

2 165 66( 224F 25C 52
1 90 770 1000 160 59

IV. SIMULATION METHODS ANDRESULTS

This section presents necessary simulation techsiqnd
results with relevant discussions.

A. Smulation Methods

Frequency response after interconnection trip isifested
via two parameters. One is frequency nadir, whish
minimum frequency after a disturbance. The othemats of
change of frequency, which represents initial degm
frequency decline followed by a contingency.

In order to clearly show the network frequency bébra

this paper adopted an expression of equivalentemyst

frequency shown in (4) [5], which eliminates smsignal
oscillations in measured frequency.

foq =['§Z(Hi xS xua)]/['il‘(Hi xS)] (4)

wherew; refers to the speed bth synchronous generator and

n is the total number of committed synchronous geoes.
Rate of change of frequencRQCOF) after a disturbance
is computed by (5) [12]

1_AP

ROCOF == x— f 5
> IR o ®)

whereAP denotes the trip size ( in MW) arfg stands for the
nominal system frequency (in Hz).

Dynamic simulations of the studied power systemvagk
are performed in PSE simulation platform [14]. PSE
software is widely used by power utilities of Awdta and
many other countries.

B. Smulation Results

In this sub-section, at first base case simulatgsults are
presented and analyzed. In the next step, frequessponses
with synchronous condensers are discussed.

(i) Base case: For 5 synchronous machines scenanin
the interconnection trips, frequency nadir becod®&5 Hz.

a decreasing trend (which means frequency drop
increasing). When wind penetration level increasds,
displaces synchronous generators. Wind generatorthis
network are assumed to not contribute to systemti@gnand
headroom. Consequently, with a growth of wind gatien,
frequency response of the network becomes moreptiisie.
It is evident from frequency response analysis ithatl cases,
frequency nadirs after the interconnection tripaolethe 49
Hz margin, which is UFLS triggering threshold.
Consequently, it is likely that the system will exignce load
shedding.
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Figure 4. Frequency nadir vs. wind penetration level
For a fixed power outage,ROCOF is inversely

roportional to the total inertia. 5 machines cesgesponds

The same contingency results in more drop in Sys@mthe largest inertia and 1 machine case haothest inertia

frequency as the number of committed synchronoushimes
reduces. Fig. 3 shows a plot of frequency respdiose
different number of online synchronous generatdtsis

observed that frequency nadirs may vary from 48425to

47.50 Hz for 5 machines case to 1 machine case.

When 5 synchronous machines are committed, sysésm
reasonably large amount of inertia and headroom
comparison with other cases. These values arestofee 1
machine case. Since frequency nadir after a dishod
depends on both inertia and headroom, five mactiocesario
has minimum frequency deviation. Frequency deviasiarts

among the five simulation scenarios. For intercatiog trip
contingency,ROCOF differs from 2 Hz/s to 11.25 Hz/s for

different number of committed synchronous genesator

Percentage and amount of load shedding BOECOF for
ﬂlifferent simulation scenarios are shown in Table |

. Impacts of wind penetration level on UFLS aRGCOF
#le illustrated in Fig. 5. It is observed thatréhis a positive
correlation between wind generation and UFLS. Ailaim
trend is exhibited for wind penetration level &@COF.

increasing as the number of committed machines fatid
becomes maximum for the one machine scenario.

To examine the effect of wind power on frequeng

response, Fig. 4 is plotted to present a correlatietween
wind penetration level and frequency nadir. Itliserved that

with an increase of wind power contribution inte trid with

TABLE III. PERCENTAGE ANDAMOUNT OF UFLS AND ROCOF
No. of synchronous | UFLS (%) Load shed ROCOF
generators (MW) (Hz/s)
v 5 12% 144 2
4 15% 180 2.45
3 18% 216 3.3
2 24% 288 5
1 30% 360 11.25

fixed demand and power import, frequency nadir @abows

is
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Figure 5. Effects of wind penetration level on UFLS aRG@COF
According to the adopted grid code of the studigstesn,

ROCOF after a disturbance should not exceed 1 Hz/s [:

Changes of frequency at a rate greater than 1 k&g
become a concern for protection devices [2]. Ibliserved
from the base case simulations tiRQCOF values in all 5
scenarios violate the permitted limit. Moreoversteyn may
face a substantial amount of load shedding due
interconnection trip, which can deteriorate servjoality and

reliability. Thus, an enhancement of system fregyen

response is essential.

TABLE IV. SYSTEM PERFORMANCE WITHSYNCHRONOUSCONDENSERS
No. of No. of Total Inertia with Frequency
committed synchronous additional nadir (Hz)
synchronous | condensers synchronous
generators employed condensers (MWSs)
5 1-7 6820-13800 48.56-48.64
4 1-8 5820-13800 48.41-48.53
3 1-9 4645-13800 48.23-48.36
2 1-10 3490-13800 48.03-48.19
1 1-11 224E-1380( 47.85-48.0¢
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Figure 6. Improvement of frequency nadir

From Fig. 6, it is noticed that improvement in faeqcy

To improve frequency response and reduce UFLS, ofgdir at maximum inertia provision becomes lardessingle

viable solution can be deployment of synchronousleasers.
According to the 14-Generator Model, the studiestesy has
12 synchronous generators. Assuming that whignumber of
generators are committed, maximum (LR- number of
machines can be converted to run in synchronoudectser
mode to provide additional inertia support. Théof@ing sub-
section presents frequency response of the studitdork
when different numbers of synchronous condensees
employed in the grid. Loss of interconnection iplegal for all
cases.

(ii) Frequency response with synchronous condengers
various machines case (5 to 1 synchronous gengrtter
studied network is simulated with multiple numbes$

synchronous condensers. As the number of synchson

condensers gradually increases, frequency nadis dta get
better. The rate of frequency excursion slows daevith an
increase of system inertia. So, more time is altbteedeploy
headroom, which in turn recovers frequency nadir.

Table IV summarize frequency response performaritte w

placement of synchronous condensers. Fig. 6 shaws
improvement in frequency nadir (i.e. decrease éytiency
drop) from base case to maximum additional inestipport

for different number of committed synchronous gatms. It

is observed from simulations that with an equal @maoof

inertia (13,800 MWs) in the grid, frequency nadecbmes
48.64 Hz when 5 synchronous generating units alieeorit

becomes 48.08 Hz when only 1 unit is committedotimer

words, 5 machines scenario has the minimum frequerap,

whereas 1 machine case has the maximum deviatispite

of equal system inertia.

The reason for this variation is amount of headroBar 5
machines case, wind penetration level is lowesfd)l&nd

machine scenario, which is 0.58 Hz. It shows aratdd
behavior as number of committed synchronous mashine
increases. One reason may be the percentage ecofas
supplementary inertia. When reasonable numbers of
synchronous generators are already connected tal aagy
additional inertia from synchronous condenser does
significantly change grid strength. Accordingly,hencement

# frequency nadir slows down.

Added inertia contributions from synchronous corsdes
assist to upgrade frequency response performargca.résult,
amount and percentage of UFLS in the studied system
decrease. Fig. 7 depicts a comparison between Urb&se
case and with maximum supplementary inertia. Ihasiced
fhat UFLS considerably reduces due to placement of
synchronous condensers. Highest reduction is 9%gchwh
means that load shedding decreases by 108 MW (tatdlis
1,200 MW).

mBase case B With max support
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Figure 7. Comparison of UFLS

headroom is maximum (765 MW). On the other hand, ROCOF values significantly drop due to inertia support

1machine case has highest wind penetration le@sl)5and
minimum headroom, which is only 160 MW.

from synchronous condensers. Fig. 8 shows a plovess



ROCOF vs. inertia for 1 machine case. It is seen R@GCOF

falls to 0.82 Hz/s (with maximum inertia of 13,800WSs)

from 11.25 (base case inertia is 1,000 MWSs) for dcinme
scenario. To attain the acceptable margiROECOF (less than
or equal to 1 Hz/s), minimum system inertia is chlted
using (5) and its value is 11,250 MWs. From theusations,
it is found that during single machine case, mimmg

synchronous condensers are required to avoid untgeate
of change of frequency after interconnection trip.

evaluated by computing the difference betwd&¥DCOF at
condition. Table V presents a summaryR®COF analysis

with gradual increase of synchronous condensersalsib
contains minimum number of synchronous condensérigh

are required to maintain a rate less than 1 Hiis.dbserved

Additional  frequency support from synchronous

condensers can enhance frequency response perfiesan
which in turn reduces the amount of UFLDCOF can be
maintained within its acceptable limit by employiagertain
number of synchronous condensers. This number dspam
how many synchronous machines are already committed

the

system. Utilization of synchronous condensegrgrades

grid performances and service reliability; howeveost of
such frequency control ancillary services may bpdsed. In
Highest reduction iROCOF at each machine scenario iduture work, frequency response of the studiedesgswill be
investigated by incorporating synthetic inertia aadtive
base case (shown in Table IlI) and that with maxiniwentia power control features of wind farms.
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TABLE V. SUMMARY OF ROCOF ANALYSIS

No. of ROCOF with Highest Minimum no. of
committed gradual reduction of synchronous
synchronous increase of ROCOF condensers to
generators synchronous (Hz/s) keepROCOF<1

condensers Hz/s

(Hz/s)

5 1.65-0.82 1.18 5

4 1.93-0.82 1.63 6

3 2.42-0.82 2.48 7

2 3.22-0.82 4.18 8

1 5.01-0.82 10.43 9

V. CONCLUSIONS
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This paper analyzes frequency response of a netwopils

which has substantial wind power penetration amd daline
synchronous generators. The existing 14-Generatbr
Australian system has been suitably modified tosdbp
represent South Australian network and its intemeation to
neighboring region. Due to UFLS relay, system can
rescued after a severe contingency like intercdioredrip.
Frequency nadir, amount of load shed &@COF mostly
depend on wind penetration level, the number o€sganous
generators online, system inertia, headroom, iaterection
flow and contingency size.
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