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ABSTRACT

The threat of global warming, dwindling fossil fuel resources, increasing fuel
prices and the liberalisation of the electricity generation has changed the context
in which electricity distribution systems are regulated and operated. Malta, as
member of the Eu-opean Union (EU) is obliged by the European Commissicn
(EC) to reach specific energy and environmental targets by 2020. One of the
obligations is to have 10% of the energy demand generzted from rsnewab_e
sources by 2020. Malta is promoting renewable energy sources through incentive
schemes in order tc reach this target while reducing ths emissions of green hcuse
gases (GHG). The integration of renewable energy resources with the electricity
grid is presenting a new challenge to the electricity distribut-on network operator
(DNO). The electricity distribution system is no longer being seen as passive,
where power flows from the main generation system to energy consumers, but it
is becoming an active one, where consumers are &lso generating electricity,

inszigating a bi-directional power flow.

Ons of the major changes being experienced is the connection of sigrificant levels
of embedded generation to the distribution system. Medium tc large-scale
renewable energy sources (RES) such as solar, wind and wavs are being
considered for electricity generation in Malta. According to studies carried out, it
transpires that wind energy has a good potential in Malta. In fact Mott MacDonald
in the document 'Strategy for Renewable Electricity Exploitation in Malta' has
proposed candidate sites in the Maltese islands for the installation of medium to
large-scale onshore and offshore wind farms [1]. Wind energy is the most mature
in its techneclogy from other RES and is competing well in terms of cost per un::

energy with convenrional fossil fuel generation sources.
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High population density in Malta makes it hard to find sufficient land space to
instal. a large onshcre wind farm. Thus, medium-scale onshore wind farms are
being considered to be installed in the Maltese islands. One of the main issues
when planning an irstallation of a wind farm is the cost of connection with the
grid. In view that the electricity distribution system is based on 11kV circuits,
consisting mainly o underground cables and some overhead lines, a connection
with the 11kV network will be much cheaper than a connection with the 33kV
network. According to the Maltese network code, generating plants up to a
maximum rated capacity cf BMVA can be synchronised with the 11kV network
[2]. Since wind farm sites are typically located in rural areas, these wil_ be at a
long distance from the primary substation, known as Distribution Centre (DC).
Consequently, the kigh impedance between the point of connection and the
traditional source will cause the voltage in the circuit to rise, which may exceed
statutory limits especially during circumstances of high net power flow into the
DC. Tais is ane of the main challenges that network operators are encountering in
their attempt to integrate distributed generation with the grid whi_e ensuring a
reliable and good quality of supply. This dissertation deals with this challenge,
where the impact on -he steady-state voltage of the network from wind farms

located a- identified potential sites :s investigated.

~wo potential sites for w:nd farm installation mentioned by Mott MacDonald
were investigated in tnis study. The sites considered in this dissertation are at
Ker¢em in Gozo and a: Wied Rini /o Bahrija in Malta. Different wind farm sizes
connected at differert points :n the 11kV network were analysed in the worst case
operating scenarios tarough Ioad flow studies carried out by the IPSA+ program.
Voltage rise has been :dencified as a key barrier to the development of medium-
sized wind farms when connected with 11kV circuits. Such voltage rise will stress
the network components' insulation while having a negative effect on the voltage
levels of the low voltage consumers. Mitigation measures whick control the
voltage rise within permitted limits as established in the network code were
established. These will make it possible to integrate larger distributed generators

with the grid whilst ensuring a reliable and good quality of supply to constumers.
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Chapter 1 Introduction

CHAPTER 1

INTRODUCTION

1.1 Renewable Energy in Malta

The industrial activity around the globe is causing a sigrificant increase in the
GHG emissions. These emissicns are causing a global warming and a consequent
change :n the climate. The Kyoto protocol was adopted in Kyoto, Japan in 1997
and entzred into Zorce in 2005 [3,. The Kyoto protocol is an international
agreement linked to the United Nations Sramework Convention on Climats
Change (UNFCCC) where its major feature is the setting of binding rargets for 37
industria’ized countries and the European community for reducing GHG
emissions. One of its severa. measures is to reduce Carbon Dioxide (CO,)
emissions in the atmosphere when generating electricity by the ut:lisation of RES

instead of fossil fuels.

Directive 2009/28/EC of tae European Parliament and of the Council requires that
Member States submit the National Renewable Energy Action Plans (NREAP) by
June 2019 [4]. The NREAP provides a detailec roadmap of how the member state
would reach its legally binding targsts by 2020 for its share of renewable energy
(RE) of :he gross Iinal consumption. This includes sectored targets, technology
mix expected to be used, the trajectory to be followed, and measures and reforms

that will be undertaxen tc overcome the barriers in developing RE.



The NREAP for Maita was issued by the Ministry for Resources and Rural affairs
‘MRRA) in June 2010. Malta has the obligation to rezch a 10% target fo- its share
of energy frcm renewable sources in its final energy consumption by 2020 [5].
This includes energy used for transport, electricity, heating and cooling. The

NREAP is based on three main objectives:

e security of supply;
e environmenszal protection;
e social dimension, affordability and competitiveness.

Mott MacDcnald in their report “Strategy for Renewable Electricity Exploitation
in Malta” stated that although large onshore wind is the most cost-effective
technology, -here may be concerns about the visual impact ard other cumulative
effects which may prevent certain wind farms to be built in particular areas in
Malta Ofishore wind is the secord best technology option in terms of cost.
Micro-wind is not considered as feasible due to planning corstraints originating
from visual impacts on the Maltese townscape. Malta has a good resource for
medium and micro-scale wind and massive solar energy potential. Supperting the
RE ta-get sclely based on more expensive small scale options is very costly for

Malta [1].

Gozo is expected tc become an Eco-island by 202C. This implies that
develecpment in Gozo has to be sustainable to ensure environmental protection
while fostering economic Gevelopment and social progress in the island "6]. The
cocumen: published by the Ministry for Gozo, “A vision for an Ecc-Island”,
kighlights various recommendaticns received during the public consultation
process to proirote RE in Gozo. These recommendations include the premotion of
micro-wind turbines for small operations and public service buildings; promotion
cf on-shere wind farms where it is estimated that there is a potential of around
10MW representing zbout 20% of the total electricity demand in Gozo; promotion
of energv frcm waste; and promotion of solar energy bty the :nstallation of

phozovoltaic nanels and solar water heaters on public and private buildings [7].
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1.2 Wind Resource Potential in Malta

Wind characteristics depend on the site topography, site elevation above sea level,
surface roughness, and site exposure to prevailing winds. Wind measurements at
different heights are analysed to determine the wind resource characterist:c or a
particuler site. Wind data in Malta was recorded for three whole years from wind
monitoring equipment installed on a 45-metre lattice-type communications mast
with effective anemometer heights of 10m and 45m above ground level at Bahrija.
Analysis of the mean monthly wind speed over the specified time freme reveals
that wind speeds are higher than the average wind speed during the cold season,
while during the warm season, wind speeds are lower than the average. The mean
monthly wind speeds and the corresponding energy yield for a medium-sized
wind turbine at 45m above ground level at Bahrija over a 12 morth period are

represented in Figure 1.1 [8].
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Figure 1.1 — Mean monthly wind speeds and energy yield for a wind turbine at
Bahrija |8]

The wind direction frequency distribution for this site confirmed the prevailing
north-westerly wind in the Maltese islands. From measured wind speeds at 1Cm
and 45m above ground level, wind speeds at other height levels can be easily
extrapolated using the Power Law and a site-specific wind shear exponent of 0.18
Thus mean wind speeds and average power density at different heigh: levels were

determined assuming a Rayleigh distribution as shown in Figure 1.2 [&].
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Meight Above Mean Wind Average Power

Ground Speed Density
Level [m/s] [W/m?]
[1n]
10 30-55 150 — 200
30 6.5-70 300 —350
45 78~7.5 350 —400
50 70~-7.5 400 — 150

Figure 1.2 — Mean wind speeds and power densities at different heights at Bahrija
8]

The cumulative land area available for wind turbine technology in tke Maltese
isiands, having an average power density of 300W/m? or higher, is 153Km?. This
theoretical land area does not takes into account the technical, social, and
environmental constraints. Other research 'Europeanr Wind Energy Association,
=WEA) suggests that only 4% of the theoretical land area would evertually be
accessible for wind power generation due to practical constraints. This implies
that the cumulative practical land area suitable for wind power gene-ation is

approximazely 6km? [€].

Although potential sites to develop onshore wind farms in Malta and Gozo exist,
constraints may hinder such development. Constraints for such development

incluce:

the lengthy plenning approval process;

e public and lobby group acceptability;

e areas of environmental and cultural heritage protection;

e proximity to built up areas including areas of high tourism value;
e constructior and mairtenance access to the development site;
e effects con the stability of the distribution grid;

e visual impacts;

e landscape impacts;

e light flicker;

e clectromagnetic interference (EMI);

e ecological impacts;

e noise and vibration;
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e tourism and recreation.

These impacts together with their corresponding mitigaticn measures will be

analysed in detail when undertaking an Envircnmental Impact Assessment (EIA).

Wind technolegy has improved considerably over the recen: years with turbines
now available for sites with a range of winc speeds and the ability o operate in
hot and cold climazes. The range of turbine sizes is typicalty betweea 50m axd
120m for turbines up to 3MW nominal capacity. The mature technology of
onshore wind made it possible to compete well with fossil fuel generarion in many

countries [1].

1.3 Prospective Onshore Wind Farm Sites in Malta

Mott MacDonald has identified various large onsho-e wind farms sites with the
assumption that no barriers will hinder the development of such farms. The
potential wind farm sites are listed Table 1.1 and illustrated ir. the Maltese
islands map in Figu-e 1.3. The maximum capacity that can be installe€ in each site
was calculated using 850kW and 2MW winc turbines. The 2MW wind turbines
generate more power; however the §850kW wind turbines may be iess visually

intrusive in the Mal-ese countryside [1].

Sites Height—above MW
sea level (m)

Gebel Ciantar, Malta 210 - 250 16
Ghemieri, Malta 180 - 210 44
Qasam Ben Borg, Gozo 150 32
Wardja Ridge, Malta 105 - 140 40
Bajda Ridge, Malta 60 - 75 36
Marfa Ridge, Malta 30-120 22
Ta” Hammud, Malta 30-55 24
Hal Far Airfield (Disused), Malta 45 16
Total Maximum MW 230

Table 1.1 — Unconstrained onshare wind farm Sites [1]




According to a report from E.A. Mallia in 2008, two potential sites were
identified One of them is an offshore site at the north shore of Gozo, castward
from Ras il-Qbajjar. The 20m sea depth extends to 1km from shore in certain
nlaces. This location has a good wind energy potential as it is exposed to the
orevailing wind. The cther location is in Baarija at Wied Rini mast farm. This site
-s characterised by a number of trellis masts around 50m high set on a 4m by 4m
concrete base. These masts were used n the past by the government for
te.ecommunications. Winc speed measurements were already recorded at three
different heights above ground, adequate to determine the potential of the wind
resource. It does not seem that there will be any apparent bird constraints and the

area is located mcre thar 500dm away from the periphery of Bahrija and Imtahleb

[9].

MJ
@

Figure 1.3 - Onshore wind farm sites proposed by Mott MacDonald [10]

In a study carr-ed out oy the Institute for Sustainable Energy (ISE) in 210, two
sites in Gozo were identified to be suitable for the installation of onshore wind
farms. One of the sites is located on the south western end cf the island. roughly

west of the villages of Ker¢em and Santa Lucija, while the other site is located in

6
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the north west of the village of Gharb. Since there -s an ISE’s wir.d monitoring

station in the former site, this was investigated in more deta:l [11].

The onshore potential of the wind resource has been assessed by extrapclating
measured wind data at Bahrija to form a wind map fo- the Maltese islands.
Identified potential sites shown in Figure 1.4 include Bahrija, Mellicha Ridge,
Marfa Ridge, and an expanse of land running south of Dingli. Sites expected to

have a lower potential than those already mentioned are Hal Far and Celimara [8].

AL
1™
i\ 1
i,\",:-‘x ! g \,I:-f"'] Wi Ringe

» g - Mclicha Ridge

, Bohiija

Figure 1.4 — Prospective wind farms sites in the Maltese islands [10]

Two Prcject Description Statements (PDS) on large scale onshore wind farms
have been submitted to MEPA. One of them refers to a 10.2MW wind farm at
Wied Rini in the vicinity of Bahrija and Mtahleb, and the othsr ons refers to a
4.25MW wind farm at Hal Far Indusirial Estate. The proposec¢ Wied Rini wind
farm consists of twelve wind turbines which will be connected to the national

electricity grid by two 11kV cables or one 33kV cable. The Hal Far wind farm

~



consists of five wind turbines which will be connected with the national electricity

grid ar the Enemalta DC located within the industrial estate [10] [12].

1.4 Research Approach

The focus of the reszarch in this dissertaticn is on the integration of wind farms
with the 11kV network, in particular, the impacts on the steady state voltage of the
eiectricity distribution network in Malta and Gozo. Medium-sized wird farms
consisting of 850kW wind turbines equipped with Doubly-Fed Induction
Generators (DFIG) are being considered in this study. Two wind farm sites, one at
Ker¢em ir Gozo, and the other one at Wied Rini /o Bahrija were considered in

this study.

The first step in any research project is to undertake extensive reading about the
topic. Chapier 2 is dedicated on the wind turbine technology, including the
operation of the generators and their integration with the grid. The impact of
voltage rise in the network resulting rom the integration of distributed generators
and how it can be mitigated by cortrolling the reactive pcwer is discassed. In
Chapter 3 the electricity distribution in the Maltese islands and the respective

network code are briefly outlined.

Ir Chapter 4, the technicel details about the wind turbines considered for the
enalysis are described. The discussion is extended to include the w:nd farm
electrical design including the protection and control systems, and its ccnnection
with tae gria. The modelling of the wind farm with the 11kV circuit on IPSA+

program is a:s0 discussed.

The prospectve wird farm site at Gozo as mentioned by Mott MacDonald is
discussed in Thapter 5, outlining the constraints and how this is reduced to a small
arca in Kercem. The winc farm connection options with the 11kV circuit are
discussed. This is followed by a load flow study carried out on IPSA+ for all the
wind Zarm connectior opticns during the worst case scenarios. The results

obrainzd are -horoughly discussed.
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Chapter 6 addresses the wind farm site at Wied Rini Vo Bahrija. Site constraints
and options for connecting the wind farm with the grid are discussed. _oad flow
analysis for these connection options during the worst case scenarios are carried

out. The results obtained are investigated in detail.

General conclusions, including a synopsis and mitigation measures, ars given in

Chapter 7 along with suggestions for further work.



CHAPTER 2

WIND TURBINE TECHNOLOGY

2.1

Wind Turbine Architecture

The most common design of wind turbine in today's world is the three-bladed

horizcntel-axis wing -urbine (HAWT), having an upwind rotor and actively

vaweq to preserve alignirent with the wind airection.

The princina subsysiems o= a typical HAW™ are [13]:

the rotor - consisting of blades and supporting hub;

drive train - including the rotating perts of the wind turbine (excluding the
rotory; consisting of shafts, gearbox, coupling, a mechanical brake, and the
gererator;

nacelie and main frame - including wind turbine housing, bednlate, and
yaw svstem;

tower and foundation;

machine contro:s and;

the electrical system, including cables, switchgear, transformers, and

possibly power eleczronic converters.

The three-nladed HAWT has a separate front bearing, with the low speed shaft

connected tc a gearbox that provides an output speed suitable for the four-pole

generator s shown in Figure 2.1.

10
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Most modern wind turbines operate at variable speec so that the rotor speed :s
matched with the wind speed to achieve maximum efficiency. Another imporztant
advantage of variable speed operation is that noise is reduced. Large wind
turbines normally employ active pitch control, where the tlade pirch is varied

along their axis continuously to control the power output [13].

Figure 2.1 - Nacelle layout of a modern wind turbine [13]

The gearbox plays an important role in the wind turbine syszem as its durpose is to
speed up the rate of rotation of the rotor from a low value o a rate suitable for
driving tke generator. Two types of gearboxes are used in w'nd turbmes; paralie:
shaft and planetary. Large machines use a planetary gearbox due to its weight anc

size advantages [13].

A large wind turbine should be suitably supporte¢ on & structure that car
withstand the continunous loading of the system, taking into consideration tte
lifetime of the turbine and the worst possible conditions that the system car
experience. The mos: common structures are the tubular steel towers Concrete
towers, concrete bases with steel upper sections, and lattice towers are also usec.
The stiffness of the tower is a major factor in wind turbire system dynamics
because cf the possibility of coupled vibrations between the rotor and the tower

[13].
11



2.2 Wind Turbine Theory

The mechanical power output from a wind turbine is given by the following

farmula:

P = -C,pAv?

Where, C; is the power coeficient;
p, :s he air density;
A, is the roto- swept area and,

v is the wind speed.

The power coefficient is a fraction of the wind available power that may be
converted »v the wird turbine into mechanical work. The theoretical maximum of
Cp is 59.2%. known as the Betz limit; however in practice values in -he range

between 25% and 45% are achieved.

The tip-speed ratio, », is the ratio of rotor tip speed to wind speed and is

ealculated »~ the following formula:

Where,
®, =5 Te rotational speed of the rotor;
R, :s tne radius of the rotor blade and,

v, 3 the upwind free wind speed in m/s.
The coefficieat of performance is not constant but varies with the wind speed,

rotational speed cf the turbine, and turbine blade parameters such as angle of

attack and pirch angle as shown in Figure 2.2.

12
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Figure 2.2 - Relatiomship between power coefficient and tip-speed ratio for different
blade pitch angles [14]

One can note from chis figure, that for every pitch angle there is a maximum

power coefficient at the optimum tip-speed ratio. For a HAWT, the optimum tip-

speed rat:o varies between 6 and 10. The power coefficient can be mproved v

modifying the rotor design and by operating at variable speed tc maintain a

maximum power coefficient over a range of wind speecs. The rzlationship

between the power oatput and turbine speed for various wind speeds is shown in

Figure 2.3,

W/G Power (Watt)

-
-

. Wind Speed V <V, < ... <V,

p _ / +— Optimal Line

J'4 N
,/ { Maximum'
_!:/ Power Point ™

~ \

W/G Speed (rad/sec)

Figure 2.3 - Power - Speed relationship of a wind turbine for varicus wind speeds

[15]
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This data is utilised by the raximum power point tracking (MPPT) system where
through a closed loop contrcl system the optimal output power is compared to the
actual output power and tke resulting error is used to control a power interface as
illustrated in Figure 2.4. The MPPT system will adjust the actual turbine rotational
speed to the optimum value by changing the blade pitch angle. A variable
frequency operation with maximum power point tracking achieves betwzen 10%
to 15% more output power than a fixed frequency operation. Another advantage
of variable speed operation is the reduction of stress on the wind turbine shafts
and gears, since the blades absorb the wind -orque peaks during the changes of the

turbine rotation speed [15].

W/G
. Power |
< Converter r Load
Q
\ f
Control
Unit

Figure 2.4 - Wind turbine MPPT control system based omn rotation speed
measurements “15]

Major increases in the output power are achieved by increasing the rotor swept
area, or by locating the wind turbines on sites with higher wind speeds. A typical
relationship »e-ween the wind turbine output power and the wind speed is shown
in Figure 2.5. At a verv low wind speed, there is insufficient torque exerted by the
wind speed cn the turbine blades to start rotation. As the wind speed increases, the
wind turbine will begin to rotate and generate power. The wind speed at which the
wind turbine s-arts to generate power is called the cut-in speed and is typically
between 3 and 4m’s. As ~he wind speed increases from: the cut-in speed, the output
power from the wind -u-bine increases accordingly. The power output reaches a

limit, typicaily netween 12 and 17m/s, called the rated power. The wind speed at

14
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which the rated power is reached is called the rated output wind speed. The winc
turbine power output is kept constant as the wind speed increases beyond the ratsc
output wind speed. As the wind speed reaches the cut-out speed. the braking
system of the wind turbine will bring it to a standstill in order to avoid the risk ¢t
damaging the rotor from the large forces exerted on the wind turbine. “he cut-cu:

speed is typically about 25m/s.

Power (kilowatts)
A Rated output speed Cut-out speed

Rated output power -j ¢:

Cut-in speed

35 14 25
Steady wind speed (metresisecond)

Typical wind turbine power output with steady wind speed.

Figure 2.5 - A typical wind turbine output power in relation with wind speed [16]

2.3 Wind Turbine Generator

Generators for large wind turbines can either be asynchronous or syachronous
machines. These can be coupled to the grid either directly or through a converter.
An electrical machine at no lcad will rotate at the same speed as the -otating

magnetic field, called the synchronous speed. Synchronous speed is given by:

60f
L= ——

p

where n, is the synchrcnous speed in rpm;
f, is the frequency of the electrical supply in Hz; and

p, is the number of pole pairs.
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2.3.1 Asynchronous Machines

Asynchrorous machines, also known as induction machines are the most common
tvpe of geaerator uszd in wird turbines. Induction machines are popular due to the

following characteristics:

e simp_e and ~ugged construction;
e -may be simylv connected and disconnected from the grid;
o relatively inexpensive.

The rotating magnetic field :nduced in the stator by the phase-displaced currents
~otates at exactly synchronous speed corzesponding to the electrical network
Fequency. Since the rotor rotates at & speed slightly different than the
synchronous speed, a current is induced in the rotor which in turn induces a
magnetic field in tke rotor. The interaction of the rotor's induced field and the
stator's field causes elevated voltage at the terminals and current to flow from the

rachine.

An important paramester in ckaracterizing induction machines is the slip, 's'. Slip is
t~e ratio of the difference tetween synchronous speed, 'n¢'. and rotor cperating

speed, 'n', and synchronous speed:

ng— n

“when the slip is positive, tae machine will eperate as a motor while when the slip
is negative. the machine will operate as a generator [17]. Th:s is clearly shown in
Figure 2.6. From this figure, one can note that the machine starting carrent is
amout five times the rated ciarrent, while the peak torque is about three t:mes the

rated torque.
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Figure 2.6 - Torque and current relation with slip of an inductien machine [18]

The most common ty»e of generator used in large wind turbines is the Doubly Fed
Induction Generator (DFIG). The DFIG is an inductior. generator hav:ng a wounc
rotor connected to the grid through a frequency converter as shown :n Figure 2.7
This arrangement allows power to flow into or out of the rotor thrcvgh the grid.
The frequency of the power output from the stator is controlled Sy both the

rotation speed of the rotor and the AC currents fed into the rotor.

f\
Induction Generator
' Pmech g =0 Peorar = £ + P,
jeod . EE L LT --h-hu-‘-b’ iﬁ-‘ha““&tﬂbﬁ-‘*
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*ﬁﬁﬁﬁ'— ----»

AC 1| DC

e e e e G

T ;
- —-—{ Controller |- - -~ - -» DC AC
0-30% Pmech
S DTTETTNAEY SN e

Figure 2.7 - Double Fed Induction Generator (DFIG) for wind turbines [20]
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Thae voltage produced zt the stator should also be equal to tne network voltage.
Thts is maintained by ensuring a certain magnetic flux at the stator windings. This
can be achieved by applying a voltage to the rotor windings that is proportional to
the frequency of the voltages applied to the rotor windings, thus ensuring a

constant V/f ~atio and a constant magnetic flux.

This configaration has the advantage that the power electronics used in the
frequency converter need to process about 30% of the rated power. Thus the
nower electronics used are rated at 30% cf the wind turbine rated power. This
meduces considerably the cost and the losses of the system [19]. Moreover, the
DFIG can control the power factor, and can even supply reactive power to the
network if required. This configuration allows a range of operating speeds of the

DFIG, from approximately 50% below synchronous speed to 50% above [17].

2.4 Wind Turbine Integration with the Grid

Large-scale :ntegration of wind generation may cause significant impacts on the
eiectricity network cperation. Utility grid codes address these impacts and require
wind generators to meet certain requirements in order to be connected with the
gr-d. Thess recuirements include the capability of contributing to frequency and
valtage control by continuously adjusting the active and reactive power output.
Such requirements require the implementation of control schemes by utilising

power electronic converters.

Utility grid codes require wind generators to operate similarly to a conventional
power plan: in order to contribute to a stable grid. Thus, the utility through its grid
code impese certain regulations on the wind farm operator. These regulations

ensure that the wind farm :
e operates within a specific voltage and frequency range;

e operates within the stipulated control measures for active power,

voltage, frequency and reactive power;

18
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e has Low Voltage Ride Through (LVRT) and Fault Ride Through
(FRT) properties;

e generates power to the grid of adequaze quality without exceeding
specified limits of voltage flickering and harmonics; and

e employs adequate protection schemes, properly set in order to
discriminate with the grid protection system ir. case of faults in the

wind farm or the grid.

2.4.1 Voltage Variation

A grid can either be weak or strong. Such distinction depends on the short-circui:
impedance, Zg, of the grid. The smaller the Zg, the smaller is the voltage
variation at the Point of Common Coupling (PCC) of the wird gene-ator with tae
grid. In this case the grid is described as strong. Conversely, if the Z is large, tae
grid is weak. In view that wind farms are normally locatec in rural areas, a long

distance away from load centres, it is common to have a weak gric.

The peak voltage reached along the circuit is at the 2CC between the wind farme
and the grid. The voltage rise at this point depends cn the amount of net real anc
reactive power flow and on the impedance between the PCC and the source of the
circuit. “he net powsr flow in the circuit is the difference between the power
generated from the wind farm and the load in the circuit. The voltage at PCC is
approximated by the following equaticn:

where Vi, is the voltage at the PCC;

V;, is the voltage at the DC,;

R, is the resistance between PCC and the source of the circuit;

X, is the reactance between PCC and the source of the circuit;

P, is the net real power flow between PCC and Distribution Centre; and

Q, is the net reactive power flow between PCC and Distributicn Czntrz.
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A representztion of the parameters affecting the voltage rise at PCC is shown in

Figure 2.8.
11kV busbar of
Distribution
ZMkV Centre Q=+Qs-Q PCC Qg
Transformer P 11KV/690V <—-—>
th OLTC P=Pg-P,
w 4 Transformer <————

{9 >,_A_£-} X @_@

F

Figure 2.8 — Electrical parameters affecting the voltage rise in the circuit when a
wind farm is connected with the grid

The equation shows tha: the voltage at PCC depends on the voltage of the DC's
_1kV busnar voltage added with the voltage drop along the feeder between the
PCC and -he source of the circuit. Thus the location of the wind farm connection
point along the circuit is a crucial factor in determining the voltage rise at the
PCC. As wind farms are typicallv located at a significant distance from load
centres, a nigh impedance value will result between PCC and the source. Thus the
wind farm size has to be limited in order to keep the voltage at PCC w:thin the

permitted voitage range.

Another factor contr-buting to the voltage rise is the generated real powzr and the
load on the circuit. The wo=st case scenario which causes the highest possible
voltage rise at the PCC cccurs when the wind farm is generating maximam power
curing minimum load demand in the circuit. This will create the highest net power
flow into the DC, which will consequently increase the voltage at PCC.
Ccnsequently, the veltage at the 11kV busbar of the DC tend to increase, hence,
shifting up the voltage profile of the 11kV circuit. As the voltage at the 11kV
busbar exceeds the upper limit allowed by the Automatic Voltage Controller
(AVC), the 233k V/11kV transformer performs a tap-change to lower the voltage in
tne 11kV busbar.
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Chapter 2 Wind Tu-kine Tecknaicgy

The net reactive power flow between the wind farm and the DC also contributes
to the voltage rise effect at the PCC. The DFIG generators of the wind turbines
typically control the operating power factor between 0.95 leading and 0.9%
lagging. Although reactive power drawn by wind turbine generators acts tc limit

the voltage rise, the losses in the circuit tend to increase.

2.4.2 Reactive Power Control

Inductive components, such as motors, consume reactive power while capacitive
components, such as power cables produce reactive power. Reactive power flcw
in the network causes voltage drops and power losses. Large reactive currerts
may cause voltage instability due to ccnsiderable voltage drops in the
transmission lines. Synchronous generators can produce or consume reactive
power by controlling the magnetizing level or the excitation voltage of the
generator. A wind turbine equipped with an induction generator without &
converter is a consumer of reactive power. In order tc minimise power losses and
enhance voltage stability, wind turbines are cocmpensated to & level depending on
the requirements of the utility. Fer wind turbines driven by Pulse-W:dthk
Modulat:on (PWM) converters, reeciive power can be controlled. Such winé
turbines have the possibility to contol the voltage at the PCC by conirolling the

reactive Dower.
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CHAPTER 3

ELECTRICITY DISTRIBUTION SYSTEM IN MALTA

3.1 Electricity Distribution Network

Malta’s electricity grid is owned by Enemalta Corporation (EMC). As the grid is
:so.ated and is not connected to any other electricity network, the e ectricity
demard is generated in Malta. At present, EMC operates twc Power Stations
waick supply all the electrical power required by Malta anc Gozo. The Power
Stations are located at Marse and Delimara. A new generation plant was recently
commissioned at Delima-a Power Station producing a total power output into the
electricity network of 144MW. These two Power Stations are interconnected
togsther by the existing grid. The generators ~ely on imported fuels mainly heavy
el oil and light distillate [21].

Electricity from the two power stations is transmitted and distributed at voltages
of 132kV. 23kV or 11kV at a frequency of 50Hz mainly through underground
cables and some overhead lines. The distribution network, composed of 132kV
and 33kV circuits is shown in Figure 3.1. The majority of the cables are oil
impregnated paper insulatec cables having copper cr aluminium conductors,
however XLPE insulatec cables were receatly instaled for the 132kV circuits.
DCs strategically located arcund Malta and Gozo step down the 132kV or 33kV
voltage to _1kV voltage _evel for more localized distributior to areas of demand.

A number of 11kV circuits run to different lcad areas in the system. The general
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Chapter 3 Electricity Listribution System in Maltc

network configuration of 11kV distribution systems is radial, with normally oper
points becween two feeders to allow connection with another feeder in case of &
forced outage or maintenance. In turn, the substations step down the 11kV voltage
level to 400V. Three-phase voltage at 400V, or 230V single-phase voltage is
distributed to general consumers mainly through overhead lires. Gozo is suppliec
with electricity from Malta through three 33kV submarine cables passing through
Comino's 33kV/11kV DC. The electricity network in the Maltese islands consists

of nineteen DCs, about 1100 indoor substations and 130 pole-mountec

transforrers.
',A—-vf’-(
1 A
! como TRANSMISSION
7Y
e :‘w‘) SYSTEM
TR ©OMINO
COMIN
S
P 'Emw%'
{' I/
-—‘*é? NNy To Sicly
5ME;.UEHA(\é T
J u ‘_ij .;/r-\i
BUGIEZA MAGHTAR' |, -
—_— 2RV \»\\7 [ EEM. 3
PACEVILE
— 13V ~5 .f?'l
i, HPEIRA
—— New 1324V 3 fosr Al Wéi?“fr
> N MOSTA/ 27 X
33K k =l ‘:v}fa\:u; .
— — —— 33KV OVERHEAD LINES L ' (ST L\
MARTHM Pa T
N\ MALTA SOUTH-_3= ; 'n!méasu.\
®  POWER STATION " g =
My KIRKO! A o~
@  DISTRIBUTION CENTRE (220/132kV) l“*h r\},\‘?oa:gm
e " 5 :-f .
A DISTRIBUTION CENTRE (13213311kV) R W m-.'gér :
B DISTRIBUTION CENTRE (33/11kV) T

Figure 3.1 — The transmission system of the Maltese Iskands [Source: EMC]

All the DCs and the majority of the substations are located :ndoor. The HV and
MV switchgear is mainly Gas-Insulated Switchgear (GIS) type insulated with
Sulphur Hexafluoride (SF¢). However oil insulated switchgear also sxists in the
network. Transformers in the Distribution Centres are oil-filled and equipped wita
on-load tep-changers (OLTC) which alter the voltage ratio by changing the tap at
the primary winding while load current is flowing. The automatic voltags
controller (AVC) regulates the seccndary voltage of the transformer within a

specific bandwidth of a set target voltage. Hence, grid voltage is controlled in
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response to voltage variations. On the other hand, 11kV/400V transfcrmers in
substations are equipped with a fixed tap-changer, wkich can only be operated
manually with the transformer de-energised. HV and MV feeders are mainly
protected bwv line differential relays and protection relays having over-current

(O/C; and earth-fault (E/F) functions.

Futurz plans include the commissioning oZ a 200M'W, 220V interconnector
aetween Mzlta and Sicily, commissioning of a 200MW Combined Cycle Gas
Turbine (CCGT) followed by the decommissioning of Marsa Power Station. New
DCs are being planned :n order to enhance the electr-city network reliability in

areas of increasing load demand [21].

3.2 The Network Code for Malta

=MC is the Distr:bution System Operator (CSO) in Malta and is respoasible for
-he dispatch of the gereration plant and for balancing the distribution system. The
network code ellcws generators to access the network. Generaring plants greater
or equal to EMVA are tc be synchronised with the 33kV network and are subject
to dispatch. Generating plants between 1.6MVA and 8MVA are to be
synchronised with the 11kV network and are subject o dispatch if greater than
SMW. Generators with a generating plant smaller or ecual to 1.6MVA are to be

synchronisea at 400V or 11kV and are not subject to dispatch.

The nominal frequercy cf the distribution system voltage is 50-z. Under normal
operating conditions the mean value measured over 10s shall be within a range of
50Hz + 1% (49.5 to 50.5Hz) during 99.5% of the year and 50Hz -5/+4% (47.5 to
52Hz) during 100% of the year. The distribution system operates at the nominal
woltages as :ndicated in Table 3.1. The steady-state tolerances of the nominal
voltages :n the disiribution network under normal operating conditions are

according to Table 3.2 [2].

In April of 2013, Enemalta Corporation propesed a charge in the tolerance of the

steady-state vo.tage of the 11kV wvoltage ‘evel in consultation with the Malta

Resourced Authority (MRA). Enemalta Corporation is proposing that the steady-
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Chapter 3 Electricity Diseriburcion System in Malta

state tolerance of the upper limit is raised from the present +2% to +5%. This will
facilitate the integration of generation plants connected within the 1:kV network

[22].

, \ 230V - phase to neutral
Low Volage (LV) 400V - phase to phase
. 11,000V (11kV)
Medium Voltage (MV) 33,000V (33kV)
High Voltage (HV) 132,000V (132kV)

Table 3.1 - Nominal voltages of the distribution system in Malta 2]

Nominal Valtage Steady-state Tolerance | Impulse Voltage
(phase - phase)

400V + 10% 6kV

11kV -2,-5% 75kV
33kV +5, -10% 170kV
132kV + 6% 650kV

Table 3.2 - Operating voltage range of the distribution system in Malta [2]

The network code makes emphasis on the protection requirements of the users. -
must be ensured that faults in the user's plant and apparatus do not unreasonably
cause disturbance to the distribution system or to other users. Or. the other hand.
faults on the distribution system can cause damages to user's plant and apparatus
due to a loss of a pkase, over voltage or under voltage. Thus the user shall protect
his installation and install protecticn equipment competible with protection
systems used by EMC in that particular secticn of the network. Interface circuit
breakers in large low voltage (LV) installations ard medium voltage (MV,
installations have tc be fitted with relays acceptable by EMC. These relays shall
have three phase O/C and E/F elements and shall have Inverse Definite Minimum
Time (IDMT) and definite time characteristics.

The voltage flicker emissions limit at the PCC causec by swizchir.g or continuous
operation of wind turdine installation is 0.35 for botk short and long term flicker
severity factors, Py and Py, consistent with IEC 61000-3-7. The total harmcnic

voltage distortion limits are given in Table 3.3.
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System Voltage |Total Harmonic Voltage Distortion (%)

400V 2.5
11kV 2
33kV 1.5

Tablze 3.3 - Generator Total Harmonic Voltage Distortion limit [2]

The netwaork code does not permit the generator to remain connected with the
distribut:cn system durir.g islanding. Generators rated above IMW should remain
cisconnected from the grid until a clearance is obtained from EMC to synchronise

witn the distribution svstem in order to ensure system stability and security [2].
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CHAPTER 4

WIND FARM DESIGN AND CIRCUIT MODELLING

4.1 Wind Farm Design

4.1.1 Wind Turbine

In the study carried out by Mott MacDonald, 2MW and 850kW wind turbines
were corsidered _1]. Although the 2MW wind turbine generates more power than
the 850kW wind turbine, the latter is being considered in this study as it may be
less visually intrusive in the countryside. Thus, the Gamesa G358 wind turbine

rated at §50kW, shown in Figure 4.1, was chosen for this study.

[ Rotor lock systcne
[l Blade

[l Blade Hub

1) Hub cover

19 8 17 16 i5 14 13 0 i1

Figure 4.1 — Gamesa G58 Wind Turbine [23]
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This wind turbine has a rotor diameter of 58m, rotating clockwise at a variable
speed in the mange between 15.6 and 30.8 rpm. The wind turbine consists of three
blades made from Zbreglass pre-impregnated with epoxy resin, mounted on a
tubular tower that can have a height between 44m and 71m. The mechanical
transmissior system is based on a planetary gearbox having a ratio of 1:61.74. In
turn, this w:ll drive a four pole, DFIG, rated at 850kW, which will induce a rated
voltage of 490V at the stator terminals at a frequency of 50Hz. This variable
speed generator operates between 1000rpra and 1950rpm. The generator speed
and power is controlled through IGBT converters and PWM electronic control.
Thus, it can control the active and reactive power by the injection of rotor currents
with variable amplitude, phase and frequency. The power factor can vary in the
-ange betwezn (.95 leading and 0.95 lagging. The variable speed control system
~educes the narmonics and losses, while incrzasing the efficiency and lifetime of
-he wind turbine. The Gamesa G58-850kW wind turbine impedance parameters
are found in Appendix A.

The wind turbine generators are equipped with a lightning protectior system
where lightning strikes are conducted from oth sides of the blade tip towards the
nacelle and tower structure and finally to the earthing system located at the
turbine foundations. Taus, the wind turbine blades and electronic components are
protected from any risk of damage from lightning. At the cut-out speed, the
braking system brings the wind turbine to standstill, in order to protect it from any
damages. The braking system is based on aerodynamic braking by means of full-
feathering bi:ades and also by a hydraulically-activated mechanical disk brake
mounted on the gearbox higk speed shaft. The wind turbines are equipped with a
SCADA system, where it provides real time operation and remote control of the
wind turbines, meteorological masts and electrical substations. The wind turbines
have a cut-in speed of 3m/s and a cut-out speed of 23m/s as shown from the

power curve in Figure 4.2.
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Figure 4.2 — Gamesa G58-850kW Power Curve [23]

4.1.2 Wind Farm Electrical Design

Each wind turbine in the wind farm is connected to an outdoor prefabricatec
substation as showr. in Figure 4.3. Such substations will step-up the wind turbine
generator voltage from 690V to 11kV. Such substations meet the highest safety
standards :n order to protect both the operator and the general public during an
internal electric fault. The kiosk should be well ventilated in orde- tc dissipate the
heat generated by the electrical equipment, while ensuring that interna:
connections are protected from the extreme envirormental cond:tiens, such as
rainfall, dust and wind. The kiosk should contain an oil containment facility ir.
order to ensure that if an oil leak develops, it would not be of detriment to the

environment [24].

Figure 4.3 - Outdoor prefabricated substation [24]
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The suabstation consists of a LV switchboard, a 1000kVA oil-filled traasformer
equipped w-th an cff-load tap-changer, and an 21kV SFg insulated Ring-Main
Jnit (RMU). The LV switchboard may consist of moulded case circuit-breakers
‘MCCB) or fuses. This will provide protection ana also a point of isolation for the
A90V cab.es of the wind turbine generator. A step-up transformer is necessary to
-ransform the voltage to 11kV, in order to reduce the power losses :n the cables
between the wind turbines and the PCC. The transformer should be hermetically
sealed in order to ke isolated from the surrounding environment. This attribute
reduces the maintenance requirements due to oil humidification and
ccntamination. The cooling system of the transformer can be of the ONAN (oil-
natural, ai--natural) type so that electrical energy is not required to drive the oil or
air circulation machines. Tke wind turbine transformer is wound as Delta/Star,
with the 690V(Y) neutral point solidly earthed. Thus, the neutral point of the
generator is not earthed. A solid earthing system allows a high level of fault
current which can be quickly cleared by the protection system, while ransient
over-voltages are minimised. The RMU provides two connections for
neightour-ng wind turbines and a tee-off connection for the substation
trensformer. It also provides protection to the transformer by fuses, normally
through Time-Limit Fuses (TLF) connected with current-transformers (CT). In
case cf a faclt, a fuse is blown and the shunt trip-coil is activated, which in turn
trips the C:rcuit-Breeker (CB) feeding the transformer. Each substation is
equipped witn a Remote Terminal Unit (RTU), responsible for performing the
functions attr-buzed to the SCADA system . This system permits the wind farm
operator to monitor and coatrol the wind farm remotely. Events, alarms, and
energv generation parameters are continuously recorded and shown to the wind

farm coperator through the Human Machine Interface (HMI).

The wind Zarm is connected with the wind farm collector switch-room (WFCSR),
where the 11kV switchgear to isolate the wind farm from the grid and the
metering equipment are located. This is also where the PCC is located since this is
the demarcarnion point between the utility grid and the wind farm. The WFCSR
can be connected with the wind farm by one or two feeders. In the cass where
tnere is orly one feeder, the switch-room will consist of only two or three CB

panels, one o connect the wind farm feeder and the others to connect with the
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utility grid feeders as illustrated in the single-line diagram in Figure 4.4. The
switchgear in the WFCSR is equipped with voltage-transformers (VT) anc
current-tzansformers {CT) in order to record the imoort and export snergy from:
the wind farm. The CBs are typically SF¢-insulated, and having a vacuur:
interrupter sufficiently rated to interrupt the circuit during a fault in the wind farr
or the utility network. The CBs are equipped with protection relays, which trip the
CB when an abrormal current is detected by the CTs. The oprotection
characteristics are normally coordinated with the utility network protection syster:
in order to ensure -hat discrimination is in place. This ensures thet in cases cf

faults within the wind farmn, the operation of the utility network is not affected.
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Figure 4.4 ~Wind farm connected with the grid via one feeder

In the case of having the wind farm connected to the grid via twc fesders, the

WFCSR typically corsists of four CBs and a Bus-Section CB to serve as a means
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o isolation in the middle of the busbar. The sirgle line diagram of this
arrangemen: is illustrated in Figure 4.5. This configuration increases the wind
farm reliability as it is not necessary to disconnect the wind farm during scheduled

maintenance or repairs in the switchgear.
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Figure 4.5 - Wind farm connected with the grid via two feeders

The wind turbine transformers' neutral points as well as the metallic enclosures
and external conducting parts of all electrical equipment require an adequate

connection to the general mass of earth. This is essential in order to:

e establish a low impedance path for earth fault currents and hence,
sat-sfactory operation of the protection svstem;
e minimise shock hazards tc personnel and animals, including

control of step and touch potentials;
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e ensure satisfactory discharge of lightning currents and control the
associated voltages; and
e prevent large potential differences from occurring which are

potentially hazardous to both personnel and equipmen:.

Wind turbines are subject to Iightning strikes due to their heighkt, thus special
earthing requirements are necessary to minimise the risk cof faults on the system
and danger to personnel. Wind farms are normally located on rocky terrain having
a high resistivity, making it more difficult to achieve an adequate earth
connection. IEC 61400-24 outlines the lightning protection requirements of wind
turbines. The standard emphasises on the requirement of having a continuous
metallic ground system connecting ell the equipment of the entire wind farm
installaticn. This should include the substations, transformers, wind tu-bine towers
and generators with its associated electronic equipment. This is generally
implementsd with bare conductors being laid in cable trenches underneath the
power co_lection cables. These conductors provide bath bonding of all parts of the
wind farm and also serve as a long horizontal electrode to reduce the impedance
to ground of the earthing system. At each wind turbine, local eartting -s typically
provided by placing a ring of bare conductor around the foundation zt a depth ¢t
about 1m, and by driving vertical rods into the ground. It is alsc common to boné
the steel reinforcing of the wind turbine foundation as well as the towser into this

local earthing network [25].

The protection scheme of the wind farm is designed in such a way that if a fault
occurs ir. a particuler zone, the protection relays responsible for that zone will trip
the CB to isolate the faulty section. Faults are normally czused due to failure of
the insulation in the circuits leading to excess currents between phases or betweer.
phases and earth. These high currents are only allowed for vp to abour a second or
so in order to limit the hazards. The risks of such fault currents include the risk tc
life caused by excess voltages as the high currents flow into earth -mpedance and
the risk to the plamt itself caused bv destructive heating and elecro-magnetic
effects. Induction machines are not a reliable source of fault currznt as the
machine draws its magnetising current from the network or local capacitors which
will not be possible with a voltage collapse during a fault. Thus, the faulty circuit
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is isclated using famlt current from the network and then voltage or frequency
sensing relays are used to detect subsequent abnormal conditions. From a
protecticn point of view, the wind farm can be seen as a collectior of large
electrical mackine drives with torque applied to the machine shafts rather than
taken to drive mechanical loads. The protection scheme of the wind farm is split

into zones as snown in Figure 4.6.

890V
11kV
/ AN F Y
N/  transformer D
Circuit
:l Breaker
...... e 1KV Swvitch ‘——— '} Zone A

—~~  To other wind
turbine substations

Wind Turbine No.1
DFIG Generator

Figure 4.6 — Wind farm protection system zones

At the base of the wind turbine tower, a MCCB protects the pendant cadles and
the generator. "his is shown as zone D. The 690V cables between the tcwer base
cabinet and the wind turbine substation are covered by zone C. These czbles are
protected through a MCCB in the substation. Zone B consists of the 11xV/690V
transformer including the region around its 690V terminals. The tee-off CB in the
RMU is responsible for this zone. The 11kV cables between the PCC and the

wind turbine substations are protected under zone A. The CBs located in the
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WEFCSR are respoasible for such protection. The CB is equipped wizk an O/C ané
E/F relay having IDMT properties. The relationship between -he fatlt carrent and
the time delay to trip the CB is inversely proportional. Thus, tke higher the fault
current the less is the time required o trip the CB. Line-differential protectio=
relays can also be utilised as the main protection system for this zone. This will
improve the protection system as the CBs in the WFCSR will trip irstantaneously
in case of the fault in this zone, while adequate coordination of the discriminatior.
scheme between CBs in the utility circuit is maintained. The CBs in the WFCSR
responsible for the wind farm collector cables are also equipped with island
detection protection relays. Such protection relays are based on the Rate cf
Change of Frequeacy (ROCOF) or vector-shift techniques. The ROCOF is bassé
on the detection o< a change in frequency due to a sudden loss in load, which wi_
change the rotor speed. The relay will trip the CB if the rate of change of
frequency with respect to time exceeds a specific set doint. The vector-shift relay
operates similarly to the ROCOF. When there is a change in frequency, the zerc
crossing of the generator voltage is moved earlier or later. If this vector shift is

larger than a specific set point, the relay will trip the CB.

The wind farm incorporates a SCADA system which allows remote monitoring
and control by the wind farm operator. Data from each wind turbine contrc.
system is collected at the Remote Terminal Unit (RTU) and transmitted over a
fibre-optic cable installed with the 11kV cables to the main workstatior: [26]. A
typical SCADA system configuration is shown in  Figure 4.7.

Agrray
Communication
Metwork

Figure 4.7 - SCADA system of a wind farm [26]
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4.2 Circuit Modelling in IPSA+

The main impact cn the 11kV network from medium-sized wind farms is the
steady-state voltage variations. This is analysed through a load flow study carried
out on [PSA— program. As the wind farms ander study are to be conneczed within
the 11kV network, the source of the circuit or Distribution Centre, the 11kV
circui: with its substations and the wind farm are modelled in this software. The

modelled cireuit consists of the following components:

e Grid Infeed:

e 33kV busbar;

e 33kV/11.5kV transformer;

e 11kV busbars;

e 11kV/433V transformers;

e 400V busbars:

e 'Load' connected with each of the 400V busbars;
e Line segments interconnectirg the 11kV busbars
¢ Induction machines cperating as generators

e 11kV/690V transformers

The main power generation of the network is modelled through a 'G:d Infeed’
ccmponent. This is connected with the 33kV busbar of the DC. This 33kV busbar
is set as a 'slack bus' so tha: the real and rzactive power varies accorcing to the
load demand and lcsses in the circuit. A transformer is connected between the
33kV and 11kV busbars cf the DC. The 23kV/11.5kV transformer is equipped
with an OLTC to regulate the 11kV busbar within the bardwidth of a specific
target voltage. The AVC is normally set at a target voltage of 11.2kV with a
bandwidth of 1.5%. This means that the voltage in the 11kV busbar is a’lowed to
vary between 11.03kV and 11.37kV. If the AVC senses a voltage outside of this
range, the OLTC will perform a tap-change after a delay of 120 seconds. Thus,
the 11kV busvar of the DC is set as "Voltage Controlled Bus'. Parameters such as
per-unit (PU) impedances, power rating. tap-changer details, and winding

configuration are entered in the transformer model.
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The distribution substations are represented by an 11kV and 400V busbars and ax
11kV/433V transformer connected bstween these two busbars. Tae substatior
transformer is equipped with a fixed tap-changer connected with the primary
winding. The secondary voltage is varied by up to =5% from nominal curing of-
load in steps of 2.5%. The tap-changer is to be operated at off-load and has five
tap positions. The nominal tap is idertified as tap '0". The positive tzp positions.
'+1' and +2', increase the voitage on the secondary side while negative tap
positions, '-1' and -2, reduces the voltage on the LV side of the ransfermer.
Parameters of the tap-changer, winding configuration, power rating ard PU
impedances of the transformer are specified in the substation transformer modeis
A' load' is connected with the 4C0V busbars, where real and rsactive load
demands are specified. The 11kV rodes are interconnected with line segments.
where the line's PU impedance and rated capacity is specified for eack segment.

The circuit details aad parameters were provided by EMC.

In view that the wind turbines considered in this study consist of 85Ck'W DFIGs.
these are represented through induction machine models. The inductior: machines
PU impedances, mechanical output power, slip, number of poles, nower factor.
and machine type are specified in the model. Generic contrcl models were used
for the wind turbine generators. As the DFIG generates power at 690V, the wind
turbine generators are connected with 590V tusbars. This voltage is stepped-up tc
11kV by 11kV/690V transformers. Transformer parameters are entered in the

model.
The model was first tested without wind farm connection, by carrying sut a load

flow analyses for the utility's 11kV cizcuit under study. The results obtained wers

discussed with the utility in order to verify their correctness.
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CHAPTER 5

WIND FARM AT KERCEM, GOZO

5.1 Site Characteristics and Constraints

One of the objectives for Gozo as an eco-island is to have most of its energy
generated from environmentally-friendly energy sources. Thus, the government is
sroposing the development of small onshore wind farm sites with a limited
aumber of wind turbines [6]. The only site in Gozo which is considered by Mott
MacDonald to have & gooc potential is Qasam Ben Borg, as shown enclosed
within the green border line in Figure 5.1. This site is located at the soutk-west of
Cozo at a height of 150m above sea level. The site average wind speed at 50m

anove ground level is 6.65m/s [1].

The general terrain in Gozo is predominantly agricultural and is steeper than in
Malta. According to the landscape assessment study issuea by MEPA in 2003,
(asam Ben Borg extends across Areas of Very High “andscape Sensitivity
(AVHLS) and Areas of High Landscape Sensitivity (AHLS). The coastline along
the south west of Gozo is dominated by a stretch cf spectaculer cliffs as shown in
Figure 5.2. The Qawra—Dwejra coast is very near to this site. This is characterised
by a rocky stretch along the coast dominated by steep cliffs enclosing two main
dolines. There is a natural seawater conduit at 'i-Qawra’ which fills the

shallowes: part of the basin [1].
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Figure 5.1 - Qasam Ben Borg site

Ry,

o .

Figure 5.2 — Cliffs at the south-west of Gozo [27]
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The main atraction at Dwejra bay is the geomorphological structure ('it-Tiega')
which projects from the cliffs known as the Azure Windew as shown in Figure
5.3, while a steep sided islet known as 'il-Gebla tal-General' cominates the mouth
of Dwejra bay. The Qawra to Dwejra arza including 'il-Gebla tal-General' is

listed as a Natura 2000 site [1].

Figure 5.3 — Azure Window at Dwejra bay [27]

The visual impact of nearby soft stone quarries is quite significant especially
when viewed from higher points along this stretch of coast as indicated in Figure
5.4 [27]. 'Wied ta!-Kantra' area at Xlendi is in the vicinity of this site. “his is a
Natura 2000 site, dominated by a valley which drains into Xlendi bay. Xlendi is
the second largest tourism related coastal settlement in Gozo. This area is
predominant'v agricultural and the steeper side of the valley is characterised by
natural rock inclines. The terraced fields overlooking 'Wied tal-Kantra area are
spectacular when viewed from 'Ta Sarraflu’ area. The ponc at 'Ta’ Sarraflu’ area
shown in Figure 5.5 is also a protected site. Since it is located on the brow of the
ridge, its effect on long distance view is rather limited. The area is alsc rich in

archaeological heritage [27].
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Figure 5.5 — Pond at 'Ta’ Sarraflu’

The site is visidle from the main own of Rabat and the old forzified citadel,
'Citadella’. A VHF Omni-directional Range (VOR) navigat:on syster which is
utilised by aircrafts to navigate safely, is one of the major constraints in the size.
Apart frem the mentioned constraints, there are also problems to access the
prospective sits. The site is only served by minor rural roads passing through

small villages making it impossible for large vehicles transporting the component
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sections ¢ the winc tarbines and associated machinery to get through. Temporary
roads would need to be constructed and considering Gozo’s very high scenic
value ana considerable ecological importance, it is most likely that alternative

rozds woula encounter major planning consent issues.

In view of the mentioned environmental and planning »arriers, the site marked in
Figure 5.7 is considerably reduced as shown enclosed in the green border line in
Figure 5.6. A photcmontage of a wind farm on this site is shown in Figure 5.7.
The site is located kigh on the cliffs of Gozo's south-western coast in the vicinity
of Kercem, making the site exposed to the prevailing north-westerly winds. The
site is at a distance from the coast and residential buildings cf Ker¢em, Santa
Lu¢ija and Xlendi. Thus, the visual impacts, noise effects and shadow flickering
on inhabitants living in the surrounding area are minimisec. A wind monitoring
station managed by the Institute for Sustainable Energy (ISE’ was operational in

-he site some years ago. Thus, wind data for this site is readily available in order

1o assess its wind energy potential.

Figure 5.6 — Wind farm Site at Kercem

The dimensions of the wird farm site shown in figure 5.6 are roughly lkm by
1km. This area is sufficient to accommodate a 10MW wind farm. The layout of
the wind turbines within the site depends on the wina energy resource

characteristics, local topography, and requirements from the planning authorities.
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Figure 5.7 - Photomontage of a wind farm at the prospective site at Keréem [11]

5.2 Wind Farm Connection with the Grid

Electricity is transmitzed to Gozo from Malta via three 33kV submarne cables
terminated in the 33kV switchgear at Qala DC. This voltage is stepned down to
11kV through two 30MVA tramsformers. Electricity is distributed throughout the
island via a number of 11kV feeders. Distribution substations step down the
voltage to 400V three-phase or 230V single-phase supply. The low voltage suosply
is distributed to residential, domestic and industrial consumers through buried
undergrcund cables and areal lines. Another DC is deing planted to de
commissioned at the centre of the island, in the locality of Xewkija. This proposad
DC is expected to improve the reliability of the distributicn system in Gozo whils:

reducing -he power losses and voltage drop along the feeders.

The proposed wind farm at Ker¢em is located closs to an 11kV overhead line
feeding a 250kVA outdoor Transformer-Centre (TC) identified as Kercem VOR
Beacon. This overhead line is sourced from Kerc¢em tat-Taljana substatior
through a 95mm? aluminium cable raved at 3.9MVA. The overhead lire is made
from bare copper conductors having a cross sectional area of 35mm’ rated at
4.21MVA.. The cheapest connection of the wind farm with the grid is through ar.
overhead line connected with the utility’s overhead line at the point where
Kercem VOR Beacon transformer is located as illustrated in Figure 5 8. Since the

feeder to Ker¢cem VOR Beacon TC is radial, the connection lacks adequate
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reliability. Furthermors, ove-head lines in Malta are exposed 0 the harsh climate
especially in coastal areas, making them more susceptible to faults than
underground cables. Thus, Zrequent prevenrive maintenance of overhead lines is
necessary in order to reduce the occurrence of faults. This :mplies that the wind

farm disconmnection time is increased when it is connected with an overhead line.

o Qala Distribution Centra

; To Qala Distribution Centre
throug~ other sulrstations

/ Kercem Tat-Taljana ¢
through other substations

\ substaicn

95mm? Aluminium
11kV cable

35mm? Copper
~1kV Overhead line

Eeacon Outdoor
Transformer

<" Kercem VOR
Centre

\\

35mm? Copper
- 1kV Overhead line

Figure 5.8 — Connection of wind farm with 11kV overhead line between Keréem tat-
Taljana substation and Keréem VOR Beacon TC

A reliable option could be to connect the wind farm in the ring circuit of the
retwork in the section between Kercem tat-Taljana and Keréem substations as
illustrated in Figure 5.9. The wind farm can be reliably connected with tae utility
grid via two underground cables. The cable section between Ker¢em ta:-Taljana
and Kercem substations is composed of 95mm? and 185mm? aluminium cables,
rated at 29MVA and 5.72MVA respect.vely. Furthermore, this connection
reduces the mmpedance between the PCC and the traditional source, hence the

vo:itage rise at the PCC is decreased.
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The wind farm size in both scenarios is limited by the 3.9MVA power rating o7
the 95mm? aluminium cables. This means that the largest wind farm that can Se
connected with the grid will be rated at 3.4MW, corsisting of four 850kW wind

turbines.

A greater wind farm can be connected between Keréem tat-Taljana and Ker¢em
substaticns without overloading the 11kV circuit, by replacing tie 95mm”
aluminium cables by 185mm?® aluminium cables. This means that the 95mm”
aluminium cables in tke section between Kercem tat-Taljana and Victoria Kercem
Rd. substations need to be replaced. This makes it possible to instal” a wind farm
up to a maximum rating of 5.1MW, consisting o six 350kW wird turbines
without overloading the circuit. This option is only viable if the steady-state
voltage rise in the circuit does not exceed the permitted limits. Furthermore, this
depends on the economic feasitility of the project as this involves significant cost

to replace such cables.

\ 185mmn? Aluminiur 95mm? Aluminium /

Kercem TatTaljana | 11KV cable 14V cable
substation

To Qala Distribution Centre
through other substations

T Qaia Distrioution Centre

throug esher subsiations
Kercem subs:ation

95mm? Aluminium
11kV cable

35mm’ Copper
11KV Qverhead line

Kercem VOR
Beacon Qutdoor
Transformer
Centre

Figure 5.9 - Wind farm connection between Keréem tat-Taljana and Kercem
substations
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5.3 Impacts on the Steady-State Voltage of the Grid

The impacts on the grid Zrom the projectsd wind farm at Kercem need to be
studied in detail through a load flow analysis. Such analysis determines the power
Zlews through the nezwork and zlso the woltage levels on the busbkars of the

substations throughout the entire feeder.

The following four options of wind Zarm connection with the grid are considered

in this analys:s:

e Option 1 - 3.4MW wind farm consisting of four 850kW wind turbines
connected through a 35mm” copper overhead lne with the utility's
overhead line feeding Kercem VOR Beacon TC;

e Option 2 - 2.4MW wind Zarm consisting of four 850kW wind turbines
comnected by two 95mm? aluminium cables between Kercem tat-Taljana
and Ker¢em substations;

e Optien 3 - 5.1MW wind farm consisting of six 850kW wind turbines
connected by two 185mm? aluminium cables between Kercem tat-Taljana
and Ker¢em substations;

e Option 4 - 5..MW wind farm corsisting of six 35¢kW wind turbines
connected by two 185mm? aluminium cables between Kercem tat-Taljana
anc Ker¢em substations with the proposed Xewkija DC being the 11kV

feeders main source instead of Qala DC.

5.3.1 Option 1 - 3.4MW Wind Farm Connected with Keré¢em VOR

Beacon Overhead Line

As already mentioned, the proposed wind farm at Xeréem can be integrated with
the utility gric through ar overhead line connected with the utility's overhead line
feeding Ker¢em VOR Beacon TC. As the wind farm consists of four 850kW wind
tu-bines, equivalent tc z total of 3.4MW, a 35mm® copper overhead line is
sufficient t> take the frll generating capacitv of the wind farm. The length of the

overhead line from the nearest wind turbine to Keréem VOR Beacon TC is about
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600m. The underground cables loaping between every wind turbine substaticn
and the other consist of 95mm? aluminium cables having a length of about 200m.
The steedy-state voltage impact on the circuit is investigated throtgh load flow

analysis for the following worst case scenarios:

e Secenario A - 34MW wind farm generating maximtm power at
0.95 leading and lagging power factor curing minimum load
demand,;

o Seenario B - 3.4MW wind farm generating 3.15MW at 0.G5
leading and lagging power factor during minimum loac demand;

e Seenario C - 3 4MW wind farm generating maximum power at
0.95 leading ard lagging power factor during maximum load
demand;

e Scenario D - 3 4MW wind farm disconnected during maximum

load demand.

A snapshot of the circuit and proposed wind farm modelled in IPSA— software s

shown in Figure B.1 of Appendix B.

5.3.1.1 Scenario A - 3.4MW Wind Farm generating maximum

power during minimum load demand

The worst case scenario of voltage rise in the network is when the wind farm
generates maximum power during minimum load demand. This scerario involves
a 3.4MW wind farm operating at 0.95 leading and lagging power factors, with the
voltage a= the 11kV busbar of Qala DC regulated within the 1.5% bandwidth o
11.2kV. This sitaation has been analtysed through = load flow study in IPSA+
program. The voltage magnitudes resulting in the 11kV and LV busbars are
shown in Table B.1.1 of Apperdix B. The resuliing voltage profiles in the 11kV
circuit with respect to its impedance are shown in

Figure 5.10.

Table 5.1 clearly shows that the high reactive power sourcec¢ from Qala DC, as the

wind farm operates at 0.95 leading power factor, has limited the voltage rise at the
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PCC to 5.27% of the nominal voltage. This voltage magnitude just exceeds the
5% voltage rise limit. However, with several substation transformers set at the
minimum tap pos:ticn, the resulting voltage magnitudes in the LV busbars are all

w:thin the permitted limits as established in the network code.

3.4MW Wind Farm connected with Kercem VOR Beacon O/H Line
0.95 leading Power Factor |0.95 lagging Power Factor

Power Generated (MW) 3.4 3.4

Load Cemand {MVA) 1.21 1.21
‘Net Real Power flow into Gala DC {(MW) 1.79 1.78

Net Reactive Power flow into Qala DC (MVAr) -1.48 0.72

Voltage at Source (kV) 11.15 11.26

Voltage at the PCC (kV) 11.58 1194

Real Power Losses in the Circuit (MW) 0.23 0.18

Reactive Power Losses in the Circuit (MVAr) 0.25 0.21

Table 5.1 - Net Power flow and losses in the 11kV circuit for scenario A in option 1

On the other hand, as the wind farm exports reactive power &t a power factor of
0.95, the volzage at the PCC rises to 8.55% of the nominal voltage. Despite setting
the substation transformers between Kercem tat-Taljana substation and the last
node of the feeder at the minimum tap position, the resulting voltage magnitudes
in the L'V busbars still exceed the limits established in the network code. One can
note that as the reactive power flow in the circuit is reduced, the losses in the
circuit decrease. Thus, it is preferable to operate the wind farm at unity or lagging

power factor.

Setting the target vcltage of the AVC of the transformer at Qala DC to 11.1kV
will not help to reduce the voltage levels in the circuit. The resulting voltage
magnitudes at the 11kV busbar for both operating power factor scenarios fall
within the 1.5% bandwidth of 11.1kV. Thus, the transformer will not be forced to
implement a tap-change to reduce the voltage at the 11kV busbar when it is
regulated within the bandwidth of 11.1kV. Another option tc regulate the voltage
in the circuit within acceptable limits is by limiting the real power generated by

the wiand farm.
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3.4MW Wind Farm generating maximum power during minimum lcad demand
Effect on the Voltage along the 11kV Circuit in relation with Circuit Impedance

N\
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Figure 5.10 - Voltage profile along the 11kV circuit for scenario A in optien 1

5.3.1.2 Scenario B - 3.4MW Wind Farm generating 3.15MW during

minimum load demand

The voltage at the wind farm’s point of connection can be reduced o permittsc
voltage levels by curtailing the generated real power while the wind-powersc
generators absorbs maximum reactive power. The maximum power which can be
generated without exceeding the 5% voltage rise in the 11kV circuit is 3.15MW
The results obtained in the 11kV anc LV busbars as the wind farm operates at
0.95 leading and lagging power factors, with the AVC's target vaoltage of the
transformer at Qala DC set at 11.2kV are shown in Table B.1.2 of Appendix 3.
The resulting voltage profiles along the 11kV circuit with respec: to the circuit

impedance are shown in Figure 5.11.

The reduced power generated from the wind farm recuces the net reel power flow
into Qala DC as indicated in Table 5.2. The curtailed power generation ard the
reactive power consumption by the wind farm at a power factor of 0.95 has
reduced the voltage rise at the PCC to 5% of the nomiral voltage. Thus, the
maximum voltage in the 11kV circuit does not exceed the proposed uvper voltage

limit. As several transformers in the circuit are set at their minimum tap position,
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the resulting voltage magnitudes in the LV busbars are within the permitted limits

as establisned in the network code.

3.4AMW Wind Farm connected with Keréem VOR Beacon O/H Line
0.95 leading Power Factor |0.95 lagging Power Factor
Power Generated (MW) 3.15 3.15
Load Demand (VIVA) 1.21 1.21
Net Real Powzr flow into Qala DC (MW) 1.6 1.58
Net Reactive Power flow into Qala DC (MVA-) -1.38 0.67
\toltage at Source (kV) 11.15 11.26
Violtage at the PCC (kV) 11.55 11.88
Real Power Losses in the Circuit (MW) 0.2 0.1€
Reactive Powzr Losses in the Circuit (MVATr) 0.22 0.18

Table 5.2 - Ivet Power flow and losses in the 11kV circuit for scenario B in option 1

Exporting reactive power at a powsar factor of 0.95 at the reduced real power
generation of 3.15MW is not enough to reduce the voltage at PCC to within
acceptable limits. In fact the resulting voltage at the PCC exceeds the nominal
voltage by &% Consequently, the voltage at the LV side of Ker¢cem VOR Beacon
TC exceeds the 10% tolerance from the nominal voltage even thcugh the
transformer -s set at the minimum tap position. The reduced real power generated,

reduces the losses in both power Zactor extreme scenarios.

3.4AMW Wind Farm generating 3.15MW during minimum load demand
Effect on the Voltage along the ~1kV Circuit in relation with Circuit Impedance
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Figure 5.11 - Veltage profile along the 11KV circuit for scenario B in option 1
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5.3.1.3 Scenario C - 3.4MW Wind Farm generating maximum

power during peak load demand

The scerario of having the 3.4MW wind farm generating maximum power during
peak loed demand is investigated through a load flow swdy. The fixed tap-
changers of the distribution transformers are kept in the same position as it
scenario B. The 11kV busbar a: Qala DC is regulated witkin the 1.5% bandwidtk
of 11.2kV as in previous scenarios. The steady-state voltage magnitudes resulting
at the 11kV and LV busbars while the generators operares at power factors of 0.9
leading and lagging are showa in Table B.1.3 of Appendix B. The resulting

voltage p-ofiles along the 11kV circui: with respect to circuit impedence is showr

in Figure 5.12.
3.4AMW Wind Farm connected with Keréem VOR Beacon OfH Line
0.95 leading Power Factor |€.95 lagging Power Factor

Power Generated (MW) 3.4 3.4

Load Demand (MVA) 4.49 4.45
Net Real Power flow into Qala DC (MW) -1.27 -1
Net Reactive Power flow into Qala DC {MVAr) -3.07 -) £3
Voltage at Source (kV) 11.35 7118
Voltage at the PCC (kV) 11.19 2129
Real Power Losses in the Circuit (MW) 0.29 0.15
Reactive Power Losses in the Circuit (MVAr) 0.41 0.30

Table 5.2 - Net Power flow and lesses in the 11kV circuit for scenario C in option 1

From

Table 5.3, one can note that since the load demand is greater than the generated
power frcm the wind farm, Qala DC is sourcing the net ~eal and reactive power.
This has kept the voltage at PCC within acceptable limits for both exreme power
factor scenarios. Consequently, the voltage in the L'V busbars are witam the +£10%
tolerance as stipulated in the network code. In suck scenario, it is preferable to
operate the wind farc at 0.95 lagging power factor sc that the losses m the circuit

are minimised.
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3.4MW Wind Farm gererating maximum power during maximum load demand
Effect on the Voltage along the 11kV Circuit in relatior with Circuit Impedance
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Figure 5.12 - Voltage profile along the 11kV circuit for scenario C in option 1

5.3.1.4 Scenario D - 3.4MW Wind Farm disconnected during peak

load demand

As several distribution transformers in the circuit are set zt their minimum tap
position, this would lead to a considerable vcltage drop at the consumer end when
the wind famm is disconnected. The scenario of having the entire 3.4MW wind
farm disconnsctec during peak load conditions is analysed. The voltage resulting
ar the 11kV ard 400V busbars are shown in Tavle B.1.4 of Appendix B. The
voltage profile aleng the 11kV circuit in relation with circuit impedance is shown

in Figure 5.23. The tap positions of all the transformers in the dis=ibution

substations werz kept in the same position as in scenario C.

3.4AMW Winc Farm connected with Keréem VOR Beacon O/H line

Switched Off

Power Generated (MW) 0
Load Demand (MVA) £,49
Net Real Power flow into Qala DC (MW) -4.5
Net Reactive Power flow into Qala DC (MVAr) -1.99
Voltage at Source (kV) 11.12
Minimum Voltage in the Circuit (kV) 12.25
Real Power Losses in the Circuit (MW) 0.32
Reactive Power Losses in the Circuit (MVAr) 0.37

Table 5.4 - Net Power flow and losses in the 11KV circuit for scenario D in ¢ption 1
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It is evicent from

Table 5.4 that the minimum voltage in the 11kV circuit is well below the limit of
10.45kV. From the voltage profile in Figure 5.13, one can note that a considerable
number af nodes in the circuit exceeds the 5% voltage drop limit. In fact the lower
voltage limit in the 11kV circuit was exceeded in the section betwesn Victoria
substation and the last node in the circuit. Such significant voltage drop in the
circuit is mainly due to the I’R losses caused by high load and significant circuit
impedance. Such volzage drop in the 2 1kV circuit added with the effec: of having
several ransformers set at the minimum tap position, has caused a minimum
voltage in the LV side of 376V. If a maximum voltage droo of 6% across the LV
lines is assumed, the lowest voltage at the consumsar end is arcunc 253V. This
implies that the resulting voltage magnitudes at the consumer terminals violates
the permitted limits as established in the network code. The situation can be
improved by reducing the load and impedance of the LV circuits. suck that the

voltage drop in the LV feeders does not exceed 4.2%.

3.4MW Wind Farm disccnrected during maximum Icad demand
Effect on the Voltage along the 11kV Circuit in relation with Cirauit Impedance
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Figure 5.13 - Voltage profile along the 11kV circuit for scenario D in optien 1
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5.3.2 Option 2 - 3.4MW Wind Farm Connected between Kercem
tat-Taljana and Ker¢em Substations

Another optior for connecting the wind farm with the grid is for it to be
electrically inserted between Kercem tat-Taljana and Ker¢em substations. The
WFCSR is -wpically placed close to the point of connection. The two 95mm?
awminium cables be-ween the WFCSR and the wind turbines substations are
typically laid through the public roads. The approximate length of each cable is
about 1850m. Figure 4.5 illustrates the single line diagram for such arrangement.
The bus-section CB in the WFCSR is switched on, while ore of the ring-switches
of the RMU in the section between wind turbine substation 2 and 3 is switched
off. From a nower flow perspective, the 3.4MW wind farm is seen as spi:t in two
1.7MW generation units. The power from each of these two generation units is
fed into theiwr respective cables towards the busbar of the WFCSR. From this
common busbar, the generated power is distributed according to the load demand
towarcs both sides of the feeder. A snapshot from IPSA+ software of the
rcodelled wind farm connected with grid is shown in Figure B.2 of Appendix B.
The impeact cf the 3.4MW wind farm on the network is analysed for the following

scenarios:

e Scenario A - 34MW wind farm generating maximum power at
0.95 leading and lagging power factor during minimum load
cemand,

o Scenario B - 3.4MW wind farm gensrating maximum power at
C.95 leading and lagging power factor during maximum load
demand:

e Scenario C - 3.4MW wind farm disconnected during maximum

load demand.

5.3.2.1 Scenario A - 3.4MW Wind Farm generating maximum

power during minimum load demand

Tae worst cese scenario for steady state voltage rise on the circuit is experienced

when the 3.4MW wind farm generates maximum power during minimum load
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demand. The voltage magnitudes resulting at the 11kV and LV busbars m the
circuit from the impact of the wind farm operating at 0.95 leading and lagging
power factors with the 11kV busbar at Qala DC regulated within the 1.5%
bandwidth of 11.2kV are shown in Table B.2.1 in Appendix B. The resulting

voltage profiles in relation with circuit impedance are shown in Figure 5.14.

3.AMW Wind Farm connected between Keréem tat-Taljana and Keréem Substations
0.95 leading Power Factor |0.95 lagging Power “actor

Power Gererated {(MW) 34 34

Load Demand {(MVA) 1.21 il
Net Real Power flow into Qala DC (MW) 1.83 231
Net Reactive Power flow into Qala DC (MVAr) -1.45 0.76
Voltage at Source (kV) 11.15 21.26
Voltage at the PCC (kV) 11.52 2182
Real Power Losses in th2 Circuit (MW) 0.19 0.15
Reactive Power Losses in the Circuit (MVAr) 0.22 0.18

Table 5.5 - Net Power flow and losses in the 11kV circuit for scenario A in option 2

Operation of the wind farm at 0.95 leading power factor does rot cause the
voltage at the PCC to exceed the 5% voltage rise of the nominal veltage. From
Table 5.5, it is cleer that this is due to the significant import o ~eactive power
from Qala DC as compared with the wind farm operation at 0.95 lagging power
factor. Another reason, is that the impedance between PCC and Qala DC is
reduced to 2.0lpu from the impedance of 2.44pu in option _. Since several
transformers are szt at their minimum tap position, the resulting voltage levels in

the L'V busbars of a_l the substations in the circuit are withir the £10% limit.

As the wird farm generates reactive power at a power factor of .95, the _osses
along the feeder decrease. However the voltage in the Z1kV circui: rises up to
7.45% of the nominal voltage. Consequently, the vcltage at severai LV busbars
exceeds the upper limit of 440V despite setting the transformers at their minimum

tap position.

In view that the resulting voltage magnitudes in the 11kV busbar of Qzla DC for
the leading and _agging power factors, that is, 11.15kV and 11.26kV respectively,
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are within the 1.5% bandwidth of 11.1kV, setting the AVC target voltage to

11.1kV will not help reduce -he voltage rise in the circuit.

3.4AMW Wind Farm generating maximum power during minimum load demand
Effect an the Voltage along the 11kV Circuit in relation with Circuit Impedance
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Figure 5.14 - Voltage profile along the 11kV circuit for scenario A in option 2

53.2.2 Scenario B - 3.4MW Wind Farm generating maximum

power during maximum load demand

The voltage magnitudes at the 11kV and LV busbars resulting from the -mpact of
the 3.4MW wind farm while generating maximum power at 0.95 leading and
lagging power factors during maximum load demand are shown in Table B.2.2 in
Appendix B. The 11kV busbar of Qala DC is regulatec within the 1.5%
bandwidth cf 11.2kV. The transformers' tap positions are kept as in scenario A.
The resulting voltage profiles of the 11kV circuit in relation withk -circuit

impedance are shown in Figure 5.15.

From Table 5.6, one can ncte that the load demand is greater than the power
generated 2y the wind farm. Thus Qala DC has to source real and reactive power
for both power factors scenarios. This has kept the voltage at the 11kV and LV
circuits withzn the limits esteblished in the network code. In such scenario, it is
preferzble o operate thke wind farm in lagging power Zactor mode, as the losses in

the circuit are minimised.
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3.AMW Wind Farm connected between Kercem tat-Taljana and Keréem Subszations

0.95 leading Power Factor |0.95 lagging Power Factar

Power Generated (MW) 34 34

Load Demand (MVA) 4.49 4.49
Net Real Power flow into Qala DC (MW) -1.23 -1.26
Net Reactive Power flow into Qala DC (MVA:) -3.03 -0.8
Voltage at Source (kV) 11.35 21.18
Voltage at the PCC (kV) 11.12 2116
Real Power Losses in the Circuit (MW) 0.25 0.12
Reactive Power Losses in the Circuit (MVAr) 0.37 0.27

Table 5.6 - Net Power flow and losses in the 11KV circuit for scenario B in option 2
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3.4MW Wind Farm generating maximum power during maximum load demad
Effect on the Voltage along the 11kV Circuit in relation with Circuit Impedance
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Figure 5.15 - Voltage profile along the 11KV circuit for scenario B in option 2

5.3.2.3 Scenario C - Wind Farm disconnected during peak load

demand

The voltage magnitades resulting at the 11kV and LV busbars in the circuit after

the winc farm is disconnected are shown in Table B.2.3 in Appendix B. Tre

voltage profile along the 11kV circuit with respect tc circuit impedance is showr:

in Figure 5.16. The substation transformers are kept i the same tap positions as ir:

the previous scenarios.
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3.4MW Wind Farm connected between Keréem tat-Taljara and Kercem
Substations Switched Off

Power Generated (MW) 0

Load Demand (MVA) 4.49

Net Real Power flow into Qala DC (MW) -£5

Net Reactive Power flow into Qala DC (MVAr) -1.88

|Voltage at Source (kV) 112
Minimum Voltage in the Circuit (kV) 10.24

Real Power Losses in the Circuit (MW) 0.32

Reactive Power Losses in the Circuit (MVAr) 0.37

Table 5.7 - het Power flow and losses in the 11kV circuit for scenario C in option 2

Table 5.7 clearly shows that the resulting veltage drop in the 11kV circuit as the
wind farm is disconnected is quite significant. In fact, the voltage drop at the last
node of the radial circuit is 6.9% of the nominal voltage which exceeds the
permitted 5% l:mit. Such significant voltage drop causes the voltage in the 11kV
busoars of several substations in the 11kV circuit to be lower then the 10.45kV
limit. Consequently, the LV busbars experience a considerable decrease in voltage
especially :n those substations where the transformers are set at the minimum tap
pesition. The minimum voltage appearing at the LV busbars of the circuit is
37€V. A voltage drop of 6% along the LV lines results in a voitage of 355V at the
consumer ierminals, wh:ch violates the limits estabiished in the network code.
This s:tuaticn can be improved by reducing the voltage drop in the LV circuits to

less than £ 2%, by reducing the load and impedance in the LV “ines.

3.4MW Wind Farm disconnected during maximum lozd demand
Effact on the Voltage along the 11kV Circuit ir relation with Circuit Impedance
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Figure 5.16 - Voltage profile along the 11kV circuit for scenarie C in option 2
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5.3.3 Option 3 - 5.1MW Wind Farm Connected between Kercem
tat-Taljana and Ker¢em Substations

The wind farm size is limited by the existing 95mm” aluminium cables, rated at
3.9MVA, in the section between the FCC and Victoria Ker¢em Rd substation. In
order to accommecdate a larger wind farm, the cables in this section need to be
replaced by 185mm” aluminium cables, rated at 5.7MVA.. The total length of
cable that needs to be replaced is about 1800 metres. This will make iz possible tc
install up to six 850kW wind turbines without overloading the 21kV circuit.
However the viability of such option depencs on the steady-state voltage rise in

the circuit which will be determined bv a load flow analysis.

The mocelled wind farm is connected with the grid by two 185mm” aluminiur:
cables. The cables looping between the wind turbines also consists of 185mm*
aluminium conductor cables. The wind farm and the 11kV circuit are modelled i
the IPSA+ program as shown in the snapshct in Figure B.3 in Appandix B. The

impact of the wind farm on the grid is analysed for the following scenarios:

e Scenario A - 5.1MW Wind Farm generating maxi-num power &t
0.95 leading and lagging power factor during minimum load
demand;

¢ Scenario B - 5.1IMW Wind Farm generatirg 4.25MW at 0.95
leading and lagging power factor during minimum Icag demand;

¢ Scenario C - 5.1MW Wind Farm generating maxi-num power &t
0.95 leading and lagging power factor during meximum load
demand;

¢ Scenario D - 5.1IMW Wind Farm disconnected during maximum

load demand.
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53.3.1 Scenario A - 5.1IMW Wind Farm generating maximum

power during minimum load demand

The 5.1MW wind farm:, consisting of six 850kW wind turbines, is analysed in the
worst case scenario to verifv whether the steady-state voltage of the 11kV circuit
exceeds the permitted limits. The wind farm is analysed at its two extreme
operating modes, that are, at 0.95 leading and lagging power factors. The voltage
resulting zt the 11kV and LV busbars of all the nodes in the circuit for both
operating power factors are showr in Table B.3.1 ir Appendix B. The resulting

voltage profiies of the 11kV circuit with respect to circuit impedance are shown in

Figure 5.17.
5.1MW Wind Farm connected between Keréem tat-Taljana and Kercem Substations
0.95 leading Power Factor |0.95 lagging Power Factor

Power Generatec (MW) 5.1 5.1
Load Demand (MVA) 121 1.21
‘Net Real Powver flow into Qala DC (MW) 3.25 3.24
Net Reactiva Power flow into Qala DC (MVAr) -2.15 1.17
Voltage at Source (kV) 11.12 11.28
Voltage at tne PCC (kV) 11.65 12.1
Real Power _osses in the Circuit (MW) 0.38 0.31
Reactive Power Losses in the Circuit (MVAr) 0.42 3.35

Table 5.8 - Net Power flow and losses in the 11KV circuit for scenario A in option 3

Table 5.8 clearly shows that the s:gnificant flow of net power into Qala DC has
caused a considerable voltage rise at the PCC exceeding the 5% of the nominal
voltage in both operating power factor scenarios. When the wind farm operates at
a leading power factor of 0.95, the voltage rise at the PCC is 5.9% of the nominal
voltage. Such voltage rise in the 11kV circuit does not cause the voltage at the LV
busbars to exceed the 10% veltage -ise limit with the transformers being set at the

minimum :ap position.
However, zs the wind fa-m exports reactive power at a power factor of 0.95, the
voltage rise a: the PCC reackes 10% of the nominal voltage. The high increase in

the voltage magnitudes of several ncdes in the 11kV circuit has caused the voltage
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at the LV busbers to exceed the upper limit of 440V despite having tae

transforrers set at their minimum tap position.

Since both operating power factor modes causes the voltage in the 1-kV circu:t to
exceed the proposed 5% voltage rise limit, the wind farm cannot be operated ir:
such sceazrio. Setting the voltage set-point of the AVC at Qala DC to 11.1kV wil-
not causs the transformer to perform a tap-change tc reduce the voltage. Thus. a

solution would be to limit the real power generation of the wind farm.

5.1MW Wind Farm generating maximum power during minimum load demand
Effect on the Voltage along the 11kV Circuit ir relation with Circuit Inmpedance
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Figure 5.17 - Voltage profile along the 11kV circuit for scenario A in option 3

5.3.3.2 Scenario B - 5.1MW Wind Farm generating 4.25MW during

minimum load demand

The impact on the steady-state voltage of the circuit from various curtailed -eal
power generation values are analysec through a load flow study. The resulting
maximum real power generation at the maximum possible reactive power
absorpticn that produces acceptable voltage results in the 11kV circuit is
4.25MW. This implies that one of the six wind turbines has to te switched off
during minimum load demand. The voltage magnicudes at the 1.xV and LV
busbars resulting from the impact of the wind farm while generating 4.25MW at

0.95 leading and lagging power factors are shown in Tab’e B.3.2 in Appendix =.

61



The resulting voltage profiles of the 11kV circuit in relation with circuit

impedance are shown in Figure 5.13.

5.1MW Wind Farm ccnnected between Kercem tat-Taljara and Kercem Substations
0.95 leading Power Factor | 0.95 lagging Power Factor
Power Generated (MW 4.25 4.25
Load Demanc (MVA) 1.21 1.21
MNet Real Power flow into Qaia DC (MW) 2.56 2.53
Net Reac:ive Power flow into Qala DC (MVAr) -1.8 0.93
Voltage at Source (kV) 11.13 11.27
Voltage at tne PCC (kV) 11.55 11.93
Real Power Lesses in tha Circuit (MW) 0.26 0.21
Reactive Power Losses in the Circuit (MVAr) 0.3z 0.25

Table 5.S - Net Power flow and losses in the 11kV circuit for scenario B in option 3

As indicated in Table 5.9, the reduced net real power flowing towards the primary
substation causes the voltage at the PCC to decrease in both operating power
Zactor scenarios. However, the wind farm has tc consume reactive power at a
power facter of 0.95 in order to reduce the voltage at the PCC to 11.55kV.
Consequently, the voltage at the LY busbars does not exceed the 10% vcltage rise

limit with the transformers being set at the minimum tap position.

5.1MW Wind Farm generating 4.25MW during minimum load demad
Effecz om the Voltage along tre 11kV Circuit inrelation with Circuit Impedance
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Figure 5.18 - Voltage profile along the 11KV circuit for scenario B in option 3
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As the wind farm exports reactive power at a power factor of 0.95, the voltage rise
resulting at the PCC is 8.45%. Such excessive voltage rise causes the voltage at
the LV busbars to exceed the limits established in the network code despits

having the transformers set at the minimum tap position.

5.3.3.3 Scenario C - 5.1MW Wind Farm generating maximum

power during maximum load demand

The impact from the 5. 1MW wind farm, while generating maximum power during
maximum load demand on the steady-state voltage of the circuit, is analysed. This
will verify whetker such size of wind farm is technically possjble to be installec
without viclating the voltage limits established in the network code. The
substations transformers were kept ir. the same tap positions as in the previous
scenarios. The voltage magnitudes resulting at the 11kV and LV buskars of the
nodes ir. the circuit are shown in Table B.3.3 in Appendix B. The resulting

voltage profiles cf the 11kV circuit with respect to circuit impedance are shown iz

Figure 5.79.
5.1MW Wind Farm connected between Keréem tat-Taljana and Keréem Substations
0.95 leading Power Factor |0.95 lagging Power Factor

Power Generated (MW) 51 5.1
Load Demand (MVA) 4.49 4.49
Net Real Power flow into Qala DC (MW) 0.28 0.39
Net Reactive Power flow into Qala DC (MVAr) -3.69 -0.32
Voltage at Source (kV) 11.32 122
Voltage at the PCC (kV) 11.29 125
Real Power Losses in the Circuit (MW) 0.35 0.15
Reactive Power Losses in the Circuit (MVAr) 0.50 0.23

Table 5.10 - Net Power flow and losses in the 11kV circuit for scenario C im option 3

As indicated in Table 5.10, the small amount of net real power exported into Qalz
DC, and reactive power imported from the same DC. kept the voltage at the PCC
within aceceptable limits for both extreme operating power factors scenarios. Thus,

the resulting voltage at the LV busbars of :he substations does not exceed the




upper limit of 440V. It is preferable that during high load demands, the wind farm

xports reactive power as the losses in the circuit are minimised.

5.1MW Wind Farm gemerating maximum power during maximum load demand
Effect on tne Voltage along the 11kV Circuit in relation with Circuit Impedance
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Figure 5.19 - Voltage profile along the 11kV circuit for scenario C in option 3

5.3.3.4 Scenario D - 5.1MW Wind Farm disconnected during

maximum load demand

In view that several fxed tap-changers of the substation transformers are set at
their minimum tap posit.on, the voltage drop especially at the general consumer
end can be of great concern, during wind farm disconnection. Thus in this
scenario, the impact on the steady-state voltage from the disconnection of the
5.1MW wind farm during peak load demand is analysed. The voltage magnitudes
resulting at the 11kV anc L'V busbars after wind farm disconnsction are shown in
Table B.3.4 in Appendix B. The voltage profile of the 11kV circuit in relation

with circuit impedance is shown in Figure 5.20.

From Table 5.11, it can be noted that the voltage drop in the 11kV circuit reaches
6.7%, thus violzating the limits established in the network code. The lowest voltage
resulting in the LV busbars is 377V, with the transformer i1 the substation set at
the minimum tap position. If a 6% voltage drop along the LV lines is assumed, a

voltage of 354V resuits at the consumer terminals, hence violating tne limits
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established in the rnetwork code. This problem can be mitigated by tetter load
sharing between the LV circuits such that the voltage drop along the LV lines is

reduced to below 4.5%.

5.IMW Wind Farm connected between Kercem tat-Taljana and Kerécem
Substations Switched Off

Power Generated (MW) 0

Load Demand (MVA) 4.49

Net Real Power flow into Qala DC (MW) -4.5

Net Reactive Power flow into Qala DC (MVAr) -1.89

Voltage at Source (kV) 11.12
Minimum Voltage in the Circuit (kV) 10.26

Real Power Losses in the Circuit (MW) 0.32

Reactive Power Losses in the Circuit (MVAr) 0.38

Table 5.11 - Net Power flow and losses in the 11KV circuit for scenario D im option 3

5.1MW Wind Farm discannected during maximum ioad demand
Effect on the Woltage along the 11kV Circuit in relation with Cikcuit Impadance
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Figure 5.20 - Voltage profile along the 11kV circuit for scenario D in option 3
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5.3.4 Option 4 - 5.1MW Wind Farm Connected between Kercem
tat-Taljana and Ker¢em Substations with the Planned Xewkija DC

as the Main Source

The planned Xewkija DC is to be located ar the central regior: of the island. Thus
the DC w:ll be much closer to the wind farm under consideratior. Consequently,
the number of substaticns in the circuits are reduced, thus reducing the total
circuit impedance due to a shorter cable route length. This will decrease the
voltage drop in the circuit betweer: the wind farm and the DC, hence reducing the
voltage rise at the PCC. The set up and connection of the 5.1MW wind farm
between Keréem tat-Tal’ana and Keréem substations is the same as in option 3.
The 95mm? aluminium cable segments between the WFCSR and Kercem Rd
substation still need to be replaced by 185mm? aluminium cables in order to be
sufficiently rated without being overloaded from the wind farm generation power.
The 33/11kV transformer at Xewkija DC is planned to be similar to the one at
Qala DC, having a power rating of 30MVA. Thus, the 1.kV busbar voltage is
assumed to be regulated within the 1.5% bandwidth of 11.2kV.

The modified 11kV circuit aad wind farm are modelled in IPSA+ as shown in the
snapskot in Figure B.4 in Appendix B. The impact on the network from the

5.IMW wind farm is anzlysed for the following scenarios:

e Scenario A - 5.IMW wind farm generating maximum power at
0.95 leading and lagging power factors during minimum load
demand;

e Scenario B - 5.IMW wind farm generating maximum power at
0.95 leading and lagging power factors during maximum load
demand;

e Scenario C - 5.IMW wind farm disconnected during maximum

load demand.
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5.3.4.1 Scenario A - 5.1MW Wind Farm generating maximum

power during minimum load conditions

The impact on the steady-state voltage of the circuit from the 5.1MW wind farm
in the worst case scenario is analysed through a load tlow study. This analysis wil
verify whether such size of a wind farm can be technically operated in tkis
scenario without exceeding the steady-state voltage limits of the network. The
resulting voltage magritudes at the 11kV and LV busbars in the circuit are showr.
in Table B.4.1 in Appendix B. The voltage profiles resultiag in the 11kV circuit
with respect to circuit impedance are shown in Figure 5.21. From tais figure, it
can be ncted that tke circuit impedance between the PCC and the DC is reducec
from 1.93pu to 0.96pu.

5.IMW Wind Farm connected between Keréem tat-Taljana and Keréem Substations
0.95 leading Power Factor |0.95 lagging Power Factar

Power Genzrated (MW) 5.1 5.1
Load Demand (MVA) 0.61 0.51
Net Real Pcwer flow into Xewkija DC (MW) 3.97 3.2
Net Reactive Power flow into Xewkija DC (MVAT) -2 13
Voltage at Source {kV) 11.12 11.29
Voltage at the PCC (kV) 11.42 11.71
Real Power Losses in the Circuit (MW) 0.24 0.21
Reactive Pcwer Losses in the Circuit (MVAr) 0.38 0.33

Table 5.12 - Net Power flow and losses in the 11KV circuit for scenario A in option 4

From Table 5.12, it is evident that the reduced minimum load demand has
increased the net power flow into Xewkija DC. However, the reduced impedance
between PCC and the DC, and the reactive power consumgption by the wind farm
at a power factor o= 9.95, limits the voltage rise in the circuit within acceptable
limits. In fact, the voltage rise at the PCC is 3.8%, which is less than the proposed
5% voltage rise limit. Hence, the voltage at the LV busbars is within tae permitted

limits.

Conversely, as the wind farm exports reactive power at a power factor of 0.95, the

voltage at the PCC well exceeds the proposed 5% voltage rise limit. However, by
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setting the substation transformers in the circuit at the minimum tap positions, the

voltage in the L'V busbars are maintained below the upper limit of 440V.

5.1MW Wind Farm generating maximum power during minimum load demand
Effect on the Voltage along the 11kV Circuit in relatior with Circuit Impedance
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Figure 5.21 - Vcltage profile along the 11KV circuit for scenario A in option 4

5.3.4.2 Scenario B - 5.1IMW Wind Farm generating maximum

power during maximum load conditions

The impacts on the steady-state voltage of the circuit from the 5.1MW wind farm
while gene-ating maximum power at 0.95 leading and lagging nower factor during
maximur) load demand are analysed through a load flow study. The voltage
magnituces -esulting at the 11kV and LV busbars of the nodes in the circuit, are
showr in Taple B.4.2 in Appendix B. The voltage profiles resulting in the 11kV

circuit in relation with circuit impedance are shown in Figure 5.22.

As illustrated in Table 5.13, the maximum load demand is significantly reduced.
Thus, the ner power flowing into Xewkija DC increases when compared with the
ex:stert circnit configuration. However, the reduced circuit impedance between
PCC and -he DC has kept the resulting voltage magnitudes at the PCC for both
exreme operating pcwer factor scenarios within acceptable limits. Consequently,
the resulting voltage at the L'V busbars is within the permitted limits as stipulated
in the network ccde.
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5.1MW Wind Farm connected between Kercem tat-Taljana and Keréem Substztions
0.95 leading Power Factor }0.95 laggirg Pawer Facto~

Power Generated (MW) 5.1 54
Load Demand (MVA) 2.52 252
Net Real Fower flow inte Xewkija DC (MW) 2.26 22
Net React ve Power flow into Xewkija DC (MVAr) -2.85 (.45
Voltage at Source (kV) 11.36 11.25
Voltage at the PCC (kV) 115 11.52
Real Power Losses in the Circuit (MW) 0.2 0.1
Reactive Power Losses in thz Circuit (MVAr) 0.38 0.30

Table 5.12 - Net Power flow and losses in the 11kV circuit for scenario B in option 4

5.1MW Wind Farm generating max:mum power during maximun load demad

Effect on the Voltage along the 11kV Circuit in relation with Circuit Impedance
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Figure 5.22 - Voltage profile along the 11kV circuit for scenario B in cption 4

5.3.4.3 Scenario C - 5.1MW Wind Farm disconnected during peak

load demand

The fixed tap-changers of all the substation transformers in the circuit are kept in
the same tap position as ir. the previous scenario, that is, at he tap positicn of -1
The volrage magnitudes at the 11kV and LV busbars resulting from ths
disconnection of the wind farm during maximum load demand are shown in Tzble
B.4.3 in Appendix B. The resulting voltage profile along the 11kV circuit in
relation with circuit impedance is shown in

Figure 5.23.

69



5.1IMW Wind Farm connected between Keréem tat-Taljana and Keré¢em
Substations Switched Off

Power Generated (MW) 0

Load Demand (MVA) 2.52

Net Rea Power flow into Xewkija DC (MW) -2.41

Net Reactive Power flow into Xewkija DC (MVAr) -0.99
Voltage at Source (kV) 11.17
Minimum Voltage in the Circuit (kV) 10.92

Real Power Losses in the Circuit (MW) 0.06
Reactive Power Losses in the Circuit (MVAr) 0.12

Table 5.14 - Net Power flow and losses in the 11kV circuit for scenario C in option 4

As indicatec in Table 5.14, the voltage drop resulting throughout the 11kV circuit
is of 0.73% of the nominal voltage. The minimum vcltage resulting in the LV
ousbars :s 4.2V. If 2 €% voltage drop along the LV line is assumed, the minimum
voltage resulting at the consumer end will be 387V, wh:ch is within the permitted

limits as specified in the network code.

5.1MW Wind Farm disconnected during maximum load demand
Effect on tne Yoltage along the 11kV Circuit n relation with Circuit Impedance

1.8
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Z14 = \/oltage at the 11KV Busbars (kV) after the wind
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Figure 5.23 - Voltage profile along the 11kV circuit for scenario C in option 4
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5.4 Conclusions

The cheapest connection of the prospective wind farm in Keré¢em is through az
overhead line conmscted with the existing overheac line feeding Keréem VOR
Beacon ~C. The capacity of the existing 11kV cables installed in the feeder limits
the wind farm's rated power to 3.4MW. The wind farm connection with the grid
will require the installation of an about 600m lengtt of 35mm? copper line. The
impedance of the circuit between the PCC and Qala 2C 1s 2.44pu. This
impedance causes tae voltage at PCC to exceed the 5% of the rommal voltage.
when the wind farm generates maximum power at 0.95 leading power factor
during minimum load demand. In order to reduce the voltage at PCC to 11.55kV,
the generated power has to be reduced to 3.15SMW during pericds of minimum
load demand. However, one must Cetermine the probability of such occurrence
and the resulting energy being lost due to such power curtailirent. Ths
disadvantage of having an overhead line connection is tha: it is mere prone tc
faults especially during extreme weather conditions. Morecver, overkead lines

require frequent maintenance as they are exposed to the harst climate conditions.

The impedance between PCC ané Qala DC can be reduce¢ to 2.0lpu by
connecting the 3.4MW wind farm between Ker¢em tat-Taljana and Kercem
substations. However, the connection is more costly to implement as it involves
the insta’lation of 1850m length of 95mm® aluminium cables, together with the
associate¢ communication and earthing cables, buried in the ground. Such
connection is more reliable than an overhead line connecticn due to lower failure
rate. However, since buried cables are less aceessible, it is more expensive and
time consuming to repair. The wind farm can be connected with the Z1kV circuit
via two cebles to increase the wind farm reliability. Such conrection will ensure a
higher energy yield than an overheac line comnection. The reducec¢ impedance
keeps the voltage rise at the PCC below 5% of the nominal voltage as the wird
farm generates maximum power at 0.95 leading power factor during -ninimum
load demand. The impacts on the steady-state voltage from the two connecticn
options o the 3.4MW wind farm generating maximum power at (.95 leading
power factor during minimum load demanc are comparsd by a graphical

representation as shown in

71




F-gure 5.24.

3.4MW Wind Farm generating maximum power at 0.95 leading power factor
during minimum load demand
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Figure 5.24 - Impact on the steady state voltage from the two conmection options of
the 3.4MW wind farm

As the ret power flow towards the primary substation reduces, the voltage rise
along the circuit is reduced. In fact, it is clearly shown that as the load rzaches its
neak during maximum power generation from the wind farm, the voltage
magnitudes n the noces along the circuit reduces ccnsiderably. In view that the
maximum load demard is higher than the maximunm: power generation from the
wind farm, it is possible to expo-t reactive power from the wind farm at a power
factor of 0.95 without exceeding the 5% voltage rise at the PCC. As the wind farm
exports reactive power, the power losses in the circuit are reduced. Tae power
Zactor of the w:nd farm shou'd ideally be controlled according to the voltage at the
PCC. Preferably, the wind turbines should export maximum reactive power to
reduce the losses in the network while generating more revenue, however as the
net power flow towards the primary substation rises, the lagging power factor of
tke generated power may be shifted to leading mode in order to keep tae voltage

in the circuit within permitted limits.

Severzl subnstation traasformers, especially those located in the vicinity of the

wind farm up to the end of the circuit needs to be set at the minimum tap position

in order to keep the voltage in the LV side within the permitted limits during
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worst case operating scenarios. This poses a problem when the wind farm is
disconnectsd during maximum load demand. The voltage drop along the 11kV
circuit can result in a voltage magnirude as low as 10.24kV at the end of the
circuit, which falls below the permitted lower limit of 10.45kV. Considering a 6%
voltage drop along the LV lines, the resulting voltage at the ccnsumer terminals
will fall below the 360V limit. The voitage drop along the LV lines should be less
than 4.2% in order to retain the voltage within permitted limits. This LV drop

issue can be improved by the following measures:

e Dbeter load balancing between the LV feeders and taerr phases;

e reinforcing the LV circuits through the installation of new
feeders so as to reduce the circuit impedance and loac;

e commissioning of new substations to relieve the lead in ths
circuits while reducing the circuit impedance; and

e replacing transformers with those equipped with OLTC for better
voltage regulation or. the LV side.

Replacing the cable segments between the wind farm's PCC and Victoria Ker¢em
Rd substation by 185mm? aluminium cable increases the rated cable capacity to
5.7MVA. This involves the replacement of about 1800m length of cable. This will
make it possible to install an additional two 850kW wind turbines, thus having a
wind farm rated at £.1MW. Moreover, the replaced cable slightly reduces the
overall impedance between PCC and Qala DC to 1.93ou. Nevertheless, the
significant rise in net power flow towards the primary substztion during -naximum
generation at 0.95 leading power factor and minimum load demand still causes the
voltage ir several nodes in the 11kV circuit to exceed the 5% cf the nominal
voltage. Thus, one of the wind turbines needs to be switched off during such
scenario in order to lower the voltage at the PCC to telow 11.55kV As the aet
power flow into Qala DC reduces during peak load demand, it enablies the wind
farm to opsrate at maximum real and reactive power generation without causing

the voltage at the PCC to exceed 5% of the nominal vol:age.

The planned Xewkija DC will reduce the load in the distribution circuits in Gozo,
which are currently Seing sourced from Qala DC. Better load sharing between the
two DCs and hence reduced circuit impedances, will definitely allow ar. increased
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penetraticn of distributed generation in the island. In fact, from the analysis
carried out on the circuit with the 5. 1MW wind farm generating maximum power
at 0.95 leading powe- factor during minimum load demand, it resulted that the
voltage rise at PCC :s jus: 3.8% of the nominal voltage. The reduced impedance
between the PCC and the DC to 0.96pu was more than enough tc compensate for
the significant increzse in the net power flow towards Xewkija DC. Figure 5.25
clearly shows the comparison between the resulting voltage profiles of the 11kV
circuits witk their main source being Qala DC and Xewkija DC, from the impact
of a 5.1 MW wind farm generating maximum power at 0.95 leading power factor

during minimum load demand.

5.1MW Wind Farm generating maximum power at 0.95 leading power factor
during minimum ioad demand

11.7
116 / =5 1MW Wind Farm connected
/ between Kercemtat-Taljana and
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115 Qala DC
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Figure 5.25 - Voltage profiles resulting in the 11kV circuit sourced from Qala DC
and Xewkija DC from the impact of a 5.1MW wind farm

The reducticn in the peak load demand from 4.88M:VA to 2.6MVA, combined
w:th the reduced circuit impedance, causes a significant reduction in the voltage
drop in the circuit as tae wind farm is disconnected. In fact the minimum voltage
resulting in the 11kV, and LV lines assuming a 6% vcltage drop, are 10.92kV and

387V respectively, which are within the limits established in the networx code.
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CHAPTER 6

WIND FARM AT WIED RINI, MALTA

6.1 Site Characteristics and Constraints

One of the prospective sites identified by Mott MacDonald for the dsvelopment of
large-scale onshore wind farm is Ghemieri as indicated in Fizure 1.3. The site is
located to the north and north-west of Rabat and its height above sea leve. is
between 180m and 210m. The maximum avzilable wind potential on
unconstrained availability of the resource, and without censidering any technical,
environmental, planning and legislative barriers, is 44MW [1°. Farrugia et al. and
E.A. Mallia have identified Bahrija which forms part of Ghemier: area, as one of
the candidate sites for wind farm development [3] [9]. On-size wind msastrements
taken at Bahrija resulted in an annua. mean wind speed between 7 and 7.5r1/s at
45m height above ground level. Such wind speeds make the site ideal for wind

farm development [8].

The proposed wind farm to be considered in this stucy is located at Wied Rini as
indicated in Figure 6.1. Wied Rini is located far-off from: residential settlements.
Thus, possible :mpacts that might have on such settlements, mainly visual, ncise

and shadow-flicker, are mitigated.
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Figure 6.1 — Wind Farm site at Wied Rini l/o Bahrija [28]

The site is easily accessible from existing roads as indicated in Figure 6 2, which
can be upgraded without the need to construct new ones. Roads should preferable

be wide with limited curvature and slope in order to make it possible tc transport

the massive wind turbine components.

Figure 6.2 - Access roads towards the proposed wind farm site at Wied Rimi
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A wind monitoring station already exists on site. The wind monitoring equipment
such as anemometers, wind vanes and data logger are installed or one of the
existing telecommunication lattice tower as shown in Figure €.3. Wind
measurement data collected by this station can be utilised to predict the energy
yield from the proposed wind farm: during its lifetime. This contributes in
determining the feasibility of such a project.

Figure 6.3 - Wind monitoring station at the proposed wind farm site at Wied Rini

On the other hand, there are certain environmental and planning constraints which
may limit the size of the wind farm. Certain locations of the proposed site are
designated as Protected Areas including Special Areas of Conservation (SAC)
under the Natura 2000, Special Protected Areas (SPA), and Areas of Ecological
Importance (AEI). The site extends across AVHLS and AHLS. The east of the
site is abcut 2km from Mdina and in direct view of its fortifications. In view that
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Mdina is a nrotected historic city, the landscape around it is also proteczed as this
sets the context of the city. The site is characterised with disused
telecommuriication lattice towers as showr in Figure 6.4. These may reed to be

removed for safety reasons as their structural condition is critical.

Figure 6.4 - Disused telecommunication lattice towers at Wied Rini

On site, there is also a zelecommunication station consisting of a lattice
transmitting tower, owned by one of the main telecommurications companies in
Malta as shown in Figure 6.5. The wind turbines may cause interference in the
electromagnetic radiation transmitted from this station. Such effects on the
communications systems should be studied in detzil to determine their extent and

the mitigation measures required to reduce such impact.

The impact on the utility grid from the wind farm is another major constraint
which may -imit the wind farm size. The wind farm causes the voltage on the
network to rise especially in nodes along the circuit in the vicinity of the PCC.
Such voltage rise may exceed the limits established in the network code. Another

constraint which limits the size of a wind farm is the capacity of the cables
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installed in the utility's network. These impacts are going to be analvsed through

load flow analysis using the IPSA+ scftware.

Figure 6.5 - Telecommunication station at Wied Rini

6.2 Wind Farm Connection with the Grid

The 11kV distribution circuit at Mtahleb is sourced from Mell:eha DC This DC is
supplied by 33kV circuits from Mosta DC, where two 10MVA transformers step-
down the voltage to 11kV level. These transformers provide supplv ic several
11kV distribution feeders which provide electricity supply to areas at the North of
Malta, such as, Mellicha, Mgarr, Ghajn Tufficha, Wardija, Rebat, and Bahrije.
These transformers regulate the steady-state voltage of the 11kV busbars by
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means of an OLTC which ensures that the voltage is meintained within the
bandwidth »f a pre-determcined voltage set-point. The AVC target voltage is
no-mallv set ar 11.2kV with a bandwidth of £1.5%.

"he prospective wind farm under study is assumed to consist of 850kW Gamesa
G58 wind turbines. These turbines have a hub height ranging between 49m and
74m, and have a rotor diameter of 58m. The propesed wind farm site is very close
tc Mrtahek Wied Rini Relay Stn substation. This subs:ation is located on one of
the 11kV circuits supplied from Mellieha DC. The 11kV feeder supplying this
zrea from Melliecha DC is identified as St.Paul's Bay l-Imtordin feeder and,
consists of a mixture of underground cables and overhead lines. The maximum
and mirimum loacs experienced by this circuit in 2012 are 3.15MVA and
J.93MVA respectivelv. These extreme loads are being considered for the analysis
of the impacts from the wind farm on the network. In this study, two options are

=eing consicered for the connection of a wind farm with the gric.

The cheapest connection opion is to connect the wind farm in the circuit section
setween Mtahleb Wied Rin: Relay Stn. and Rabat 1-Andrijiet substations. This
section consists of a 95mm” aluminium cable located :n the road adjacent to the
oroposec wind farm site. As this cable is rated at 3.9MVA, the wind farm cannot
censist of more than four 850kW wind turbines, thus limiting the maximam wind
“arm size 0 3.4MW. The circuit length from Mellieka DC up to the proposed
2CC of the wind farm under study is about 15km.

The other option, which makes it possible to accommodate a larger winc farm in
this site, is to connect he wind farm between Fiddien Booster and Rabat -as-Salib
substations. The circuit between Fiddien 3ooster substation and Mellieha DC
consists of 185mm” aluminitm cables, rated at 5.72MVA. This makes it possible
to install z wind farm consisting of six 850kW wind turb:nes, rated at 5.1MW.
Eowever, this will require the installation of about 2.6km .ength of 11kV cables
together with the associated fibre optic and earthing cables betwzsen the wind farm
and the PCC. This will considerably increase the cost of the project. Besides of
having tae possibility of imstalling a larger wind farm with this option, the
distance between Mellieha DC and the PCC is reduced by about 2.6km, thus

reducing the vcltage drop between these twc nodes.
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The feasibility of these options depends on an in-depth ama'ysis of the impacts
that such wind farms can have on the network. The main issue is the considerable
cable impedance between the primary substation and the PCC, which may cause a

significant voltage r:se along various nodes in the circuit.

6.3 Impact on the Steady-State Voltage of the Grid

The impact on the steady-state voltage of the network is aralysed through a load
flow study using the IPSA+ software. Such analysis will determine the voltage
variations at the 11kV and _V ncdes in St.Paul's Bay l-Imbordin circuit.
Furthermore, the analysis presents the power flows ard the resulting power losses

in the circuit.

The following two wind farm connection options are considered for the analysis

of the impact on the grid f-om the wind farm:

Option 1 - 3.4MW wind farm connected between Mtatleb
Wied Rini Relay Stn. and Rabat 1-Andrijiet substations;
Option 2 - 5.1MW wind farm connected tetwzen Fidcien

Booster and Rabat tas-Salib substazions.

6.3.1 Option 1 - 3.4MW Wind Farm connected between Mtahleb
Wied Rini Relay Stn and Rabat I-Andrijiet Substations

The wind farm will be connected to the PCC between Mtahleb Wiec Rini Relay
Stn and Rabat L-Andrijiet substations through two 95mm? aluminium cables. The
WFCSR will cons:s: of an 11kV switchboard, and the necessary metering
arrangements. The 11kV switchboard consists of four CBs and a bus-section CB
as indicazed in

Figure 6.6. The wind turbine substaticns are looped from cne to ancther through
95mm?® auminium cables having a length of about 200m The 11kV eiretit

consisting of Mellieha DC, 11kV distribution substations and the wind farm are
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entered in IPSA+ program as shown in the snapshot from the program in Figure

C.1 in Appendix C.
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Figure 6.6 - Wind farm connection between Mtahleb Wied Rini Relay Stn and
Rabat I-Andrijiet Substations

The impacts of the wind farm integration with the grid are investigated -hrough a

load fiow analysis for the following worst case scenarios:

Scenario A - 3.4MW wind farm generating maximum power at
0.95 leading and lagging power factors during minimum load
demand with the 11kV busbar of Mellieha DC regulated a- 11.2kV;
Scenario B - 3.4MW wind farm generating maximum power at
0.95 leading and lagging power factors during minimmum load

demand with the 11kV busbar of Mellieha DC rzgulated at 11.1kV;
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e Scenario C - 34MW wind farm generating 2.55MW at 0.95
leading and lagging power factors during minimura load demand
with the 11kV busbar voltage at Mellicha DC regulated at 11.1kV;

e Scenario D - 3.4MW wind farm generating maximum power at
0.95 leading and lagging power factors during meximum load
demand with 11kV busbar voltage at Melliecha DC regulated at
11.2kV;

e Scenario E - 3.4MW wind farm generating maximum power at
0.95 leading and lagging power factors during meximum load
demand with the 11kV busbar voltage at Mellieha DC regulated at
11.1kV: and

e Scenario F - 3.4MW wind farm disconnected during meaximum
load demand with the 11kV busbar voltage at Meilicha DC
regulated at 11.1kV.

6.3.1.1 Scenario A - 3.4MW Wind Farm generating maximum
power during minimum load demand with the 11kV busbar voltage at

Mellieha DC regulated at 11.2kV

This scenario involves a 3.4MW wind farm generating maximum power at 0.95
leading and lagging power factor during minimum load demand in thz circuit. The
voltage magnitudes, rasulting at the 11kV and LV busbars of the circuit, are
shown in Figure C.1.1 in Appendix C. The resulting voltage profiles of the 11kV

circuit against the circuit impedance are shown in Figare 6.7.

Table 6.1 clearly shows that the high net power flow into Mellieha D.C and the
high impedance between the PCC and the primary substation causes a sharp
voltage rise along the 11kV circuit. When the wind farm consumes ~eactive powsr
at a power factor of 0.95, the voltage at the PCC r:ses to 6.2% of the rominal
voltage. Consequently. the distribution transformers in the vicinity of the wind
farm are set at the minimum tap position in order to keey the voltage at the LV

busbars below the voltage rise limit.
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3.AMW Wind Farm connacted between Imtafleb Wied Rini Relay Szn and Rabzt I-Andrijiet Substations
0.95 leading Power Factor |0.95 lagging Power Factor
Power Generztec (MW) 34 32
Load Demand {MVA) 0.93 0.33
Net Real Power flow intc Mellieha DC (MW) 2.04 2.2
Net Reactive Power flow into Mellieha DC (MVAr) -14 0.32
\foltage at Source (kV) 11.09 11.31
Vroltage at the PCC (kV) 11.68 12.18
Real Power Losses in the Circuit (MW) 0.25 0.21
Reactive Power Losses in the Circuit (MVAr) 0.28 0.23

Table 6.1 - Net Power flow and losses in the 11KV circuit for scenario A in option 1

Conversely, as the wind fare exports reactive power at a power factor cf 0.95, the
voltage in te 11k circuit increases further. In fact the voltage at the PCC
ncreases by 10.7% of the nominal voltage. Such voltage rise in the 11kV circuit
causes the woltage in the LV busbars to rise significantly. Setting the Zixed tap-
changers of most of the distribution ransformers at their minimum tap position is
not sufficient to keep the vo_tage in the LV busbars of the substations within the

permitted limits.

3.4MW Wind Farm generating maximum power during minimun- load demand
Effect on the Voltage along the ~1kV Circuit im relation with Circuit Impedance
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Figure 6.7 - Voltage profile along the 11kV circuit for scenario A in option 1
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6.3.1.2 Scenario B - 3.4MW Wind Farm generating maximum
power during minimum load demand with the 11kV busbar voltage at

Mellieha DC regulated at 11.1kV

As the voltage set-point of the AVC of the transformer at Mellicha DC is lowered
to 11.1kV with a bardwidtk of 1.5%, the allowed voltage variation in the 11kV
busbar is in the region between 10.93kV and 11.27kV. This wil. permit the
voltage et the 11kV circuit to exceed the 11kV busbar voltage of Mellieha DC by
a voltage in the range between 283V and 616V. Hence, a higher net power is
allowed to flow into the primary substation without exceeding the unper voltage
limit of 11.55kV. The impact from the 3.4MW wind farm ox the grid during
maximum generazion and minimum load demand, with the 11kV busbar of
Mellieha DC regulated within the bandwidth of 11.1kV is analysed. The voltage
magnitudes resulting at the Z1kV and LV busbars of the substations 1n the circuit
are showa in Table C.1.2 :n Appendix C. The resulting voltage profiles wita

respect to circuit impedance along the 11kV circuit are shown in Figure 6.&.

From

Table 6.2 and Figure 6.8, one can note that the results for the 0.95 leading power
factor operating scenario are the same as those obtained in scenario A. A voltage
magnitude of 11.09kV in the 11kV busbar of Mellicha DC regulated within the
target voltage of 11.2kV falls within the 1.5% bandwidth o~ the 11.1kV set-point.

Thus, the same tar position in the transformer at Mellieha DC is maintained.

3.4MW Wind Farm ccnrected between Imtahleb Wied Rini Relay Stn and Rabat |-Andrijiet Substations
0.95 leading Power Factor |0.95 lagging Pawer Factor

Power Generated (MW 34 34

Load Demand (MVA) 0.93 0.93

Net Real Power flow into Mellieha DC{MW) 2.04 2.0

Net Reac:ive Power flow into Mellicha DC {MVAr) -1.4 0.81

Voltage at Source (kVi 11.09 11.05

Voltage at the PCC (kV) 11.68 11.93

Real Power Losses in the Circuit (MW) 0.25 0.2z

Reactive Power Losses i1 the Circuit (MVAr) 0.28 0.24

Table 6.2 - Net Power flow and losses in the 11kV circuit for scenario B in option 1
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Wher the wind farm exports reactive power at a power factor of .95, the
transformer at Mellieha DC performs a tap-change to reduce the voltage in the
11kV busbar, thus shifting down the voltage at the PCC. However, the voltage
rise at the PCC is 8.5% of the nominal vecltage which is still far away from the
permitted limits. Consequently, the voltage magnituces at the LV busbars exceed
the upper voltage limit even though the transformers are set at the minimum tap
position. The voltage at the 11kV busbars can be reduced to permitted levels by

limiting the power generated from the wind farm.

3.4MW Wind Farm generzting maximum power during minimum load demand with the

AVC voltage set-point of the transformer at Mellieha DC set at 11.1kV
Effect on the Voltage along the 11kV Circuit in relatior witk Circuit Impedance
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Figure 6.8 - Voltage profile along the 11kV circuit for scenario B in option 1

6.3.1.3 Scenario C - 3.4MW Wind Farm generating 2.55MW during
minimum load demand with the 11kV busbar voltage at Mellieha DC
regulated at 11.1kV

As the winc farm generating power is curtailed, the net power flow towards the
primary substation is reduced, thus lowering the voltage at the PCC. After
experimenting with various real power generation values with the 11kV busbar at
Mellieha DC being regulated within the 1.5% bandwidth of 11.1kV, the maximum
real power that produces acceptable voltage results is 2.55MW. This means that
one of the our wind turbines needs to be disconneczed in such scenario. The

voltage magnitudes resulting at the 11kV and LV busbars from the generation of
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2.55MW at both extreme overating power factors are found in Table C.1.3 in

Appendix C. The voltage profiles in relation with the 11kV circuit impedance ars

shown in Figure 6.9.
3.AMW Wind Farm connected between Imtahle» Wied Rini Relay Stn and Rabat |-Andrijiet Substations
0.95 leading Power Factor |0.95 lagging Powar Factor
Power Generated (MW) 2.55 255
Load Demand (MVA) 0.93 0.9
Net Real Power flow into Mellieha DC(MW) 13 131
Net Reacfive Power flow into Mellieha DC (MVAr) -1.05 0.6
Voltage at Source (kV) 11.12 11.02
Voltage at the PCC (kV) 11.53 11.66
Real Powar Losses in the Circuit (MW) 0.14 012
Reactive Power Losses in the Circuit (MVAr) 0.18 0.15

Table 6.3 - Net Power flow and losses in the 11kV circuit for scenario C in option 1

From Table 6.3, one can note that when the wind farm corsumes reactive power
at a power factor of 0.95, the voltage rise in the 11kV circuit is less thar. 5% of the
nominal voltage. The substation transformers located in the vicinity of the wind
farm are set at the minimum position in order to maintain the voltage levels in the

LV busbars within the permitted limits.

3.4MW Wind Farm generating 2.55MW during mimimum load demand with the AVC

voltage set-point of the transformer at Mellieha D.C set to 11.1kV
Effect on the Voltage along the 11xV Circuit in relation with Circuit Impedance
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Figure 6.9 - Voltage profile along the 11kV circuit for scenario C in optien 1
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Conversely, as the wind farm exports reactive power at a power factor of 0.95, the
voltage rise at the PCC is 6% of the nominal voltage. Due to this increase in
voltage along the 11kV ci-cuit, more distribution transformers are set at their

minimum tzp position in order to keep the voltage in the LV busbars within the

permitted limits.

6.3.1.4 Scenario D - 3.4MW Wind Farm generating maximum
power during maximum load demand in the circuit with the 11kV

busbar voltage at Mellieha DC regulated at 11.2kV

The voltage magnitudes at the 11kV and LV busbars, resulting from the impact of
a 3.4MW wind farm generating maximum power at 0.95 leading and lagging
power factors during maximum load demand, with the AVC's set-point at
Mellieha DT set at 11.2kV, are shown in Table C.1.4 in Appendix C. The
resulting voltage profiles of the 11kV circuit with respect to circuit impedance are

shown in Figure 6.19.

3.4MW Wind ~arm connected between Imtahleb Wied Rini Relay Stn and Rabat I-Andrijiet Substations
0.95iezding Power Factor |0.95 lagging Power Factor
IPower Generated (MW) 3.4 ‘ 3.4
iLoad Demand [MVA) 3.15 3.15
@et Raal Power flow into Mellieha DC (MW) -0.1 -0.12
Net R=active Power flow inzo Mellieha DC (MVAr) -1.56 0.65
Voltage at Source (kV) 11.34 11.28
Voltage at the PCC {kV) 11.56 11.79
Real Fower Losses in the Circuit (MW) 0.18 0.13
Reactive Power Losses in the Circuit (MVAr) 0.24 0.18

Table 6.4 - Net Power flow and losses in the 11KV circuit for scenario D in option 1

Table 6.4 indicates -hat the maximum load demand added with the losses in the
c:reuit has caused a small amount of real pewer to be sourced from Mellieha DC
into the 11k circuit. However, the high circuit impedance between the PCC and
the primarv substation still causes the voltage rise at the PCC to slightly exceed
the 5% of the nomiral voltage, when the wind farm is consuming reactive power

at a power factor of 0.95. The tap positions of the distribution transformers are
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kept the same as in scenario C. The voltage resulting at the LV busbars of the

substations are within the permitted limits as specified in the network code.

Operating the wind farm at 0.95 lagging powe: factor further increases the steady-
state vol:age along the feeder as shown in Figure 6.10. The voltage rise at the
PCC is of 7.18%. However, this rise in voltage did not cause the voltage in the LV

busbars tc exceed the 10% voltage rise limit.

3.4MW Wind Farm generating maximum power during maximum load demand
Effect on the Voltage along the 11kV Circuit in relation with Circuit 'mpedance
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Figure 6.10 - Voltage profile along the 11kV circuit for scenario D in option 1

6.3.1.5 Scenario E - 3.4MW Wind Farm generating maximum
power during maximum load demand in the circuit with 11kV busbar

voltage at Mellieha DC regulated at 11.1kV

The voltage magnitudes resulting at the 11kV and LV busbars of the substat:ons
in the cireuit, when the wind farm generates maximum powsr during max:mum
load demand, with the 11kV busbar voltage at Mellicha DC regulated with:n thz
bandwidth of 11.1kV are shown in Table C.1.5 in Appendix C. Tke voltage
profiles resulting at the 11kV circuit with respect to circuit impedance are shown
in figure 6.11. The tap positions of the 11kV/433V distributior. transfcrmers are

kept the same as in scenario C.
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3.4MW Wind Farm connected between Imtahleb Wied Rini Relay Stn and Rabat I-Andrijiet Substations
0.95 leading Power Factor | C.95 lagging Power Factor
|Power Generated (MW) 3.4 3.4
|Load Demanc {MVA) 3.15 3.15
INet Real Power flow into Mellieha DC (MW) -0.12 -0.13
INet Reactive Power flow into Mellieha DC (MVAr) -1.57 0.64
"Voltage at Source 1kV) 11.06 11.02
'Voltage at the PCC (kV) 11.27 11.53
IReal Power Losses in the Circuit (MW) 0.19 0.13
IReactive Power Losses in the Circuit (MVAr) 0.26 0.19

Table 6.5 - Net Power flow and losses in the 11kV circuit for scerario E ir option 1

One can ncte from Table 6.5, that the operation of the wind farm at maximum
power generaticn at 0.95 leading power factor increases the vol-age at the PCC by
2.45% of the nominal voltage, which is well below the propcsed upper voltage
limit. Hence. the resulting voltage magnitudes in the LV busbars are within the

permitted limits as stipulated in the network code.

2.4MW Wind Farm generating maximum power during maximum load demznd with AVC

voltage set-point of the transformer at Mellieha C.C set at 11.1kV
Effect on the Voltage along the 11kV Circuit in relation withCircuit Impedznce
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Figure 6.11 - Voltage profile along the 11kV circuit for scenario E in option 1

Conversely, as the wind farm generates maximum power at J.95 lagging power
factor, the voltage at the PCC rises by 4.8% of the nominal vcltage. The resulting
voltage magnitudes in the LV busbars of the substations are within the £10%
toierance of the nominal voltage. In such scenario, the wind farm should

preferably export reactive power so that the losses in the circuit are minimised.
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6.3.1.6 Scenario F - 3.4MW wind farm disconnected during
maximum load demand with the 11kV busbar voltage of Mellieha DC
regulated at 11.1kV

The impact of the disconnection of a 3.4MW wind farm during maximum load
demand with the 11kV busbar at Mel'ieha DC regulated within the bandwidth o7
11.1kV is investigated through a load flow analysis. This is the worst case o7
voltage drop in the 11kV and LV nodes. The I°R losses in the circuit during
maximum load cause a considerable voltage drop in the 11kV circuit especially
near the end of the feeder where the wird farm is located. Since several
transformers in the vicinity of the wind farm are set at their minimum tap position,
the voltage magnituces in the LV busbars decrease substartially. The resulting
voltage magnitudes in the 11kV an¢ LV busbars are illustrated :n Table C.1.6 in
Appendix C. The voltage profile along the 11kV circuit w:th respect to circui:

impedance is shown in Figure 6.12.

3.AMW Wind Farm connected between Imtahleb Wied Rini Relay
Stn and Rabat |-Andrijiet Substations Switched Off

Power Generated (MW) 0

Load Demand (MVA) 3.1
Net Real Power flow into Melligha DC (MW) -3.29
Net Reactive Power flow into Mellieha DC (MVAr) -0.36
Voltage at Source (kV) 11.16
Minimum Voltage in the Circuit (kV) 10.49
Real Power Losses in the Circuit (MW) 0.1
Reactive Power Losses in the Circuit {(MVAr) 0.2C

Table 6.6 - Net Power flow and losses in the 11kV circuit for scenario F in eption 1

One can note from Tzble 6.6, that the voltage drop at the remote end of the circuit
is 4.6% of the nominal voltage. Consequently, the resulting voltage in the LV
busbar of the substation at the end of the radial circuit is 391V. If a 6% voltage
drop along the LV lines is assumed. the resulting voltage experieaced ty the
consumers at the last part of the LV circuit is approximately 3567V, :mplying an
8.1% voltage drop from the nominal voltage. Thus, the resulting voltage drops at
the 11kV and LV circuits are within the permitted limits as established in the

network code.
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3.4MW Wind Farm disconnected during maximum load demand with the AVC voltage set-point of the

transformer at Mellieha D.C set at 11.1kV
Efect on the Voltage along the 11kV Circuit in selation with Circuit Impedamce

=
—
o

=== \/oltage at the 11kV circwt{kv) when the wind
Fm—— e ——— s S — farm is disconnected afte - it was operating at
0.95 i=ading Power Factor

[
=
o

E
g

Voltage at the 11kV Circuit (kV)
=

=== Actual Maximum Voltage Limit - 11.22kV

-
-
[N]

== Propesed Maximum Voltage Limit - 11.55xV

1 \
106

e ——— === Minirum Voltage Limit - 10.45kV

124

13.2 Lv—'

0.00 1.00 2.00 3.00 4.00 5.00
Circuit Impedance (PU’

Figure 6.12 - Voltage profile along the 11kV circuit for scenario F im option 1

6.3.2 Option 2 - 5.1MW Wind Farm Connected between Fiddien
Booster and Rabat tas-Salib Substations

The option o connecting a wind farm in the section of the 11kV circuit between
Fiddien Booster and Rabat tas-Salib substations provides mere benefits. As
already mentioned, a larger wind farm can be accommodated as the 11kV cables
between this section and Mellieha DC have a higher rated power capac:ty, while
the voltage drop bzstween the PCC and the DC is decreasec. However, the
maximum rated power of the wind farm. which can be technically installed
withouat adversely affecting the steady-state voltage of the distribution circuit,

needs to e aetermineca through load flow analysis in the worst case scenarios.

The wind farm is connected to the WFCSR through two 185mm” aluminium
caples. ratec at 5.72MVA, thus making it possible to install up to a max:mum of
six 850kW w:nd turbines, equivalent to a 5. 1MW wind farm. "hese cables are
terminated in 11kV CB pane_s in the WFCSR as shown in Figure 6.13. Tae 11kV
switchboard consists of two CBs on each side separated by a Bus-Section CB. The
Bus-Section CB is normally in the ON position; however this can be switched off
to segregate the busbars for maintenance purposes without affecting wind farm
operation. The wind turbine substations are looped through 185mm? aluminium

cables. This wind farm configuration and its connection with the 11kV circuit is
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modelled in the IPSA+ program as shown in the snapshot at Figure C.2 in

Appendix C.
Tc Fiddien Booster To Rabat Tas-Salic
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Figure 6¢.13 - Wind farm connection between Fiddien Booster and Rabat tas-Salib

Substations

The impacts on the steady-state voltage of the circui: are analysed through a load

flow study for the following scenarios:

e Scenario A - 5.1MW wind farm generating maximum power at

0.95 leading power factor during minimum load demand with the

11kV busbar voltage at Mellicha DC regulated within the

bandw:dth of 11.2kV and 11.1kV;

e Scenario B - 5.1MW wind farm gene-ating 4.75MW at (.95

leading and lagging power factor during minimum Ioad demand
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with the 11kV busbar voltage at Melliecha DC regulated within the
bandwidth of 11.1kV;

e Scenario C - 5.1MW wind farm generating maximum power at
0.95 leading and lagging power factor during maximam load
demanc with the 11kV busbar voltage at Melliecha DC regulated
within the bandwidth of 11.2kV;

e Scenario D - 5.IMW wind farm generating maximum power at
0.95 leading and lagging power factor during maximum load
demanc with the 11kV busbar voltage at Melliecha DC regulated
within the bandwidth of 11.1kV; and

e Scenario E - 5.1IMW wind farm disconnected during maximum
load demand with the 11kV busbar voltags at Mellicha DC
regulated within the bandwidth of 11.1kV.

6.3.2.1 Scenario A - 5.1MW wind farm generating maximum
power at 0.95 leading power factor during minimum load demand with
the 11kV busbar voltage at Mellieha DC regulated within the bandwidth
of 11.2kV¥ and 11.1kV

The impact of a 5.1MW wind farm on the steady-state voltage of the ci-cuit under
the worst case scenaric, that is, maximum power generation during miniraum load
demand is analysed through a load flow study. The wind farm in th:s scenario
generates max:mum power at a leading power factor of 0.95, whilst the 11kV
busba- of Mellieha DC is regulated within the bandwidth of 11.2kV and 11.1kV.
Tne results obtained confirm whether power curtailment is required in such
scenario. The voltage magnitudes resulting at the 11kV and LV busbars of the
substations zlong the circuit are shown in Table C.2.1 of Appendix C. The voltage
profiles of the 11kV circuit in relation with circuit impedance are shown in Figure

6.24.

From Tabie 6.7 one can note that the significant flow of net power into the

p-imary suvstatior: causes a considerable voltage difference between the PCC and

the 11kV busbar of Mellieha D.C. In fact, as the 11kV busbar voltage of Mellieha

DC is regulated within the bandwidth of 11.2kV, the voltage rise at PCC is of
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7.7%. Consequently, the voltage at the LV busbdars of several substarions exceeds
the 10% voltage rise limit, even w:th the transformers set at the minimum tar

position.

5.IMW Winc Farm connected between Fiddien Booster and Rabat Tas-Salib Substations operating at
0.95 leading power factor

11KV busbar of Mellieha |11kV busbar of Mellieha
DC regulated within the |DC regulatzd within the
bandwidth of 112kV bandwidth of 21.1kV

Power Generated (MW) 5.1 5.1

Load Demand (MVA) 0.93 0.93

Net Real Power flow into Mellieha DC (MW) 3.52 3.5

Net Reactive Power flow into Mellieha DC (MVAr) -2.06 -1.08

Voltage at Source (kV) 11.31 11.02

Voltage at the PCC (kV) 11.85 1158

Real Power Losses in the Circuit (MW) 0.39 0.4-

Reactive Power Losses in the Circuit (MVAr) 0.49 0.52

Table 6.7 - Net Power flow and losses in the 11KV circuit for scenario A in option 2

5.1MW Wind Farm generating maximum power at 0.95 leadirg power factor during

minimum load demand
Effect on the Voltage along the 11kV Circuit in relation with Circuit Impedance
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Figure 6.14 - Voltage profile along the 11kV circuit for scznario A in option 2

As the AVC's set-poin: of the 11kV busbar at Mellieaa DC is reduced to 11.1kV,
the voltage rise at the PCC reduces to 5.27%, which slightly exceeds the proposed
upper limit. The resulting voltage magnitudes at the LV tusbars are within the
permitted limits. Thus, the real power generated frcm the wind Zarm has to be

curtailed in order to decrease the voltage at the PCC to acceptable levzls. One can
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also observe from Taple 6.7, that the losses increase as the voltage levels in the

~1kV circuit are reduced.

6.3.2.2 Scenario B - 5.1MW wind farm generating 4.75MW at 0.95
leading and lagging power factor during minimum load demand with
the 11kV busbar voltage at Mellieha DC regulated within the bandwidth
of 11.1kV

The maximuam pcewer that can be generated at 0.95 leading power factor from the
wind farm during micimum load demand without exceeding the 5% valtage rise
in the 11kV eircuit is 4.75MW. This means that the real power output of the wind
farm is reduced by 0.35MW. The voltage magnitudes at the 11kV and LV busbars
resulting from the generation of 4.75MW at 0.95 leading and lagging power
factor, with Mellieha DC's 11kV busbar voltage regulated withir: the bandwidth of
17.1kV, are shown in Table C.2.2 of Appendix C. The voltage profiles resulting in

e 11kV circuit with respect to circuit impedance are shown in Figure 6.15.

5.1MW Wind Farm connected between Fiddien Booster and Rabat Tas-Salib Substations
0.95 leading power factor |0.95 lagging pcwer factor

Power Generated {MW) 4,75 4,75
Load Demand iMVA) 0.93 0.93
Net Real Power flow into Mellieha DC (MW) 3.22 3.19
Net Reactive Power flow into Mellieha DC (MVAr) -1.92 2.06
Voltaga at Saurce (kV) 11.04 11.09
Voltage at the PCC (kV) 11.55 1185
Real Power Losses in the Circuit (MW) 0.35 0.3

Reactive Powe~ Losses in the Circuit [MVAr) 0.45 0.38

Table 6.8 - Net Power flow and losses in the 11KV circuit for scenario B in option 2

From Table 6.&, one can observe that as the real power generated from the wind
fam is curtziled to 4.”5MW, whilst consuming reactive power at a pcwer factor
of 0.95, the voltage et the PCC is reduced to permitted levels. Consequently, by
having the substation transformers in the vicinity of the wind farm set at the
minimum tap position, the resulting voltage levels in the LV busba-s of the

substations are withir the pe-mitted limits. Thus, the decreased impedarce in the
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circuit batween the PCC and Mellieha DC permits a higher power generation i

the 11kV circuit than the other connection option.

Conversely, as the wind farm exports reactive power at a power facto= of 0.95, the
voltage -1se at the PCC reaches 7.8% of tke nominal voltage. This rise in tae
steady-state voltage of the 11kV circuit causes the voltage at some of the LV
busbars to exceed the upper limit even thcugh the transformers are set at the

minimur tap position.

4.75MW Wind =arm generating maximum power ¢uring minimum load demand with

the AVC voltage set-point at Mellieha DC set at 11.1kV
Effect on the Voltage along the 11kV Circuit in refation wit= Ci-cuit Impedance

N = \/citag= at the 11kV Circuit (k¥) when
118 the wind farm is operafing =t 9 95
-E 117 / leading Powe - Factor
=
3 / === Valtagz at the 11kV Cirzuit (kV} when
= 116
B bl ———— the wind farm is operating at 9 95
E 115 / / lagging Power Factor
E 11.4 / / = ActualMaximum Volkage Lmi -
; / / 1122kV
113
) A
= 112 - v Droposed Maximum Vo'tag2 Limit -
> / 1155kV
n1
11
109 ————————r————— ——r— \
0.00 1.00 2.00 3.00 4.00 5.00

Circuit Impedance (PU

Figure 6.15 - Voltage profile along the 11kV circuit for scernario B in option 2

6.3.2.3 Scenario C - 5.1MW wind farm generating maximum power
at 0.95 leading and lagging power factor during maximum load demand
with the 11kV busbar voltage at Melliecha DC regulated within the
bandwidth of 11.2kV

The voltage magnitudes resulting at the 11kV and L'V busbars of the substations
in the circuit are shown in Table C.2.3 of Appendix C. The voitage profiles in
relation with the circuit impedance along the 11kV circuit are shown in Figure
6.16. The substation transformers in the circuit are set at the same tap positions of

the previous scenario.
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5.IMW Wind Farm connected between Fiddien Booster and Ranat tas-Salib Substations
0.95 leading Power Factor | C.95 lagging Power Factor

Power Generated (MW) 5.1 5.1

Load Demand {MVA) 3.15 3.15
Net Real Power flow into Mellieha DC (MW) 141 1.39
Net Reactive Power flow into Mellieha DC (MVAr) -2.21 111
Voltage at Source (kV) 11.29 11.34
Voltage at the PCC (kV) 11.52 11.86
Real Power Losses in the Circuit (MW) 028 0.22
Reactive Power Losses in the Circuiz (MVAr) 0.39 0.30

Table 6.9 - Net Power flow and losses in the 11kV circuit for scenario C in option 2

Table 6.9 wvividly shows that the reduced net power flow into the primary
substaticn decreases the voltage difference between the PCC and the 11kV busbar
of Mellicha DC. In fact as the wind farm generates maximium power at 0.95
leading power factor, the voltage in the 11kV circuit is maintained within the

permitted limits. Consequently, the resulting voltage magnitudes at the LV

tusbars are within the permitted limits.

[ 5.1MW Wind Farm generating maximum power during maximum load demand
Effect on the Voltage along the 11kV Circuit in relation with Circuit Impedance
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Figure 6.16 - Voltage profile along the 11kV circuit for scenario C in option 2

Converselv, as the wind farm generates maximum power at .95 lagging power
factor, the resulting voltage rise in the 11kV circuit is well asove the 5% of the
ncminal voltage. This causes the voltage in the LV busbars to exceed the upper

voltage limit, ever though the transformers are set at the minimum tap position.
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6.3.2.4 Scenario D - 5.1MW wind farm generating maximum
power at 0.95 leading and lagging power factor during maximum load
demand with the 11kV busbar voltage at Mellieha DC regulated within
the bandwidth of 11.1kV

The voltage magnituces resulting at the 11kV and LV busbars from the impact of
the wind farm as it generates maximum power during maximum load demanc,
with the 11kV busbar voltage of Mellieha DC regulated within the andwidth of
11.1kV, are shown in Table C.2.4 of Appendix C. The voitage profi.es of the

11kV circuit in relation with circuit impedance are shcwn in Figure 6.17.

5.1IMW Wind Farm connected between Fiddien Booster and Rabat tas-Salib Substations
0.95 leading Powar Factor | 0.95 lagging Power Factar

Power Generated {MW) 5.1 5.1

Load Demand (MVA) 3.15 3.15
Net Real Pcwer flow into Mellieha DC (MW) 1.38 1.33
Net Reactive Power flow into Mellieha DC (MVAr) -2.2 11

Voltage at Source (kV) 11 21.07
Voltage at th2 PCC (kV) 11.24 116
Real Power losses in the Circuit (MW) 0.29 0.22
Reactive Power Losses ir: the Circuit (MVAr) 0.41 0.30

Table 6.10 - Net Power flow and losses in the 11KV circuit for scenario D in option 2

As the AVC's voltage set-point of Mellicha DC is lowered to 11.1kV with a
bandwidth of 1.5%, the transformer performs a tap-change ir. order to reduce the
voltage in the 11kV busbar, since the voltage exceeds 11.26kV as indicatzd in the
previous scenario. As indicated in Table 6.10, the voltage rise at the PCC is
equivalent to 2.18% of the nominal veltage. This implies that the wind farm can
operate at a power factor closer to unity in order to reduce the losses ir. the 11kV
circuit. The resulting voltage magnitudes at the L'V busbars of the substations in

the circuit are within the permitted limits.

The increase in net power flow towards Mellieha DC as the wind farm exports
reactive power at a power factor of 0.G5, causes the voltage at the PCC tc slight’y
exceed the 5% voltage rise limit. However, since several transformers are set at
the minimum tap position, the resulting voltage magritudes at the L'V busbers are

within the permitted limits.
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£.1MW Wind Farm generating maximum power during maximum load demanc with the
AVC voltage set-point at Mellieha DC set at 11.1kV

Effect on the Voltage along tne 11kV Circuit im relation witn Circuit Impecance

11.7

116 /\ ===\/0ltage at the 11kV Circuit (kV) when
. . NS - sremsassstesiere e the wind farm is operating at 0.95
E 115 / \ leading Pcwer Factor
pee \
2 7 Voltage at the 11kV Circuit (kV) when
G 114 the wind farm is operzting at 0.95
2 lagging Power Factcr
o113 i e
e / === Actual Maximum Voltage Limit -
- o 11.22kV
® 112 y 4 v -
2491 w==Proposed Max mum Vcltage Limit -
2 4 o 11.55kV

11
109 —
0.0C 1.00 2.00 3.00 4.00 5.00

Circuit Impedance (PU)

Figure 6.17 - Voltage profile along the 11kV circuit for scenario D in option 2

6.3.2.5 Scenario E - 5.1MW wind farm disconnected during
maximum load demand with the 11kV busbar voltage at Mellieha DC
regulated within the bandwidth of 11.1kV

The voltage magnitudes resulting at the 11kV and LV busbars of the susstations
in the circuit, after the 5.1MW wind farm is disconnected du-ing maximum load
demand, are shown in Table C.2.5 of Appendix C. The resulting voltage profile

against the circuit impedance along the 11kV circuit is shown in Figure 6.18.

From Tab.e 5.11, ore can deduce that the voltage drop in the 11kV circuit during
maximum lcad demand is 4.64%, which is within the permitted limits. The lowest
voltage magnitude resulzing at the LV busbars of the circuit is 392V, with the
transforme= in this substation set at the minimum tap positien. If a 6% voltage
drop along he LV lines is assumed, this results in a voltage of 368V at the
consumer Terminals. This is equivalent to a voltage drop of 8% which is within the

limits estanlished in -he network code.
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3.AMW Wind Farm connected between Fiddien Booster and Rabat
tas-Salib Substations Switched Off

Power Generated (MW) 0

Load Demand (MVA) 2.15
Net Real Power flow into Mellieha DC (MW) -3.28
Net Reactive Power flow into Mellieha DC (MVAr) -0.3€
Valtage at Source (kV) 11.16
Minimum Valtage in the Circuit (kV) 10.4¢S
Rezl Power Losses in the Circuit (MW) C.15
Reactive Power Losses in the Circuit (MVAr) C.2C

Table 6.11 - Net Power flow and losses in the 11kV circuit for scenario K in oeption 2

5.2.MW Wind Farm discormected during maximum load demand with AVC voltage set-pairt at
Mellieha DC regulated at 11.1kV

E“fect on the Voltage along the 11kV Circuit in relation with Circait Impedance
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Figure 6.18 - Voltage profile along the 11KV circuit for scenario E in option 2
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6.4 Conclusions

The wind farm at Wied Rini /o Bahrija poses several challenges to the network
operator. The considerable cable route lengthk between the wind farm anc the DC,
result:ng in a aigh circuit impedance, can cause significant voltage rise at certain

nodes in the circuit.

The cheapest connection point for the wind farm is with the cable segment
between Mtahleb Wied Rini Relay Stn and Rabat 1-Andrijiet substations, as the
95mir? aluminium cable between these two substations ‘s passing through the site.
This part of tne circuit limits the maximum power rating of the wind farm to
34MW, ccersisting of four 850kW wind turbines. The wind farm may be
connected with the Z1kV circuit by one, or two cables for increased reliability. In
the analysis carried out, the wind farm is considered to be connected by two
95mm’ alumirium cables. The impedance setween the PCC and Mellicha DC is
2.9pu. Waen the 3.4MW wind farm generates maximum power at 0.95 leading
nower factor during minimum load demand, the resulting voltage at certain nodes
:n the circuit exceeds the 5% voltage rise of the nominal voltage, with the voltage
magnitude a: the 11kV busbar of Mellieha DC being 11.09kV. Thus, the power of
the wind farm has to be reduced to 2.55MW by switching off one of the wind
turbines in order to aecrease he voltage in the 11kV circuit to below 11.55kV. As
the 3.4MW wind farm generates maximum power at 0.95 leacing power factor
during maximum load demand, the voltage at the PCC slightly exceeds 5% of the
nominal voltage. As the resulting voltage at the 11kV busbar of Mellicka DC is
21.33kV, it :s possible to sh:ft down the vol:age profile by reduacing the voltage
set-point of the transformer's AVC at Mellieha DC to 11.1kV with a bandwidth of
2.5%. In this manner, the 11kV busbar voltage of Mellieha DC is allowed to vary
between 10.33kV and 11.267kV. Thus, in such scenario the transformer will
perform a tap-change o reduce the voltage in the 11kV busbar of Mellisha DC,
whilst shifting the voltage at the PCC down to 11.35kV. The stift in the voltage
profile due to the lowering of the AVC's voltage set-point at Mellicha DC is
shown in Figure 6.19. Disconnection of the wind farm during maximuam load

demand, with the 11xV busbar of Mellicha DC regulated within the bandwidth of
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Chapter 6 Wind Farm ac Wied Rini, Malta

11.1kV, does not cause the voltage in the 11kV and LV circuits tc drop below the

permitted limits.

3.4MW Wind Farm generating maximum power at 0.95 leading power factor
during maximum load demand
11.6
/ \

11.5
2 == 11kV Eusbar of Mzllieha DC
o114 reguJlated within 11e bandwidth
5 / of11.2kv
E 113 \ e 11kV kusbar of Mzllieha DC
E \/ f-\ regulated within 1he bardwidth
o —————————————a——— . — of11.1kv
S 112 / ==
® wees A ctaal Maximum \iolzage Limit -
) 11.22kV
2 44 1
E 11.

\ === proposed Maximuam Voltage Limit
1 ~_ -11.55kV
10.9 T T .
0.00 1.00 2.00 3.00 4.00 [
Circuit Impedance, (PU} i

Figure 6.19 - Impact from the 3.4MW wind farm on the voltage profile of the 11kV
circuit with the 11kV busbar voltage of Mellieha DC regulated at 11.2kV and
11.1kV

A larger wind farm can be installed when connected with the cable section
between Fiddien Booster and Rabat tas-Salib substations. The cab:e it this section
is a 185mm? alum:nium cable, rate¢ at 5.7MVA. Thus a 5.1MW wind farm
consisting of six 850kW wind turkines can be installed. Such wind farm can
produce a higher energy yield, but at the expense of & higher connection cost. The
connection will require one or two 185mm” aluminium cables Setween the wind
turbine substations and the WFCSR with an approximate length of 2.6km buried
in the ground togethe- with the associated earthing and communication cables.
This connection reduces the impedance between the PCC and Mellieha DC to

1.84pu.

From the analysis, it was determined that the 11kV busbar voltage of Mellicha DC
needs to be regulated within the 1.5% bandwidth of 11.1kV in order to mitigate
the impact on the steady-state voltage rise o- the circuit from ths wind farm

especially when it geaerates maximum power during minimum load demand.
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Apart from ~educing the target voltage at Mellicha DC, the generated power needs
to be reduced to 4.75MW at 0.95 leading power factor in order for the voltage in
che 11kV circuit to be retained below 11.55kV in such scenario. As the 5.1MW
wind farm generates maximum power at 0.95 leading power factor curing peak
vad demenc, with the 11kV busbar of Mellieha DC regulated at 11.2kV and
11.1kV, the resulting voltage magnitudes at PCC are 1..52kV and 11.24kV
respectively. The voltage profiles of the 11kV circuit resulting from the two
voltage set-noints at Mellieha DC are shown :n Figure 6.20.

£.1MW Wind Farm generating maximum power at 0.95 leading power factor
during maximum lozd demand
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Figure 6.20 - Impact from the 5.1MW wind farm on the voltage profile of the 11kV
circuit with the 11kV busbar voltage of Melliecha DC regulated at 11.2kV and
11.1kV
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Chapter 7 Conclusigrs

CHAPTER 7

CONCLUSIONS

The dissertation mainly focuses on the impact of voltage rise in the slectricity
network caused by medium-scale wind farms integrated with the ~1kV network.
Two typicel wind farm sites, one in Gozo and the otker in Malta, were choser:. o=
the basis that the sites offer a good wind resource potential, and are located iz
rural areas at a significant distance from the source of 11kV supply. The
dissertation is split into three parts. The first part cescribes a typical electrical
wind farm design which can be implemented in such medium-scale wind farms.
The proposed wind farm layout and configuration was utilised to model the winc
farm in the IPSA+ soZtware. The second and third part of the dissertation focus o=
the prospective wind farm sites at Kerzem in Gozo aac Bahrija in Maltz. The site
characteristics and constraints were described and uszd to identify a more preciss
location. The possible wind farm connection points with the 11kV network wers
determined. This was followed by a load flow analysis using IPSA+ program for
each connection possibility. The analysis was carried out for several worst caszs
scenarios, where the resulting steady-state voltage profiles determine whsther the
permitted voltage lim:ts are exceeded. The study also investigate diZferent ways to

mitigate the voltage rise in tke network.
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7.1 Summary

7.1.1 Wind Farm Electrical Design

The winc turbines considered in this dissertation are the Gamesa G58 rated at
850kW, having a three-blade rotor with a diameter of 58m and a possible hub
teight ranging between 44m and 71m. The wind turbine converts kinetic energy
into electrical energy via a four pole DFIG at a rated stator voltage of 690V and
frequency of 50Hz. The variable speed generator can control the active and
~eactive power. The power factor can vary between 0.95 leading to 0.95 lagging.
The wind turbine has a cut-in and cut-out speed of 3 and 23m/s respectively. Each
wind turbine is connected to an outdoor pre-fabricated substation, consisting of a
490V switchboard, 650V/11kV 1000kVA transformer, and an 11kV RMU. The
w.nd turbine substations are looped through 11kV cables installed between the
RMUs. The wind farm is either installed as a radial or ring c:rcuit, connected with
the WFCSR The PCC is identified at the CB in the WFCSR, which serves as an
:solating point Detween he wind farm and the grid. The pratection svstem of the
wind “arm consists of four zones. These zones are responsible for the protection

of:

o the generater and its pendant LV cables;

e the 690V cables between the tower base and ~he wind turbine
substation;

e the wind turbine transformer; and

e -he 11kV cables between PCC and the wind turbine substations.

7.1.2 Wind Farm at Kercem, Gozo

Mott MacDcnald identified an unconstrained site at Gozo having a good wind
resource potential, called Qasam Ben Borg. The average site wind speed at a
height of 50m abcve the ground is 6.65m/s. The site is characterised by areas of
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high landscape sensitivity, Natura 2000 SAC sites, natural valleys, the touristic
area of Xlendi and a-chaeological sites. The site is served through minor roads
passing trough small villages making it impossible for large vehicles rarsporting
the wind turbines componernts to get through. Considering such consmraints, the

Qasam Ben Borg site has been reduced to a small site in Kercem.

The wird farm in tais site can be connected with the grid via two eptions. The
cheapes: connection s through an overhead line connected to the utility’s
overhead line feeding Keré¢em VOR Beacon TC. The other connec:ion is through
underground cables connected with the network section between Xeriem tet-
Taljana and Kercem substations, howsver the connectior. cost is kigner than the
former one. These two connections l'mit the wind farm size to & max'mum of
3.4MW, due to the 95mm” aluminium cables installed in the existing 11kV
circuit, rated at 3.9MVA.

The firs: option causes the voltage at the PCC to rise slightly above the 5% of the
nominal voltage, during maximum generation at 0.55 leading powsr factor and
minimum load demand. In such scenario, the steady-state voltage is reduced by
limiting -he real power generated to 3.15MW. As the lcac in the circuit increases,
the real power generated by the wind farm can be increased towards irs maximum
capacity while shifting the power factcr towards unity or operate in lagging mode,

in order 1o reduce the losses 1n the 11kV circuit.

The impedance between the PCC and Qala DC can be reduced by connecting the
wind farm between Ker¢em 1at-Taljana and Kercem substations. Thus. the voltage
rise in the circuit is reduced. In fact, the resulting vo_tage at the PCC is less than
11.55kV. as the wind farm generates maximum power at 0.95 leading power
factor during minimum load demand :n the circuit. The costs for this connection
are higher as it involves the installation of onz or two 95mm? aluminum cables

buried in the ground for an approximate length of 1850m.

A larger wind farm can be integrated in this section of the circuit by replacing the
existing 95Smm? aluminium cable by a 185mm® aluminium cable. This means that

about 18J0m length cf cable needs to be replaced. The additional cos: required to
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reinforce the networx is compensated by the increased revenue generated from a
5 1MW instead of a 3.4MW wind farm. However, as the 5.1MW wind farm
generates maximum power during minimum load demand, the high net power
“low into the primary substation causes the voltage at certain nodes in the 11kV
circuit to rise above the 5% of the nominal voltage. The veltage at the PCC was
reduced to below the 11.55kV by limiting the real power generation to 4.25MW,
while absoroing reactive power at a power factor of 0.95. In order to keep the
voltage in the LV busbars of several nodes below the upper limit of 440V, the
fixed tap-changer of the transformers are set at the minimum tap position. As load
in the circuit increases, the real power generated by the wind farm can increase

while shifiing its operating power factor towards unity or lagg:ng mode.

The main problem is encotntered when the wind farm is disconnected during
maximum load demand. The voltage drop resulting along the 11kV circuit added
with the voltage d-op acrcss the transformers being set a: the minimum tap
position has caused a minimum voltage of about 376V in the _V busbars. Thus, a
voltage drop higher than 4.2% in the LV circuits, causes z total voltage drop
aignaer than 10% at the LV consumer terminals, hence exceeding the permitted
_imits stipulated in the network code. This situation is expected to improve with
“he commissioning of the proposed Xewkija DC, as the impedance between the
ZCC and the DC reduced significantly while the load is decreased as it is being
shared between twc DCs. Thus, as the 5.1MW wind farm generates maximum
nower at 0.95 eading power factor, the resulting voltage rise at the PCC is less
than 5% of the nominal voltage. This does not force the necessity to set the
substation transformers in the vicinity of the wind farm at the minimum tap
position. Hence, as wind farm is disconnected, the voltage drop in the 11kV and

LV circuits 1o does not exceed the permitted tolerance.

7.1.3 Wind Farm at Wied Rini 1/o0 Bahrija, Malta

The s:te at Wied Rini /o Bahrija offers a good wind resource potential, with an
average w:nd speed between 7 and 7.5m/s at 45m above ground level [8]. The
site is far-off from the residential settlement and is easily accessible from existing
roads. The site is characterised by a wind monitoring station and disused
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telecommunication lattice towers. Environmental and planning constraints such as
protected ereas including Natura 2000 areas, AEI, AVHLS and AHLS may licit

the size of a wind farm.

The cheepest connection with the grid is by connecting the wind farm betwsen
Mtahleb Wied Rini Relay Stn and Rabat 1-Andrijiet substations. The 95mm®
aluminium cable between these two substation is passing through the site,
however the cable capacity limits the wind farm size tc 3.4MW, hence four
850kW wind turbines can be installed. The high impedance between PCC and
Mellieha DC, will cause the voltage in certain nodes of the 11kV circuit to exceed
the 5% voltage rise from the nominal voltage, when the w:nd farm is generating
maximum power during minimum load demand. Thus in such scenario, the
voltage level was reduced to within acceptable limits by limiting the real nower
generaticn to 2.55MW, operating the wind farm at 0.95 leading power fac:cr, and
regulating the 11kV busbar voltage within the 1.5% bandwid:h of 11.1kV instead
of the normal 11.2kV. As the load increases, the rzal power generation of the
wind farm can increase, with the power factor controlled to operate ir. the vicinity
of unity or lagging mode, without exceeding the 5% voliage rise m the 11kV
circuit. The voltage drop along the feeder resuiting from the disconnection of the
wind farm will not cause the voltage in the 11kV and LV circuit to fall below the

permitted limits.

A larger wind farm can be integrated with the 11kV network if it is connected tc
the existing 185mm” cable section between Fiddien Booster and Rabat tas-Salib
substations. However this involves the installation of one or two, 185mm*
aluminium cables along with the fibre optic and earthing cables for an
approximate length of 2.6k buried in the ground between the wind farm and the
PCC. Such connection makes it possible to integrate a wind farm up to 5.1MW
having six 850kW wind turbines. This connection reduces the impedance between
the PCC and the primary substation, thus it is possible to generate more dower
during maximum net power flow in the circuit. During minimum load demand in
the circuit, the generated real power of the wind farm has to be reduced to
4.75MW while absorbing reactive power at a power facter of 0.95, in order to

maintain the steady-state voliage in the circuit within permitted limits.
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7.2 Mitigation Measures

From the analysis carried out on typical medium-sized wind farms connected with
the 11kV network in the Maltese islands, it resulted that the major constraints

encountered are:

o the effect of voltage rise;

e the voltage drop in the LV circuits when the wind farm is
disconnected; and

e the current carrying capacity limitations of the existing network

cables.

7.2.1 Effect of Voltage Rise

As winc farm sites are typically located in rural areas at a distance from load
centres, the cable route length between the DC and the wind fare is quite
significant. This implies a high impedance in the circuit between the PCC and the
DC. Such impedance czuses the steady-state voltage -o rise especially during a
high net power flow througn the circuit, which normally occurs during periods of

hign power generation and minimum load demand.

One of the main issues noted during the load flow analysis of the various wind
farm connection options and their respective scenarios for both sites is that the
voltage et the 11kV bustar of the DC exceeds the upper voltage limit of 11.22kV.
n view that the 11kV busbar voltage of the DC is ~egulated within the 1.5%
bandwid-h of 11.2kV, -he voltage is allowed to vary between 11.05kV and
11.37kV, equivalent to a maximum voltage rise of 3.36% of the nominal voltage,
before the transformer is forced to change its tap position. This constra:at, limits
the integration of distributec generation connected with the 11kV network. In fact
ZMC has requested MRA in April of 2013 to approve an amendment in the
netwerk code which will tolerate a voltage rise in the Z1kV voltage level up to a
maximum o 5%, equivelent to an upper voltage limit of 11.55kV [22]. Voltage
rise in the 11kV network exceeding the 5% of the nominal voltage is not

permitted as this will stress the insulation of the network components, leading to
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accelerated ageing cf the equipment. Furthermore, such voltage rise 1 the 11kV
circuit mev cause the voltage in the LV circuits to exceed the permitted 10%

tolerance and this may damage consumers' equipment.

The impact of voltage rise in the network is mitigated through the Zollowing
measures:
e Power factor control of the wind farm;
¢ Reducing the regulated voltage set-point of the 11kV busbar at the
DC;
e Reducing the impedance between the FCC and the DC;
e Limiting the generated power of the wind farm: and

e Operating 11kV circuits in parallel.

One way of regulating the voltage at the PCC is by controlling tke operaticg
power factor of the wind farm. The voltage can te reduced by operating the wird
farm at leading power factor, implying that the reactive power is absorbed by the
DFIGs. However from the analysis carried out, results show that by coperating “he

wind farm at unity or lagging power factor, the “osses in the circuit are reduced.

The voltage in the nerwork can be also reduced by regulating the 11kV busbar of
the DC w:thin the 1.5% bandwidth of 11.1kV instead of 11.2kV. Thus tke voltage
at the 11kV busbar is allowed to vary between 10.93kV and 11.27kV. This will
allow a greater distributec generation penetration in the circuit. Setting the AVC
of the trarsformer at a target voltage lower than 11.1kV is not technically possible
as this will cause a considerable voltage drop aleng the other 1.kV feeders

supplied from the same busbar.

The voltage rise in the circuit can be minimised by reducing the impedance
between the PCC and the traditional source. This can be achieved by connecting
the wind farm at a point closer to the DC. For both sites considered in this
analysis, it was noted that as the PCC is brough: closer to the conventional source,
the cross sectional area of the cables in the 11kV network increases, thus making
it possible to integrate a larger wind farm. Thus the additional cost recuired to
connect the wind farm with the grid may be compensated by the extra revenue

generated by the wind farm.
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During circumstances of high net power flow between the wind farm and the
conventional source, the voltage magnitudes in the circuit nodes may still exceed
the permitted limits. This may occur when the wind farm generates high power
durirg low wad demand, which is typical during the night. If the voltage is not
reduced tc acceptable levels by absorbing the maximum possib_e reactive power,
the real pcwer generated by the wind farm has to be recuced to a specific amount,
such that the voltage at the PCC is reduced to a permitted level. Thus the wind
farm has to regulate the voltage at PCC by varying the operating power factor and
limiting the =eal power generation when necessary. The probebilitv of high power
generation during low load scenarios has to be analysed in order to determine the
cost of power curtailment, and hence the economic feasibility of such wind farm

development.

Gperzticn cf 11kV circuits in parallel will also reduce tae net power flow into the
DC, kence minimising the voltage rise in tae network. However, this nesds to be
careftlly investigated in order to ensure that load sharing between the two feeders
will not over:oad any part of the circuit. Since the power flow is bi-direct:onal, the
protection system in the circuit has to incorporate directional relays in order to

operate successfully in case of a fault in the circuit.

7.2.2 Voltage Drop in the LV Circuit following the Disconnection of
the Wind Farm

The Gamesz G58 wind turbines have a cut-in and cut-out speeds of 3 and 23m/s
~espectively. Thus, as the wind speed is outside these limits, the wind turbines are
discornected. Other circumstances for wind farm disconnection are during faults
either in the wind farm or in the network. For faults in the 11kV circuit, the wind
Zarm :s cisconnected through island detection relays based on techniques such as

ROCOF, o= Vector Shift.

As w:nd farms are located in rural areas far-off from the traditional source, the
fixed tap-changers of the substation transformers, especially those in the vicinity
of the w:nd farm, are set at the minimum tap position in order to counteract the
significant voltage rise in the circuit. The maximum voltage permitted on the
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11kV side, 11.55kV, is transformed to 432V with the transformer set at the
minimum tap position at nc-load. Conversely, the minimum permittec vcltage,
10.45kV, correspends to 390V in the LV busbar when the transformer is set at the
minimum tap position at nc-load. Assuming, a 6% voltage drop along tke LV
lines this results in a voltage at the ccnsumer end of 367V which is close to the
permitted vcltage drop limit of 10%. The feeder analysed for the propcsed wind
farm at Gozo, sxperiences a significant voltage drop in the 11kV circuit during
peak load demand, with voltage reach:ag 10.25kV at the remote end of the circuit.
This excessive voltage drap is mainly experienced ia the summer season during
the high peak load. Consequently, the voltage in the LV busbars reach a minimum
voltage of 376V. Subsequently, the resulting voltage at the consurmer end may fall
below the permitted lower limit, if the voltage drop along the LV circuits exceeds
the 4.2%.

The voltage drop resulting in the LV circuits following the disconnection of a

distributed generazor connscted with the 11kV circuit can be mitigated bv:

e Reducirg the load in the 11kV circuit;

e Increasing the regulated voltage set-point of the DC's transformer
during wind farm disconnecticn;

e Better loac sharing between the LV feeders and talancing of
phases;

e Reduction of L'V lines impedance;

¢ Reinforcing the LV system by the installation cf new LV Zeecers;

e Commissioning of new substations to reduce the load in the LV
feeders; and

e Replacing substation transformers witk ones equipped with OLTC.

Reduction o7 load from the 11kV feecer will reduce the voltage drop during wind
farm disconnection. The drawback of such measure is that when the wind farm
generates high power, this will increase the net power flow into the conventional
source. Consequently, this will increase the veltags in the circuit whick may
exceed the permitted upper limit especially during minimum load demand. Thus,

such loac reduction in the 11kV circuit has to be done with caution.
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In the analysis of the wind farm at Wied Rini, it was noted that greater distributed
gene-ation penetration is permitted in the 11kV network with the reduction of the
set voltage of the DC's 11kV busbar to 11.1kV with a bandwicdth of 1.5%.
Fowsver, this can create a voltage arop problem in heavily loaded feeders during
peak load demand when the wind farm is disconnected. The voltage drop can be
reduced bty setting the AVC set voltage of the DC's 11kV busbar back to 11.2kV
as the wind farm is disconnected. This will then be set back to 11.1kV as soon as
the wind farm synchronises with the gr-d. The DCs in the network are all
equipped with a SCADA system which continuously monitors the DC while
providing the network operators with the facility to make certain operations
remotely. Thus, it will be possible for the network operators to change the AVC

set-pein: ramotely, if the load in the circuit exceeds a certain amount.

Anotaer rmethod to reduce the volzage drop in the LV circuits is by balancing the
lcad equaily between the three phases of the LV Zeeders, ard by sharing the load
between the LV feeders. The volrage drop along the LV feeders can be further
minimised »y reducing the line impedance. This can be achieved by having
parallel lines split from the main line; and »y repiacing heavily loaded lines with

lines havirg a greater cross-sectional area, and hence less impedance.

Installation of new LV feeders will assist in reducing the voltage drop. New
feeders reduce the load and the impedance from other feeders, thus reducing the
I°R losses and hence the voltage drop along the LV circuits. Long LV circuits
may »e saortened by the commissioning of new substations. The new feeders
from thesz substations will reduce the length and also the load from the other

feeders. Thus the voltage drop in the LV circuits is reduced.

Another option to contrcl the voltage level of the LV circuits, is by replacing the
substation transformers by others equipped with OLTC. This provides the benefits
of betrer voltage regulation while ensuring that the voltage level at the customer
end is within the permitted limits. Tkis is rather a costly option, therefore it has to
be camried cut at least on substations located in the vicinity of the wind farm

exper:encing a wide voltage range 'n their 11kV busbars.
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7.2.3 Network Cables’ Capacity Limitations

In view that in conventional electricity networks, power in the distrisuricn <ircuit
flows in one direction, from source to load, the cable cross-sectional arza tends tc
decrease as ons moves away from the source. “hus, in rural areas. where wind
farms are typically installed, the cables passing by the site limits the wind ferm
size that can be possibly connected. In both sites analysed in this dissertatior,
95mm? aluminium cables are installed in the vicinity of the wind farm. Such
cables limit the wnd farm size to 3.4MW. A larger wind farm is possibly
integrated with the grid either by replzcing the existing cabies with ores having a
higher power rating, or by connecting -he wind farm at a point closer to tte DC. A
PCC closer to the DC will reduce the impedance. Taus, the increased net power
flow into the prima-y substation cansed from increased distributed generation, is
compensated by the reduced impedance. The increased connection cost may be

economically feasible because of the increased generated revenue.

7.3 Dissertation Limitations

The analyses was besed on load data provided by EMC. Pezk load data from each
substation are recorded during periods of peak power generatior. However, this
will not necessary coincide with the peak load demaad o7 the 11kV feeder under
study. On the cther hand, minimum load data for each substation ars no: usually
recorded. Thus, minimum load reacings of the 11kV feeders under consideration
are recorded from the SCADA system. The approximate load for each substation
was determined by sharing the total feeder load propordonally among the
substations according to the ratio of rypical substation loac to the total feeder load.
EMC is currenily implementing a smart metering system where the sukstations’
total load demand together with the consumers' load demand will be remotely
monitored by the utility. Such system will enable a more accurate maximum ard
minimum:. load recordings for the substation in the nerwork. Hence, network
operators can accurately carry out load flow anelysis to detter plan the network
reinforcements, while taking into account future load growth and distributed

generation penetration :n the network.
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7.4 Further Work

In this dissertation, the impacts on the steady-state voltage of the network from
the integration of wind farms were investigated. Mitigaticn measures for such
negative impacts were also outlined. In view of the EU's roadmap towards low
carbon economy by 2050 [29], renewable energy targets are expected to be more
stringent in the coming decades. The expected increase in the peneration of
distributed generation in the coming years requires further -nvestigation. Apart
from wind energy, high penetrations of solar and wave energyv are expected to be
ntegrated with the electricity network. Thus it is being suggested that the

Tollowing areas of study will be investigatec:

e Distributed Generation integrazed with parallel 11kV circuits. Their
impacts on the grid in relation with -he steady-state voltage and
protection system coordination.

e Investigation of the dynamic behaviour of the network cue to the
variable nature of renewable energy sources.

e Advantages of energy storage in relation to the dynamic behaviour
of the grid.

e Integration of dispatchable renewable gzneratcrs during islanding
of the grid.

e Investigation on the impacts of distributed generation on the power
quality of the network.

e Feasibility analysis of renewable generators connected with the
11kV network considering the conneciion costs, network
reinforcement costs, power curtailment costs, maintenarce costs,

outage time and generated revenue.
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Appendices

APPENDICES
Appendix A 850KW DFIG Parameters
DFIG Steady State Parameters Value (pu)
Stator resistance in pu 0.027
Rotor resistance referred to the stator in pu 0.021
Stator reactance in pu 0.125
Rotor reactance referred to the stator in pu 0.204
Magnet:sing reactance in pu 11.402

Table A.1 - Steady-state parameters of the 850kW DFIG
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Appendices

B.1.1 Steady-State Voltage Results for Scenario A in Option 1

L T e
‘Wind Farm ri

~ powe;

age

I : : Volt:
in the Yoltage in in the
Substation the 12kV Transformer | the 11kV Transformer
400V % 400V 8
Name buskar Tap Position | busbar Tap Position
kV) busbar &V) busbar
W) (\2)
Qala D.C 11.15 / -1 11.26 / -1
Ghajusielem, || 4, 4 229 1 11.33 434 1
Palma
Victuria 11.27 £32 1 115 430 2
Ghomq
Victoria -
23 L - -
Mental 11.28 32 1 1152 431 2
Victoria -
2 - 3 R
Hospital 11.3 33 1 11.53 432 2
Victoria 11.52 £34 -1 11.57 433 -2
Fostaux 11.54 235 B 11.59 434 K,
Fontanella
Victoria -
Kercem Rd. 11.57 236 -1 11.64 436 -2
Ghasri B/H 11.57 £36 -1 11.64 436 -2
Kercem 11.43 238 -1 11.72 439 -2
Kevcem Iat | 17 9 430 2 11.79 441 2
Taljana
EEERYORE 118 433 2 11.94 447 2
Beacan
Kercem 5
StLaey 11.48 430 -2 11.79 441 -2
Kercem San -
Niklaw Res. 11.28 429 -2 11.78 441 -2
San Lawrenz -
Ta' Dbiegi 11.28 429 -2 11.78 441 -2
Sem Lawrenz: | 4y 4 429 2 11.78 441 2
Hotel
San Lawrenz 11.48 429 -2 11.78 441 -2

Table B.1.1 - Voltage magnitudes resulting at the 11kV and LV busbars for Scenario
A in Option 1
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B.1.2 Steady-State Voltage Results for Scenario B in Option 1

> Vote

i Voltage in e Voltage in Vizli;ie
' Substation the 11kV Transformer | the 11kV 5 Transformer
400V e 400V A7
Name busbar Tap Positien busbar Tap Position
&V) busbar V) busbar
%) (02
Qala D.C 11.15 / -1 11.26 / -1
Ghajnsielenm _ . B
Palma 11.18 429 1 11.32 432 1
Victorin 11.26 432 -1 11.47 429 2
Ghongq
Victoriza —_— ,) _ :
Mental 11.27 432 1 11.48 429 2
Victoriz
2 2 - 5 S
Hospital 11.28 43 1 11.5 430 2
Victoria 113 433 -1 11.53 431 -2
Fontana P 5
Fontanella 11.32 434 -1 11.56 432 -2
Victorizs 7 & = p o 5
Korosmn Wi, 11.35 435 -1 i1.6 434 -2
Ghasri B/'H 11.35 435 -1 11.6 434 -2
Kercem 11.4 437 -1 11.67 437 -2
| TREEs - | o gg 429 2 11.74 435 3
Taljana
Weroey VOR.| 1925 432 2 11.88 444 2
Beacon
Kercem " K B
St.Loey 11.46 229 2 11.74 439 2
Kercem San
Niklaw Res. 11.45 228 -2 11.73 439 -2
San Lawrenz
Ta' Dbiegi 11.45 228 -2 11.73 439 -2
SRILLESHERS | 7y 4w 228 2 11.73 439 2
Hotel
San Lawrenz 11.45 428 -2 11.73 439 -2

Table B.1.2 - Voltage magnitudes resulting at the 11kV and LV busbars for Scenario
B in Opticn 1
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Appendices

B.1.3 Steady-State Voltage Results for Scenario C in Option 1

Vallage in Voltage 'olage
Substation the 11kV imchc Transformer o gl Transformer
400V ity 11kV 400V e
Name busbar Tap Position Tap Pesition
V) busbar busbar busbar
\%) kV) M

Qala D.C 11.35 / 0 11.18 / <
G";L‘;;‘;“’m 11.26 429 -1 1113 423 8
oy 11.07 21 & 11.02 419 A
XZ?EI: 11.06 419 -1 11.01 418 -1
I‘;Lcs‘:“’: 11.04 419 1 11 418 1
Victoria 11.03 418 1 11.01 417 i
Fﬁzf::‘;a 11.02 421 -1 11.01 420 -1
Kzl'ric:l‘:l“;d 11.02 415 5 11.03 415 -1
Ghasri B/H 11.01 416 <1 11.02 416 <1
Kercem 11.05 418 ol 11.08 419 =4
Ke{,:‘g:_j;“‘ 111 409 2 11.14 411 2
Kercem VOR | 1119 413 3 1129 416 2
l;tei‘:f:‘y‘ 11.09 409 2 11 14 410 2
Nereem San | 11.09 408 2 1113 410 2
S,}';F];‘;;‘?g‘.‘z 11.08 414 2 1112 416 2
S““II{J::’J"“Z 11.08 414 -2 1112 416 -2
San Lawrenz 11.08 414 2 11.12 416 -2

Table B.1.3 - Voltage magnitudes resulting at the 11kV and LV busbars for

Scenario C in Option 1
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B.1.4 Steady-State Voltage Results for Scenario D in Option 1

Substation Name Voltage in the Voltage in the Transfcrmer

11kV busbar (kV) 400V busbar (V) Tap Position
Qala D.C 11.12 / -1
Ghajnsielem Palma 10.94 416 -1
Victoria Ghonq 10.53 400 -1
Victoria Mental 10.5 398 -1
Victoria Hospital 10.46 397 -1
Victoria 10.41 394 -1
Fontana Fontanella 10.38 396 -1
Victoria Kercem Rd. 10.33 388 -1
Ghasri B/H 10.32 389 -1
Kercem 10.29 389 -1
Kercem Tat-Taljana 10.27 378 -2
- s 10.26 377 2

Beacen
Kercem St.Lucy 10.26 377 -2
Kercem Sam Niklaw 10.25 376 2
Res.
e 10.25 383 2
Dbiegi

San Lawrenz Hotel 10.25 383 -2
San Lawrenz 10.25 383 -2

Table B.1.4 - Voltage magnitudes resulting at the 11kV and L'V busbars for

Scenario D in Option 1
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B.2.1 Steady-State Voltage Results for Scenario A in Option 2

Voltage in Vi;)ll:]a]%e Voltage in Vi:l:;gee
Substation the 11kV Transformer | the 11kV Transformer
E 400V 3 400V e
Name busbar Tap Position | busbar Tap Position
busbar busbar
&) V) D V)
Qala D.C 11.15 / -1 11.26 / -1
Ghajnsielets. | o 45 429 -1 11.33 434 -1
Palma
Victoria 5
Gliong 11.2% 432 -1 11.5 430 -2
Victoria -
Mental 11.26 433 -1 11.52 431 -2
Victoria Q
Hospital 113 433 -1 11.54 432 -2
Victoria 11.33 434 -1 11.57 433 -2
Fontana -
A —— 11.35 435 -1 11.6 434 -2
Victoria n
Kercem Rd. 11.38 436 -1 11.65 436 -2
Ghasri B/H 11.38 436 -1 11.65 436 -2
Kercem 11.44 439 -1 11.72 439 -2
Wind Farm
Collector 11.52 / / 11.82 / /
Switch-Room
Koo, Toe | 4 o 431 2 11.82 442 2
Taljana
Kercom VORK | 7 54 431 2 11.81 442 2
Beacon
Kercem &
T - 11.51 431 -2 11.81 442 -2
Kercem San &
Niklaw Res. 11.51 430 -2 11.81 442 -2
* San Lawrenz
Ta' Dbiegi 11.5 430 -2 11.81 442 -2
e T 430 2 11.8 442 2
Hotel
San Lawrenz 11.5 430 -2 11.8 442 -2

Table B.2.1 - Voltage magnitudes resulting at the 11kV and LV busbars for Scenario

A in Option 2
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Appencgices

B.2.2 Steady-State Voltage Results for Scenario B in Option 2

Voltage in lzl:;ge Voltage in Vi:lgl%e
Substation the 11kV & Transformer the 11kV Transformer
400V 0 400V 1
Name busbar Tap Position  busbar Tap Position
kV) busbar (kV) busbar
W) (02}
Qala D.C 11.35 / 0 11.18 ) -1
Ghajnsielem A E i
Palma 11.26 29 1 11.13 423 1
Victoris 11.08 £21 4 11.02 419 o
Ghonq
Victoria
Mental 11.06 220 -1 11.02 418 -1
Victoria
Hospital 11.05 419 -1 11.01 418 -1
Victoria 11.04 419 -1 11.01 418 -1
Bontana 11.03 221 -1 11.02 421 -1
Fontanella i )
Victoria A 2
Kercem Rd. 11.03 415 -1 11.04 416 -1
Ghasri B/H 11.03 417 -1 11.03 417 -1
Kercem 11.07 219 -1 11.09 420 -1
Wind Farm
Collecter 11.12 / / 11.16 / /
Switch-Room
Kercem Tat- | 44 45 210 2 11.16 412 2
Taljana
Keeam VOR | 4 1o 210 -2 11.15 411 )
Beacon
Kercem &
- 11.12 210 -2 11.16 411 -2
Kercem San
Niklaw Res. 11.11 209 -2 11.15 410 -2
San Lawrenz .
Ta' Dbiegi 11.11 £15 -2 11.14 416 -2
Bpn Lawrenz | g7 pq 215 2 11.14 416 2
Hotel
San Lawrenz 11.11 415 -2 11.14 416 -2

Table B.2.2 - Voltage magnitudes resulting at the 11kV and LV busbars for Scenarie
B in Option 2
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B.2.3 Steady-State Voltage Results for Scenario C in Option 2

[

Voltage on the  Voltage on the Transformer
Substation Name 11kV busbar 400V busbar  Tap Position
(kV) V) (%)
Qalza D.C 11.12 / -1
Ghajnsielem Palma 10.94 416 -1
Victoria Ghonq 10.53 400 -1
Victoriza Mental 10.51 398 -1
Victoria Hospital 10.46 397 -1
Victeria 10.42 394 -1
Fontana Fontanella 10.38 396 -1
Victoria Kercem Rd. 10.33 388 -1
Ghasri B/H 10,33 389 -1
Kercem 10.3 389 -1
Wind Farm
Collector Switch- 10.27 / /
Rocm
Kercem Tat-Taljana 10.26 377 -2
i 10.25 377 L
Beacon
Kercem St.Lucy 10.25 377 -2
Kercem San Niklaw 10.25 376 D
Res.
San Lawrenz Ta' 5

Dbiegi 10.24 382 -2
San Lawrenz Hotel 10.24 382 -2
San Lawrenz 10.24 382 -2

Table B.2.Z - Voltage magnitudes resulting at the 11kV and LV busbars for Scenario

C in Option 2
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B.3.1 Steady-State Voltage Results for Scenario A in Option 3

Voltage in ";;lgllie Voltage in Vlzl:;’ie
Substation the 11 kV 400V Transformer | the 11kV 400V Transformer
Name busbar Tap Positicn | busbar Tag Position
(kV) buslgar (V) buslgar
) V)
Qaia D.C 11.12 / 1 11.28 / 1
Gh;i‘}ls;?m 11.19 429 €| 11.4 437 -1
‘g;:;:‘ 1137 425 2 11.7 438 2
‘&;};’:ﬁ 11.39 426 2 11.72 439 2
ZI::;; ‘:l 11.21 427 3 11.76 440 2
Victoria 11.25 428 = 11.82 442 2
F‘;;’;‘;Z‘;aa 11.28 430 2 11.86 444 2
K;‘::zl"; 4 11.54 432 2 11.94 447 2
Ghasri B/H 11.54 432 3 11.94 447 2
Kercem 11.59 434 ) 12.02 450 2
Wind Farm
Collectar 11.65 / / 12.1 / /
Switch-Rcom
ke;:;‘;n?" 11.65 436 2 12.1 453 2
Ker];::z:;on 11.65 436 ) 12.1 453 4
I;:ic:g 11.65 436 2 12.1 453 2
gf;f:v?li‘s“ 11.64 436 2 12.1 453 2
%‘;,L;l‘;vire;‘i" 11.64 436 2 12.09 453 2
S”“"III‘:::I”“’ 11.64 436 2 12.09 453 2
San Lawrenz | 11.64 436 ] 12.09 453 2

Table B.3.1 - Voltage magnitudes resulting at the 11kV and LV busbars for

Scenario A in Option 3
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Appendices

B.3.2 Steady-State Voltage Results for Scenario B in Option 3

Voltage

(Voltepeiin in the in the

Substation the 11kV 400V Transformer { the 11kV 400V Transformer
Name busbar Tap Position | busbar Tap Position
kV) busbar k) busbar
™) V)
Qala D.C 11.13 / -1 11.27 / -1
e 11.19 429 Kk 11.37 436 A
Palma
Victoxin 11.33 424 ) 11.6 434 3
Ghong
Victoria
Mental 11.34 424 2 11.62 435 -2
Victoria
Hospital 11.36 425 -2 11.65 436 -2
Victoria 11.39 426 -2 11.7 438 -2
Fontana
2 " 7 E
Fontanella 11.4 427 2 11.73 439 2
Victoria
Ty 11.46 429 -2 11.8 442 -2
Ghasri B'H 11.46 429 -2 11.8 441 -2
Kercem 11.51 431 -2 11.86 444 -2
Wind Farm
Collectar 11.55 / / 11.93 / /
Switch-Rocom
Kercem Taf- || 14 2 432 2 11.93 447 3
Taljana
Teercem YOK | 99 4 432 2 11.93 446 3
Beacan
Kercem
St.Lucy 11.55 432 -2 11.93 446 -2
Kercem San
Niklaw Res. 11.55 432 -2 11.93 446 -2
San Lawrznz
Ta' Dbiegi 11.54 432 -2 11.92 446 -2
i BT 432 3 11.92 446 2
Hotel
San Lawrenz 11.54 432 -2 11.92 446 -2

Table B.3.2 - Voltage magnitudes resulting at the 11kV and LV busbars far Scenaric
B in Option 3
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B.3.3 Steady-State Voltage Results for Scenario C in Option 3

Voltage

. 5 Voltage >
Voltage in in the Voltage in o
Substation the 11kV Transformer | the 11kV Trensformer
400V 5 400V e
Name busbar Tap Position | busbar Tap Position
kV) busbar V) busbar
(0% (W%
Qala D.C 11.32 / 0 11.2 / -1
Ghajnsielem: ,., - } - 7 )
Palma 11.27 429 1 11.22 427 1
Yaustokia 11.18 415 2 11.25 413 2
Ghonq
Victoria
g 7 .
Mental 11.17 414 2 11.25 417 2
Victoria
- 7 E
Hospital 11..17 414 2 11.26 417 2
Victoria 11.17 414 -2 11.28 418 -2
Fontana
1.1 7 - 11. 422 -2
Fsntaiselln 11.19 417 2 31
Victoria 5 y - y
Koo T51. 11.21 412 2 11.36 417 2
Ghasri B/H 11.2 413 -2 11.35 419 -2
Kercem 11.24 415 -2 11.42 422 -2
Wind Farm
Collector 11.29 / / 11.5 / I
Switch-Room
Keropm Tad~ | 44 59 417 2 11.49 424 )
Taljana
Kercem VOR.| 44 50 416 4 11.49 424 g
Beacon
Kercem = p & 5 g
St.Lucy 11.28 416 2 11.4¢ 424 2
Kercem San 5 : 5 ¥
Niklaw Res. 11.28 415 2 11.48 423 2
San Lawrenz 5 %
Ta' Dbiegi 11.27 421 -2 11.48 429 -2
San Lawrenz ” & }
Hotel 11.27 421 -2 11.48 429 2
San Lawrenz 11.27 421 -2 11.48 429 -2

Table B.3.3 - Voltage magnitudes resulting at the 11kV and LV busbars for Scenario

C in Option 3
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Appendices

B.3.4 Steady-State Voltage Results for Scenario D in Option 3

Voltage in the  Voltage in the st
Substation Name 11kV busbar 400V busbar Tap Position
(kV) (\%)
Qala D.C 11.12 / -1
Ghajnsielem Palma 10.94 416 -1
Victoria Ghonq 10.53 391 -2
Victoria Mental 10.51 388 -2
Victaria Hospital 10.46 387 -2
Victoria 10.42 385 -2
Fontana Fontanella 10.38 387 -2
Victoria Kercem
Rd. 10.33 378 -2
Ghasri B/H 10.33 380 -2
Kercem 10.31 379 -2
Wind Farm
Collector Switch- 10.29 /
Room
Kercemn Tat- 10.28 378 3
Taljana
Hpneain. ¥ 10.27 378 2
Beacon
Kercem St.Lucy 10.28 378 -2
Kercem San Niklaw 10.27 377 B
Res.
o, Lsowpetiz, Ta 10.27 383 3
Dbiegi
San Lawrenz Hotel 10.26 383 -2
San Lawrenz 10.26 383 -2

Table B.3.4 - Voltage magnitudes resulting at the 11kV and LV busbars for Scenario
D in Option 3

131



p uondQ wonddUUO )

el
J0J ULIE] PUIM WISIAY PI[Ppow ) Jo +VSJI woiy joysdeus - g 2InSL]

Pausreurss

1_')‘7‘_"1“ RS 1KY Ghasn 515 BUS 11kY Gharb Bububa SIS BUS

SISBUS

e T gpenvgR pesconTICE(S ) o),
A) C* ‘?’i‘( \LJ L\D =i
P A | 1 1)
LVF SISBUS! Rd S5 BUS. )

T ssnly ) LV%LI@TICB.IU&T&WM:TICBUS LVT'L- Dbiegi SSBUS  (VSan muws:sws.ﬁ_

LVSap Lawrerz S BUS
w - Beacon TICBUS
o T .
TRVWT1BUS~ 11k WT. TKVWI3EUS  IYWT4BUS  1KVWISBUS™. TIKVWTEEUS
; (2) Y2 a) a 1
X J i

wih

VR ) & ¢

C\T!mws gf(:rznus ﬁvtranus

B € -©
DFIG3

OFIG1 DFIG2

¥'d

¥ uondQ ur se pLIH Y} YHM PIIIUU0Y) ULIE,] PUIA



Appendices

B.4.1 Steady-State Voltage Results for Scenario A in Option 4

. Voae 3

Voltage im \;::l:;ge Voltage in in the
Substation the 11kV L a1 Transformer | the 11kV = Transfermer
400V s 400V s
Name busbar Tap Position busbar Tap Position
(kV) busbar kV) busbar
0% (04)
Xewkija D.C 11.12 / -1 11.29 / -1
Fontama 5 _ 2 5
Foitanslla 11.26 432 1 11.49 430 2
Victoria =] 2 oy
e 11.32 434 -1 11.57 433 -2
Ghasri B/H 11.32 434 -1 11.57 433 -2
Kercem 11.37 436 -1 11.65 436 -2
Wind Fasm
Collecrer 11.42 / / 11.71 / i
Switch-Room
Korcem Tat- | ¢4 45 438 i 11.71 438 2
Taljama
Kercem
. 7 2
VOR Beacon 11.42 438 1 11.71 438 2
Kercem
= 7 o
StLuey 11.42 437 1 11.71 438 2
Kercem San
Niklaw Res. 11.41 437 -1 11.7 438 -2
San Lawrenz &
Ta' Dbiegi 11.41 437 -1 11.7 438 -2
San Lawrenz
Hotel 11.41 437 -1 Tl.7 438 -2
San Lawrenz 11.41 437 -1 11.7 438 -2

Table B.4.1 - Voltage magnitudes resulting at the 11kV and LV busbars for Scenario

A in Option 4
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B.4.2 Steady-State Voltage Results for Scenario B in Option 4

e

Voeltage ‘ oltage Voltage Votage

Sulstation on tae on the Transformer on the on the Trensformer
Name 11kV 400V Tap Posizion 11kV 400V Tap Position
busbar busbar (%) busbar busbar (%)
&V) ) V) (0%)
Xewkija D.C 11.26 / 0 11.25 / -1
Fontanz -
1 4 - o
Fontanella 11.4 136 1 11.35 434 1
Viztoria
Kercem Rd. 11.42 431 -1 11.4 430 -1
Ghasri B/H 11.42 432 -1 11.39 431 -1
Kercem 11.46 434 -1 11.46 434 -1
Wind Farm
Collector 1.5 / / 11.52 / /
Switch-Room
Kerperd Ext- | 4 49 435 -1 11.5 436 -1
Taljana
Kercem
¥ 3 -
VOR Beacon 11.48 434 1 11.5 435 1
Kercem
X 3 _
St.Lucy 11.49 434 1 11.5 435 1
Kercem San
Niklaw Res. 11.48 434 -1 11.49 434 -1
San Lawrenz &
Ta' Dbiesi 11.48 439 1 11.49 440 -1
Bt Lavwene | 4 4 439 x| 11.49 440 <l
Hotel
San Lawreng 11.47 439 -1 11.49 440 -1

Table B.4.2 - Voltage magnitudes resulting at the 11kV and L'V busbars for Scenario
B in Option 4
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B.4.3 Steady-State Voltage Results for Scenario C in Option 4

Voltage on the  Voltage on the Transformer

Substation Name 11kV busbar 400V busbar  Tap Position
(kV) V) (%)

Xewkija D.C 11.17 / +2.5
Fontana Fontanella 11.04 421 2.9
Victo=-a Kercera Rd. 10.99 414 +2.5
Gnhasri B/H 10.98 415 +2.5
Kercem 10.96 415 +2.5
Kercem Tat-Taljanz 10.94 413 +2.3
Kercem VOR Beacon 10.93 413 +2.5
Kercem St.Lucy 10.93 413 +2.3
Kercems:srf Niklaw 10.93 412 2.5
San “];‘;Zeg?z T 10.92 418 2.5
San Lawrenz Hotel 10.92 418 +2.5
San Lawrenz 10.92 418 +2.5

Table B.4.3 - Voltage magnitudes resulting at the 11kV and LV busbars for Scenario
C in Option 4
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Appendices

C.1.1 Steady-State Voltage Results for Scenario A in Option 1

leading power factor __lagging power factor
Voltage Voltage Voltage Voltage
Substation | " g L Transformer | " e L Transformer
Name LI g Tap Position Ly b Tap Position
busbar busbar busbar busbar
&) ™ &) ™
Mellieha g
D.C 11.09 / -1 11.31 / -1
St.Paul's
Bay I- 11.14 438 0 11.40 427 -2
Imbordin
Mgarr
San 11.20 430 -1 11.51 431 -2
Martin
Zebbiegh
Fuhhar I- 11.23 431 -1 11.56 433 -2
Ahmar
Zebbiegh
Tal- 11.23 431 -1 11.56 433 -2
Qanfud
Zebbiegh
Triq il- 11.23 431 -1 11.56 433 -2
Bidnija
Bidnija
Tal-
Fraxxnu 1123 431 -1 11.56 433 -2
Shooting
Club
Mgarr Ta' a2
Falka 11,23 431 -1 11.56 433 -2
Mgarr
Triq il- 11.25 431 -1 11.58 434 -2
Harruba
Mgarr
Skorba 11.26 432 -1 11.61 435 -2
S Mgarr | 155 432 1 11.60 434 2
an Pietru
Mgarr Sir
Harry 11.25 432 -1 11.59 434 -2
Luke
Mgarr | 1155 23 -
h - -1 11.59 434 -2
Barbara
Mparrl | 4105 4y K| 1159 432 2
Iskorvit
Mgarr | 4155 431 1 1159 43z 2
Gnejna




Bay

Bingemma

. 1131 434 1 1167 437 D)
Mgarr
gi‘i‘gﬁ“ﬂ 11.30 432 A 11.67 436 3
Farm
L]
Mlvg[:lrhzt’ 1130 433 1 11.67 437 D)
el 1134 435 1 1173 439 2
DI:(‘:JZ’ 3 1134 435 1 1173 439 D)
Rabat
Ghemied 1134 435 1 1173 439 2
Gomerino
Bingemma 1y 3, 435 1 1172 439 2
1
Mégrw? 1139 435 1 1172 439 D)
Coed 1139 435 1 1172 43¢ 2
1]
Mgsf; t;r a' 1134 434 1 1172 438 2
Rabat
Tas-Salib 1137 436 1 1177 44C 2
T/C
g‘;’o‘;‘tee‘: 1142 438 1 1183 243 D)
Rabat
Biebir- | 1148 430 D) 1193 247 2
Ruwa
fli‘('i’r"‘i;itt 1158 433 D) 1206 452 2
Wind
C(I:l::tlor 11.68 / / 12.18 / /
Sw/Rm
Mtahleb
Wied Rini | 11.68 437 2 1218 456 D)
Relay Stn
g:t‘t'gs 11.67 437 2 12,17 456 2
Bahrija
Near 11.67 437 2 1217 456 2
Schoal
Mtahleb | 11.68 437 ) 1218 456 D)
ti;g:‘r:) | 168 436 ) 1218 455 D)
Rabat | 1168 436 ) 1218 455 )




£ppendices

Ghajn it-
Tajba

Table C.1.1 - Voltage magnitudes resulting at the 11kV and LV busbars fer
Scenario A in Option 1

C.1.2 Steady-State Voltage Results for Scenario B in Option 1

Wind Farm running at 0.95 |  Wind Farm running at 0.95
Voltage Voltage Voltage Voltage
Substation 11111:(15 I:Og;f Transformer llnlfgf TOI]I;S Transformer
Name Tap Position Tap Position
busbar busbar busbar busbar
&) (V) &Y) (V)
Mellieha
D.C 11.09 / -1 11.05 / -2
St.Paul's
Bay I- 11.14 438 0 11.14 427 -1
Imbordin
Mgarr
San 11.20 430 4 11.25 431 =]
Martin
Zebbiegh
Fuhharl- | 11.23 431 =1 11.30 434 -]
Ahmar
Zebbiegh
Tal- 11.23 431 -1 1130 433 <1
Qanfud
Zebbiegh
Triq il- 11.23 431 -1 11.30 433 =1
Bidnija
Bidnija
Tal-
Fraxxnu | 11.23 431 o1 11.30 433 -1
Shooting
Club
al
Mglj;rl;aT“ 1123 431 -1 1130 433 <1
Mgarr
Trigil- | 11.25 431 -1 11.32 434 -1
Harruba
é\ﬁﬁiﬁi 1126 432 1 1134 435 -1
Salfﬁ,?:trm 1125 432 1 1134 424 2
Mgarr Sir | 1,55 437 1 1133 424 2
Harry




Luke

Mgarr
Barbara

11.2%

432

11.33

422

Mgarr I-
Iskorvit

11.25

431

11.33

Mgarr
Gnejna
Bay

1125

431

11,33

424

Bingemma
PS

11.31

434

11.41

43§

Megarr
Haddedin
Strickland

Farm

11.30

432

11.41

426

Mgarr Ta'
Mselliet

11.30

433

11.41

427

Rabat
Tas-Salib

11.34

435

11.47

426

Dwejra
No.2

11.34

435

11.47

Rabat
Ghemieri
Gomerino

11.34

435

11.47

440

Bingemma
Fort

11.34

435

11.47

440

Mgarr Ta'
Gewwa

11.39

11.46

440

Wied
Gerzuma

11.39

11.46

429

Mgarr Ta'
Santi

11.34

11.46

439

Rabat
Tas-Salib
T/C

11.37

11.51

431

Fiddien
Booster

11.42

11.57

433

Rabat
Bieb ir-
Ruwa

11.48

11.68

Rabat I-
Andrijiet

11.58

11.81

442

Wind
Farm
Collector
Sw/Rm

11.68

11.95

Mtahleb
Wied Rini
Relay Stn

11.68

11.93

447

Bahrija
Qastan

11.67

-2

11.92

446
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Bahrija
Near
School

11.67

437

11.92 446 -2

Mtahleb

11.68

437

11.93 447 -2

Xaghra
tal-Boroem

11.68

4356

11.93 446 -2

Rabat
Ghajn it-
Tajba

11.68

436

11.93 457 -1

Table C.1.2 - Voltage magnitudes resulting at the 11kV and LV busbars fer

Scenario B in Option 1

C.1.3 Steady-State Voltage Results for Scenario C in Option 1

‘Wind Farm running at 0.95 Wind Farm running at 0.95
leading power factor |  lagging power facter
Voltage Voltage Voltage Voltage
Substation 11111::;3 Tot)l;f Transformer 11n1:;l$ 1:03;5 Transformer
Name Tap Position Tap Position
busbar busbar busbar busbar
kV) (\%) kV) (\%)
Mellieha
D.C 11.12 y -1 11.02 / -2
St.Paul's
Bay I- 11.)5 438 0 11.08 436 0
Imbordin
Mgarr
San 11.19 429 -1 11.16 428 -1
Martin
Zebbiegh
Fuhhar I- 11.21 430 -1 11.19 429 -1
Ahmar
Zebbiegh
Tal- 11.21 430 -1 11.19 429 -1
Qanfud
Zebbiegh
Triq il- 11.21 430 -1 11.19 429 -1
Bidnija
Bidnija
Tal-
Fraxxnu 11,11 430 -1 11.19 429 -1
Shooting
Club
Mgarr Ta' »
Falka 11.21 430 -1 11.19 429 -1
rgarf 1122 430 B 1121 430 1
riq il-




Harruba

Mgarr
Skorba

11.23

431

11.22

430

Mgarr
San Pietru

11.22

430

11.21

430

Mgarr Sir
Harry
Luke

1122

430

11.21

430

Mgarr
Barbara

11.22

430

11.21

430

Mgarr I-
Iskorvit

11.22

430

11.21

430

Mgarr
Gnejna
Bay

11.21

430

11.21

430

Bingemma
PS

11.26

432

1127

432

Mgarr
Haddedim
Strickland

Farm

11.26

431

1127

431

Mgarr Ta’
Mselliet

11.26

432

11.27

Rabat
Tas-Salib

11.29

433

1131

434

Dwejra
No.2

11.29

433

1131

434

Rabat
Ghemieri
Gomerino

11.28

433

11.31

434

Bingemma
Fort

11.28

433

11.31

434

Mgarr Ta'
Gewwa

11.28

433

11.31

434

Wied
Gerzuma

11.28

433

11.31

434

Mgarr Ta'
Santi

11.28

432

11.31

433

Rabat
Tas-Salib
T/C

11.31

433

11.34

435

Fiddien
Booster

11.34

435

11.39

437

Rabat
Bieb ir-
Ruwa

11.39

426

11.47

429

Rabat 1-
Andrijiet

11.46

429

11.56

433

Wind
Farm

11.53

12.66
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Collector |
Sw/Rm

Mtahleb
Wied Rini
Relay Stn |

11.53 432

11.66 436

Bahrija
Qastan

11.52 431

11.64 436

Bahrija
Near
School

11.52 431

11.64 436

Mtahleb

11.53 432

11.65 436

Xaghra
tal-Borom

11.33 431

11.65 435

Rabat
Ghajn it-

Tajba

11.53 431

11.65 435

Table C.1.3 - Voitage magnitudes resuiting at the 11kV and LV busbars for
Scenario C in Option 1

C.1.4 Steady-State Voltage Results for Scenario D in Option 1

Wind Farm running at 0.95
leading power factor

Wind Fa

‘‘‘‘‘‘

A

lag

Substation
Name

Voltage Voltage
in the in the
11kV 400V

busbar busbar

(V) ™

Transformer
Tap Position

m running at 0.95

Voltage Voltage
in the in the
11kV 400V

busbar busbar

kY) ™

Transformer
Tap Position

Mellieha
D.C

11.34 / 0

11.28 /

-1

St.Paul's
Bay I-
Imbordin

11.31 430

11.29 429

Mgarr
San
Martin

11.28 430

11.30 431

Zebbiegh
Fuhhar 1-
Ahmar

11.26

1131 433

Zebbiegh
Tal-
Qanfud

11.26 430

11.30

Zebbiegh
Triq il-
Bidnija

11.25 430

11.30

Bidnija
Tal-
Fraxxnu

Shooting

11.25 430

11.30
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Cluk

Mgarr Ta'
Falka

11.26

431

11.31

Mgarr
Triq il-
Harruba

11.26

431

11.32

Mgarr
Skorba

11.26

431

11.32

Mgarr
San Pietru

11.23

429

11.29

Mgarr Sir
Harry
Luke

11.22

429

11.29

Mgarr
Barbara

11,22

11.28

432

Mgarr 1-
Iskorvit

11.22

11.28

431

Mgarr
Gnejna
Bay

11.22

11.28

431

Bingemma
PS

11.28

431

11.37

434

Mgarr
Haddedin
Strickland

Farm

11.28

430

11.36

434

Mgarr Ta'
Misellizst

11.27

11.36

434

Rabat
Tas-Salib

11.30

11.41

436

Dwejra
No.2

11.30

11.41

437

Rabat
Ghemieri
Gomerino

11.30

11.40

435

Bingemma
Fort

11.29

11.39

435

Mgarr Ta'
Gewwa

11.28

11.39

435

Wied
Gerzuma

11.29

11.39

437

Mgarr Ta'
Santi

11.26

11.39

434

Rabat
Tas-Salib
T/C

11.52

11.44

427

Fiddien
Booster

11.35

424

11.49

429

Rabat
Bieb ir-

11.40

426

11.58

432
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Ruwa

Rabat 1-

Andrijiet il

428

11.68 436

Wind
Farm
Collector
Sw/Rm

11.56

11.79 / /

Mtahleb
Wied Rinmi
Relay Stn

11.56

431

-2

11.79 440

Bahrija

Oustan | 1150

430

11.73 438

Bahrija
Near
School

11.50

429

117 438

Mtakhleb

11.55

431

11.78 439

Xaghra

tal-Borom 11.55

430

11.78 438

Rabat
Ghajn it-
Tajba

11.55

430

11.78 438

Table C.1.4 - Voltage magnitudes resulting at the 11kV and LV busbars for

Scenario D in Option 1

C.1.5 Steady-State Voltage Results for Scenario E in Option 1

A

Voltage Voltage Voltage Voltage
Substation | . 0 injthe Transformer | ' o L Transformer
Name ey 20V Tap Position L U Tap Position
busbar busbar busbar busbar
(kV) V) kV) (\2)
Mellieha
D.C 11.06 / -1 11.02 / -2
St.Paul's
Bay I- 11.03 418 -1 11.03 418 -1
Imbordin
Mgarr
San 10.99 419 -1 11.04 421 -1
Martin
Zebbiegh
Fuhhar I- 10.97 420 -1 11.04 423 -1
Ahmar
Zebbiegh | 1597 419 1 1104 422 1
Tal-
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Qanfud

Zebbiegh
Triq il-
Bidnija

10.96

419

11.03

422

Bidnija
Tal-
Fraxxnu
Shooting
Club

10.96

429

11.03

422

Mgarr Ta'
Falka

10.97

419

11.04

422

Mgarr
Triq il-
Harruba

10.97

419

11.05

422

Mgarr
Skorba

10.97

419

11.06

423

Mgarr
San Pietru

10.94

418

11.02

421

Mgarr Sir
Harry
Luke

10.93

418

11.02

422

Mgarr
Barbara

10.93

418

11.02

Mgarr 1-
Iskorvit

10.93

417

11.02

421

Mgarr
Gnejna
Bay

10.95

417

11.01

421

Bingemma
PS

10.99

420

11.10

424

Mgarr
Haddedin
Strickland

Farm

10.99

419

423

Mgarr Ta'
Mselliet

10.98

419

11.09

424

Rabat
Tas-Salib

11.01

421

11.14

426

Dwejra
No.2

11.01

422

11.14

427

Rabat
Ghemieri
Gomering

11.01

42)

11.14

425

Bingemma
Fort

11.0C

42)

11.13

425

Mgarr Ta'
Gewwa

10.96

42)

11.12

Wied
Gerzuma

11.0C

421

11.13

426
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Mgarr Ta'
Santi
Rabat

Tas-Salib 11.03 411 -2 11.18 417 -2

T/C
Fiddien
Booster

Rabat
Bieb ir- 11.11 415 -2 11.32 423 -2
Ruwa
Rabat I-
Andrijiet
Wind
Farm
Collector
Sw/Rm
Mtahieb
Wied Rimi | 11.27 421 -2 11.53 430 -2
Relay Stn
Bahrija
Qastan
Bahrija
Near 11.21 418 -2 11.47 428 -2
School
Mtahleb 11.26 420 -2 11.52 430 -2
Xaghra | 1,96 419 L 1252 429 2
tal-Borom
Rabat
Ghajn it- 11.26 419 -2 11.52 429 -2
Tajba
Table C.1.5 - Voltage magnitudes resulting at the 11kV and LV busbars for
Scenario E in Option 1

11.00 419 -1 11.13 424 -1

11.06 413 -2 11.23 420 -2

11.18 417 -2 11.42 427 -2

11.27 / / 11.53 / /

11.21 419 -2 11.47 429 -2

C.1.6 Steady-State Voltage Results for Scenario F in Option 1

Voltage in the Voltage in the Trasisformior
Substation Name 11kV busbar 400V busbar Tap Posstion
kV) ™

Mellieha D.C 11.16 / +2.5
St.Paul's Bay I-Imbordin 11.03 419 +2.5
Mgarr San Martin 10.87 415 +2.5
Zebbiegh Fuhhar I-Ahmar 10.81 414 +2.5
Zebbiegh Tal-Qanfud 10.80 413 +2.5
Zebbiegh Triq il-Bidnija 10.80 413 +2.3
Bidnija Tal-Fraxxnu Shooting 10.79 423 +2.5
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Club
Mgarr Ta' Falka 10.80 413 +2.5
Mgarr Triq il-Harruba 10.78 412 +2.5
Mgarr Skorba 10.76 411 +2.5
Mgarr San Pietru 10.73 410 +2.5
Mgarr Sir Harry Luke 10.72 410 +2.5
Mgarr Barbara 10.72 410 +2.5
Mgarr I-Iskorvit 10.72 409 +2.5
Mgarr Gnejna Bay 10.71 409 +2.5
Bingemma PS 10.72 410 +2.5
Mgarr Haddedin Strickland 16.72 409 oy
Farm
Mgarr Ta' Mselliet 10.71 409 +2.5
Rabat Tas-Salib 1C.69 409 +2.5
Dwejra No.2 1C.69 409 +2.5
Rabat Ghemieri Gomerino 1C.68 408 +2.3
Bingemma Fort 1C.68 407 +2.5
Mgarr Ta' Gewwa 16.67 497 +2.5
Wied Gerzuma 1C.68 499 +2.5
Mgarr Ta' Santi 1C.68 497 +2.5
Rabat Tas-Salib T/C 1C.68 398 +5
Fiddien Booster 1C.66 398 +5
Rabat Bieb ir-Ruwa 10.63 397 +5
Rabat I-Andrijiet 10.59 395 S
Wind Farm Collector SW/Rm 10.56 / /
Mtzhleb Wied Rini Relay Stn 10.56 394 +5
Bahrija Qastan 10.49 392 +5
Bahrija Near School 10.49 391 +5
Mtahleb 10.55 393 +5
Xaghra tal-Borom 10.54 392 +5
Rabat Ghajn it-Tajba 10.54 392 +5

Table C.1.6 - Voltage magnitudes resulting at the 11kV and LV busbars for
Scenario F in Option 1
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C.2.1 Steady-State Voltage Results for Scenario A in Option 2

Voltage Vltge | “ Volta Vlta
Substation o th? ML Transformer L L n th? Transformer
Name LI o0y Tap Position s ALY Tap Position
bushar busbar p busbar busbar p
V) (0% kV) (04)
Mellieha D.C 11.31 / 0 11.02 / -1
StPalsBay | 1946 20 2 1112 439 0
l-Imbordin
Mgarr San
Martin 11.52 433 -2 11.24 433 =1
Zebbiegh
Fuhhar 1- 11.58 435 =2 11.29 435 -1
Ahmar
Zebtiegh Tak- | 1120 435 2 1129 435 q
Qanfud
Zebbiegh
Triq il- 11.57 435 -2 11.29 435 -1
Bidnija
Bidnija Tal-
D 1157 435 2 1129 435 -1
Shooting
Club
1
MpgareIa® |} 4155 - 435 2 1129 424 2
Falka
Mgarr Triq " F i
il-Harruba 12.60 436 2 11.32 436 1
Mgarr . -
Skorba 12.62 43" -2 11.34 437 =|
MgmrrSan | 4o ga7 2 1133 426 3
Pietru
Mgarr Sir " y
s ke 11.61 437 2 11.33 426 D
s 11.61 437 2 1133 426 2
Barbara
Mgarr I-
" 11.61 437 -2 11.33 426 2
Iskorvit
Mgarr 11.61 437 2 1133 426 3
Gnejna Bay
Bingemma PS | 11.69 440 -2 11.41 429 -2
Mgarr
Haddedin
Strickland 11.69 439 =2 11.41 428 %0
Farm
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Mgarr Ta'
A - . 42 2
i een 1159 440 2 11.41 9
Rabat Tas- - .
ol 11.76 442 L) 11.48 432 ‘)
Dwejra No.2 | 11.76 442 k) 11.48 431 E
Rabat
Ghemieri 1175 442 2 1147 431 2
Gomerino
Bingemma | .5 44 D) 1147 431 2
Fort
Mo Is" | 117 448 2 1147 431 2
Gewwa
Wied 1175 442 2 1147 431 2
Gerzuma
Mgarr Ta' 11.75 441 2 11.47 43( 2
Santi
Rabat Tas-
: K o) 2 2
e 11.30 443 2 1152 432
Fiddien 1135 446 2 1157 435 2
Booster
RabatBiek | 1404 445 2 1157 435 )
ir-Ruwa
Rabat 1- B £ "
At 1-.84 445 2 1156 435 2
Wind Farm
Collector 1-..85 ! / 11.58 / /
Sw/Rm
Mtahleb
Wied Rini 1:.83 445 2 1155 434 3
Relay Stn
Bahrija 11.81 444 K 11.53 434 2
Qastan
BahrijaNear | 1701 444 D) 1153 434 2
Schoaol
Mtahleb 11.82 445 2 11.55 234 ;)
Xaghratal- | 1,00 44y ) 1155 £33 2
Borom
Rabat GRajn [, 09 4y 2 1154 233 2
it-Tajba

Table C.2.1 - Voltage magnitudes resulting at the 11kV and LV busbars for
Scenario A in Option 2

151




C.2.2 Steady-State Voltage Results for Scenario B in Option 2

. ding power factor | i laggmg powev.f
Voltage Voltage Voltage Voltage
Substation . th‘:’ e Transformer it i Transformer
Name L LA Tap Position LIS AU Tap Position
busbar busbar busbar busbar
(kV) M) (kY) M)
Melieha ,
D.C 11.04 / -1 11.09 / -2
St.Paul's
Bay I- 11.13 428 -1 11.23 432 -1
Imbordin
Mgarr
San 11.23 433 -1 11.40 439 -1
Martin
Zebbiegh
Fuhhar I- 11.28 435 -1 11.48 432 -2
Ahmar
Zebbiegh
Tal- 11.28 435 -1 11.48 431 -2
Qanfud
Zebbiegh
Triq il- 11.28& 435 -1 11.48 431 -2
Bidnija
Bidnija
Tal-
Fraxxnu 11.28 435 -1 11.48 431 -2
Shooting
Club
Mgarr Ta' -
Falka 11.28 435 -1 11.48 422 -2
Mgarr
Trig il- 11.31 436 -1 11.51 423 -2
Harruba
Mgarr x
Skorba 11.33 436 -1 11.54 424 -2
Mgarr | 1132 436 -1 1154 444 1
San Pietru
Mgarr Sir
Harry | 11.32 436 -1 11.53 444 -1
Luke
Mgarr | 4133 436 1 1153 444 1
Barbara
Mgarrl- 4130 436 1 1153 444 1
Iskorvit
Mgarr 1932 436 -1 1153 244 o
Gnejna
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Bay

Bingemma
PS

11.40

439

11.64

433

Mgarr
Haddedin
Strickland

Farm

11.39

427

11.64

437

Mgarr Ta'
Mselliet

11.39

428

11.64

438

Rabat
Tas-Salib

11.46

431

11.72

441

Dwejra
No.2

11.45

431

11.73

441

Rabat
Ghemieri
Gomerino

11.45

430

11.72

441

Bingemma
Fort

11.45

430

1172

441

Mgarr Ta'
Gewwa

11.45

430

11.72

441

Wied
Gerzuma

11.45

430

11.72

441

Mgarr Ta'
Santi

11.45

430

11.72

440

Rabat
Tas-Salib
T/C

11.49

432

11.78

443

Fiddiem
Booster

11.55

434

11.86

446

Rabat
Bieb ir-
Ruwa

11.54

434

11.&5

445

Rabat |-
Andrijiet

11.53

434

11.84

445

Wind
Farm
Collector
Sw/Rm

11.35

11.86

Mtahleb
Wied Rini
Relay Stn

=1.52

433

11.83

445

Bahrija
Qastan

21.50

433

11.81

444

Bahrija
Near
School

11.50

433

11.81

444

Mtahleb

11.52

433

11.83

445

Xaghra
tal-Borom

11.52

432

11.83

444
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Rabat
Ghajn it-
Tajba

11.52 432 -2

11.83 444 -2

Table C.2.2 - Voltage magnitudes resulting at the 11kV and LV busbars for
Scenario B in Option 2

C.2.3 Steady-State Voltage Results for Scenario C in Option 2

Wind Farm running at 0.95 | Wind Farm running at 0.95
leading power factor lagging power factor
Voltage Voltage Voaltage Voltage
Substation | - th? ithe Transformer | " q‘e 0 Transformer
Name Y S0y Tap Position Ly 209V Tap Position
busbar busbar busbar busbar
&) ™) &) ™
Mellieha
D.C 11.29 / 0 11.34 / -1
St.Paul's
Bay I- 11.30 429 -1 11.41 433 -1
Imbordin
Mgarr
San 11.32 432 -1 12.50 439 -1
Martin
Zebbiegh
Fuhhar - | 11.33 424 -2 12.54 432 -2
Ahmar
Zebbiegh
Tal- 11.33 423 -2 11.53 431 -2
Qanfud
Zebbiegh
Triq il- 11.32 423 -2 11.53 430 -2
Bidnija
Bidnija
Tal-
Fraxxnu 11.32 422 -2 11.53 430 -2
Shoeting
Club
Mgarr Ta'
Falka 11.32 423 -2 11.54 431 -2
Mgarr
Triq il- 11.34 423 -2 11.56 432 -2
Harruba
Mgarr & -
Skorba 11.3% 424 -2 11.58 432 -2
Mgarr 5
San Pietru 11.32 422 -2 1155 431 -2
Mgarr Sir  11.31 422 -2 11.54 431 -2
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Harry
Luke

Mgarr
Barbara

11.31

422

11.54

431

Mgarr 1-
Iskorvit

11.31

422

11.54

430

Mgarr
Gnejna
Bay

11.30

11.54

430

Bingemma
PS

11.40

11.66

435

Mgarr
Haddedin
Strickland

Farm

11.39

424

11.66

434

Mgarr Ta'
Miselliet

11.39

11.65

435

Rabat
Tas-Salib

11.44

427

11.74

Dwejra
No.2

11.44

428

11.74

Rabat
Ghemieri
Gomerino

11.44

426

11.73

Bingemma
Fort

11.43

426

S
W
~]

Mgarr Ta'
Gewwa

11.42

426

A
(%]
~

Wied
Gerzuma

11.43

427

438

Mgarr Ta'
Santi

11.43

425

11.72

436

Rabat
Tas-Salib
T/C

11.48

428

11.79

440

Fiddien
Booster

11.52

430

11.85

443

Rabat
Bieb ir-
Ruwa

11.49

429

11.82

442

Rabat I-
Andrijiet

11.46

428

11.79

440

Wind
Farm
Collector
Sw/Rm

11.52

11.86

Mtahleb
Wied Rini
Relay Stn

11.43

11.76

439

Bahrija

11.37

11.70

437




Qastan

Bahrija
Near
School

11.36 424 -2

11.70 437

Mtahleb

11.42 426 -2

11.75 438

Xaghra
tal-Borom

11.42 425 -2

11.75 438

Rabat
Ghajn it-
Tajba

11.41 425 -2

11.75 438

Table C.2.2 - Voltage magnitudes resulting at the 11kV and LV busbars for
Scenario C in Option 2

C.2.4 Steady-State Voltage Results for Scenario D in Option 2

Wind Farm running at 0.95 Wind Farm running at 0.95
: leading power factor ___lagging power factor
' Voltage Voltage Veltage Voltage
Substation | . th‘: in e Transformer | - it Anithe Transformer
Name L 400y Tap Position To LN Tap Position
busbar busbar busbar busbar
kY) V) kV) V)
Mellieha 7
D.C 11.00 ; -1 11.07 / -2
St.Paul's
Bay I- 11.01 418 -1 11.15 423 -1
Imbordin
Mgarr
San 11.03 421 -1 11.24 429 -1
Martin
Zebbiegh
Fuhhar I- 11.04 413 -2 11.28 422 -2
Ahmar
Zebbiegh
Tal- 11.04 422 -2 11.28 421 -2
Qanfud
Zebbiegh
Triq il- 11.03 412 -2 11.27 421 -2
Bidnija
Bidnija
Tal-
Fraxxnu 11.02 412 -2 1137 421 -2
Shooting
Club
Mgarr Ta'
Falka 11.04 412 -2 11.28 421 -2
Mgarr 11.05 412 -2 11.30 422 -2
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Triq il-
Harruba

Mgarr
Skorba

11.06

413

11.32

Mgarr
San Pietru

11.03

411

11.29

Mgarr Sir
Harry
Luke

11.02

411

11.28

Mgarr
Barbara

11.02

411

11.28

421

Mgarr |-
Iskorvit

11.02

411

11.28

Mgarr
Gnejna
Bay

11.01

411

11.28

421

Bingemma
PS

11.11

414

11.41

425

Mgarr
Haddedin
Strickland

Farm

11.10

413

11.40

425

Mgarr Ta'
Mselliet

11.10

414

11.39

Rabat
Tas-Salib

11.16

416

11.48

428

Dwejra
No.2

11.16

417

11.48

429

Rabat
Ghemieri
Gomerino

11.15

415

11.47

428

Bingemma
Fort

11.14

415

11.47

427

Mgarr Ta'
Gewwa

11.14

415

11.46

427

Wied
Gerzuma

11.14

11.46

429

Mgarr Ta'
Santi

11.14

415

11.47

427

Rabat
Tas-Salib
T/C

11.19

417

430

Fiddien
Booster

11.23

42C

11 60

433

Rabat
Bieb ir-
Ruwa

11.20

418

11.5%

432

Rabat 1-
Andrijiet

11.17

417

11.54

431

Wind

11.24

11.60




Farm
Collector
Sw/Rm

Mtahleb ‘
Wied Rini | 11.14 416 -2 11.31 430 -2
Relay Stn

Bahrija

Oastan 11.08 414 -2 11.45 428 -2

Bahrija
Near 11.08 413 2 11.45 427 2
School

Mtahleb 1513 415 -2 11.50 429 -2

Xaghra | . 5 414 2 11.50 428 -2
tal-Borom

Rabat
Ghajn it- 11.13 414 -2 11.50 428 -2
Tajba

Table C.2.4 - Voltage magnitudes resulting at the 11kV amd LV busbars for
Scenario D in Option 2

C.2.5 Steady-State Voltage Results for Scenario E in Option 2

Voltage in the  Voltage in

Substation Name 11KV busbar  the 400y ranstonmer
kV) busbar (V) P
Mellicha D.C 11.16 / -1
St.Paul's Bay I-Imbordin 11.03 418 -1
Mgarr San Martin 10.87 415 -1
Zebbiegh Fuhhar I-Ahmar 10.81 404 -2
Zebbiegh Tal-Qanfud 10.80 403 -2
Zebbiegh Triq il-Bidnija 10.80 403 -2
Bidnija Tal-Fraxxnu "
Sheeting Club 10.80 403 -2
Mgarr Ta' Falka 10.80 403 -2
Mgarr Triq il-Harruba 10.73 402 -2
Mgarr Skorba 10.76 401 -2
Mgarr San Pietru 10.73 400 -2
Mgarr Sir Harry Luke 10.72 400 -2
Mgarr Barbara 10.72 400 -2
Mgaxr I-Iskorvit 10.72 399 -2
Mgarr Gnejna Bay 10.71 399 -2
Bingemma PS 10.72 400 -2
Mgarr Haddedin Strickland 10.72 399 9
Farm

Mgarr Ta' Mselliet 10.71 399 -2
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Rabat Tas-Salib 10.69 399 -2
Dwejra No.2 10.69 400 -2
Rabat Ghemieri Gomerino 10.69 398 -2
Bingemma Fort 10.68 398 -2
Mgarr Ta' Gewwa 10.67 398 -2
Wied Gerzuma 10.68 399 -2
Mgarr Ta' Santi 10.68 397 -2
Rabat Tas-Salib T/C 10.68 398 -2
Fiddien Booster 10.66 398 -2
Rabat Bieb ir-Ruwa 10.63 397 -2
Rabat I-Andrijiet 10.59 395 -2
Wind Farm Collector &
Sw/Rm 20.66 / /
Mtahleb Wied Rini Relay -0.56 394 9
Stn
Bahrija Qastan 20.49 392 -2
Bahrija Near School 20.49 391 -2
Mtahleb 10.55 393 -2
Xaghra tal-Borom 10.55 392 -2
Rabat Ghajn it-Tajba 10.55 392 -2

Table C.2.5 - Voltage magnitudes resulting at the 11kV and LV busbars for

Scenario E in Option 2
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