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ABSTRACT 

The threat of global warming, dwindling fossil fuel resources, increasing fuel 

pri~es and the liberalisation of the electricity generation has changed the context 

in which electricity distribution systems are regulated and operated. '\1alta, as 

member of the Eu::-opean Union (EU) is obliged by the European Commission 

(EC) to ::-each specific energy and environmental targets by 2020. One of the 

obligations is to have 10% of the energy demand genercted from renewaKe 

sources by 2020. Malta is promoting renewable energy sources thro:igh incentive 

schemes in order tc reach this target while reducing the emissions of green hc-~se 

gases (GHG). The integration of renewable energy resources with foe electri;ity 

grid is presenting a new challenge to the electricity distribut:on network operarnr 

(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 electrici:y, 

ins:igating a bi-dire:tional power flow. 

One 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, \\-ind and waye are being 

considererl for electricity generation in Malta. According to studies carried out, ic 

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 medi:tm to 

large-scale onshore and offshore wind farms [1]. Wind energy is the most mature 

in its technology from other RES and is competing well in terms of :ost per un:: 

energy with conventional fossil fuel generation sources. 
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::-Iigh population density in Malta makes it hard to find sufficient land space to 

insta[ a large onshore wind furm. Thus, medium-scale onshore wind farms are 

being coosiaered to be installed in the Maltese islands. One of the main issues 

'Nhen planmng an ir.stallation of a wind farm is the cost of connection with the 

grid. In view :hat the electricity distribution system is based on 1 lkV circuits, 

consisting mainly o: underground cables and some overhead lines, a connection 

with the 1 lKV netw::irk will be much cheaper than a connection with the 33kV 

network. A:.cording to the Maltese network code, generating plants up to a 

maximum rated capacity cf 8~VA can be synchronised with the 1 lkV network 

[2]. Since wind farm sites are typically located in rural areas, these wi[ be at a 

long distance from the primary substation, known as Distribution Centre (DC). 

Consequently, the high impedance between the point of connection and the 

traditional S;Jurce will cause the voltage in the circuit to rise, which :nay exceed 

statutory limits especially during circumstances of high net power flow into the 

DC. T.1is is ::me of the main challenges that network operators are encountering in 

their attempt to integrate di3tributed generation with the grid whi~e ensuring a 

reliable and good quality of supply. This dissertation deals with this challenge, 

where the impact o:i :he steady-srate voltage of the network frorr. wind farms 

located a: identified potential sites :s investigated. 

'"::'wo potential sites for w:nd farm installation mentioned by Mott MacDonald 

were investigated in fais study. The sites considered in this dissertation are at 

Kercem in Gozo and a: Wied Rini l/o Bahrija in Malta. Different wind fa:m sizes 

connected at differert points :n the 1 lkV network were analysed in the worst case 

operating scenarios farough bad flow studies carried out by the IPSA + rrogram. 

Voltage rise has been :den:ified as a key barrier to the development of nedium­

sized wind farms when connected with 1 lkV circuits. Such voltage rise will stress 

the network co::nponents' insulation while having a negative effect on the voltage 

levels of :he low voltage consumers. Mitigation measures whicl: 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 wililst ensuring a reliable and good quality of supply to consi:.mers. 
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Chapter 1 Introduction 

CHAPTER1 

INTRODUCTION 

1.1 Renewable Energy in Malta 

The industrial activity around the globe is causing a sigr:ificant increase in the 

GHG emissions. These emissions are causing a global warming and a consequent 

change :n the climate. The Kyoto protocol was adopted in Kyoto, Japan in 1997 

and entered into ::Orce in 2005 [3~. The Kyoto protocol is an international 

agreement linked to the United Nations ?ramework C::mvent:ion on Climate 

Change (UNFCCC) where its major feature is the setting of binding targets for 37 

industriajzed countries and the European community fo::- redw:.~ing GHG 

emissiom. One of its severa~ measures is to reduce Ca::-bon Dioxide (C02) 

emission3 in the atmosphere when generating electricity by the ut:lisation of RES 

instead of fossil fuels. 

Directive 2009/28/EC of f:ie European Parliament and of the Council requires that 

Member States submit the National Renewable Energy Action Plans (NREAP) by 

June 2018 [4]. The NREAP provides a detailed roadmap of how the member state 

would reach its legally binding targets by 2020 for its share of ren~·1able energy 

(RE) of :he gross final consumption. This includes sectored targets, tech::iology 

mix expected to be used, the trajectory to be followed, and measures and reforms 

that will be undertaken to overcome the barriers in developing RE. 
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The NREAP for Maita was issued by the Ministry for Reso-Jrces and Rural affairs 

•)\i1RRA) in June 2010. Malta has f'.ie obligation to reach a 10% target fo::.· its share 

of energy frcm renewable sources in its final energy consumption by 2020 [5]. 

This includes e:iergy used for transport, electricity, heating and cooling. The 

~REAP is based on :hree Tiain objectives: 

• security of supply; 

• environmemal prote;:;tion; 
• social dimension, affordability and competitiveness. 

M::>tt ~ • .facDcnald in their report "Strategy f>r Renewable Electricity Exp!oitation 

in }vfalta" stated that although large onshore wind is the most cost-effective 

technology, :here may be concerns about the visual i..11pact ar..d other cumulative 

effects which may prevent certain wind farms to be built in particular areas in 

Malta Offshore wind is the secor..d best technology optron in terms of cost. 

M1cro-wind is not conside:red as feasible due to planning cor..straints originating 

from visual impacts on :he Maltese townscape. Malta has a good resource for 

medium and micro-scale wind and massive solar energy potential. Supporting the 

RE ta::-get solely based o:i more expensive small scale options is very costly for 

Malta Ll). 

Gozo is expected to become an Eco-island by 202C. This impEes that 

development in Gozo has to be sustainable to ensure environmental protection 

wl:ile fostering economic cievelopment and social progress in the island :6]. The 

cocumen: published by the Ministry for Gozo, "A vision far an Eco-Island", 

l:ighlights various recommendaticns received during the public consultation 

process to _;:iron:ote RE in Gozo. These recommendations include the promotion of 

mbro-wind turbines for small operations and public service buildings; promotion 

cf on-shore \\ind farms where it is estimated that there is a potential of around 

1 OM\\' representing about 20% of the total electricity demand in Gozo; promotion 

of energy fr::m waste; and promotion of solar energy by the ~nstallation of 

pho:ovoltaic :;:ia:iels and solar water heaters on public and private buildings [7]. 
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Chavter 1 Introduction 

1.2 Wind Resource Potential in Malta 

Wind characterist=cs depend on the site topography, site elevation above sea level, 

surface roughness, and site exposure to prevailing winds. W'ind measurements at 

different heights are analysed to determine the wind resource characterist:c of a 

particula site. Winj data in Malta -w-as recorded for three whole years from wind 

monitoring equipment installed on a 45-metre lattice-type communications mast 

with effective anemometer heights of 1 Om and 45m above ground level at Bahrija. 

Analysis of the mean monthly winj speed over the specified time fr2.IIle reveals 

that wind speeds are higher than the average wind speed during the cold season, 

while dt:ring 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 ;)Ver a 12 mor.th period are 

represented in Figure 1.1 [8]. 
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Figure 1.1 - Mean monthly wind sp·eeds and energy yield for a wind turbine at 
Babrija 181 

The win::l direction frequency distribution for this site conf..rmed the prevailing 

north-westerly wind in the Maltese islands. From measured wind speeds at 1 Orr. 

and 45m above ground level, wind speeds at other height levels can be easily 

extrapolated using 6e 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 distrfoution as sho\\-11 in Figure 1.2 [~]. 
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Figure 1.2 - Mean wind speeds and power densities at different heights at Bahrija 
[8] 

Tlte cumu a:ive land area available for wind turbine technology in tl:e Maltese 

;slands, having an average power density of 300W /m2 or higher, is 153Km2
. This 

theoretical land area does not takes into account the technical, social, and 

environme:ital constraints. Other research :European Wind Energy Ass~ciation, 

-=:WEA) St:.ggests that only 4% of the theoretical land area would ever:tually 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 

approxima:eiy 6km2 [8]. 

Although potential sites to develop onshore wind farms in Malta and Gozo exist, 

constraints may hinder such development. Constraints for such development 

incluoe: 

• the lengthy planning approvai process; 

• public and lobby group acceptability; 

• areas of environmental and cultural he:-itage protection; 

• proximi:y to built up areas including areas of high tourism value; 

• constructior. and mair.tenance access to the development ~ite; 

• effects on tl:e stability of the distribution grid; 

• visual impacts; 

• landscape inpacts; 

• light flicker: 

• electromagnetic interference (EMI); 

• ecological impacts; 

• noise and vibration; 
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• tourism and recreation. 

These in:pacts together with their corresponding mitigaticn measures will be 

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

Wind technology has improved considerably over the recen: years with h:.rbines 

now available for sites with a range of wine speeds and the ability IO operate in 

hot and cold clima:es. The range of turbine sizes is typically between 50m a.J<l 

120m for turbines up to 3MW nominal capacity. The mature te::hn~logy of 

onshore wind made it possible to compete well with fossil fuel generai:ion in many 

countries [1]. 

1.3 Prospective Onshore Wind Farm Sites in Malta 

Mott MacDonald has identified various large onsho:e wind farms srtes 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 installei in each site 

was calculated using 850kW and 2J\.1W wine turbines. The 2MW wind turbines 

generate more power; however the 850kW wind turbines may be less visually 

intrusive in the Mal:ese countryside [1]. 

Sites 
Height above 

l\fW 
sea level (m) 

Gebel Ciantar, Malta 210 - 250 16 

Ghemieri, Malta 180 - 210 44 

Qasam Ben Borg, Gow 150 32 
W aclija Ridge, Malta 105 - 140 40 

Baj3a Ridge, Malta 60- 75 36 

Marfu Ridge, Malta 30 - 120 ?" -"-

Ta' Hammud, Malta 30 - 55 24 

Hal Far Airfield (Disused), 1\-falta 45 16 

Total Maximum MW 230 

Table 1.1- Unconstrained onshore wind farm Sites [1] 
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According t-0 a report from E.A. Mallia in 2008, two poten:ial sites were 

identified. One of the::n is an offshore site at the north shore of Gozo, eastward 

from Ras il-Qbajjar. The 20m sea depth extends to lkm from shore in certain 

_::ilaces. This location has a good wind energy potential as it is exposed to the 

_::irevailing wind. The ether location is in Ba':u:ija at Wied Rini mast farm. This site 

~s characterised by a number of trellis masts around 50m high set on a 4m by 4m 

ccncrete base. These masts were used ~n the past by the governoent for 

te~ecommumcations. Win 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 more thai: 500m away from the periphery of Bahrija and Imtahleb 

[9]. 

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

In a study carred out ·:Jy the Institute for Sustainable Energy (ISE_) in 2C·10, two 

sites i:i Gozo were identified to be suitable for the installation of onshme wind 

farms. One of the sites is located on the south western end c·f the island, roughly 

west of the vilhges of Kercem and Santa LuCija, while the o:her site is located in 
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the north west of the village of Gharb. Since there ~s an ISE's wir:.c monitoring 

station in the former site, this was investigated in more detail [11]. 

The onshore potential of the wind resource hras been assessed by extrapolath""lg 

measured wind data at Bahrija to form a wind map fo::- the Maltese islands. 

Identified potential sites shown in Figure 1.4 include Babrija, Mellieha 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 Delimara [8]. 

II 

llmlF•r 

llm•• 

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

Two Prcject Description Statements (PDS) o:n large scale ~nshore wind fanns 

have been submitted to MEP A. One of them refers to a 10 .2M\V wind farm at 

Wied Rini in the vicinity of Bahrija and Mtahleb, and the oth,er one refers to a 

4.25MW wind farm at Hal Far Indusc:rial Estare. The proposec Wied Rini wind 

farm consists of twelve wind turbines which will be connected to :he national 

electricity grid by two 1 lkV cables or one 33kV cable. The Hal Far wind farm 
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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 research in this dissertaticn is on the integration of wind farms 

with the 1 lkV network, in particular, the im;mcts on the steady state voltage of the 

eiectricity distribution network in Malta and Gozo. Medium-sized wird farms 

consisting of 850k\\' wind turbines equipped with Doubly-Fed Induction 

Generators PFIG) are being considered in this study. Two ~ind farm sites, one at 

Kercem i:r. Gozo, an:l the other one at Wied Rini l/o Bahrija were considered in 

this study. 

'::Ile first step in any research project is to undertake extensive reading about the 

topic. Chap1er 2 is dedicated on the wind turbine technology, inch::.ding the 

operation of the gene:::-ators and their integration with the grid. The i:::npact of 

voltage rise m the network resulting ±om the integration of distributed generators 

and how ic ·~an be nitigated by co:r.trolling the reactive pcwer is disc-Jssed. In 

Chapter 3 the electricity distribution in the Maltese islands and the respective 

network code are briefly outlined. 

I:r. Chapter .:t, the technicc.l details about the wind turbines considered for the 

analysis a:::-e described. The discussion is extended to include the w~nd farm 

electrical design including the protection and control systems, and its cc·nnection 

with fae g:::-ici. The modelling of the wind farm with the l lkV circuit on IPSA+ 

program is a::So discussed. 

The prospective wi:r.d farm site at Gozo as mentioned by Mott MacDonald is 

discussed in Chapter 5, outlining the constraints and how this is reduced to a small 

area in Kercem. The wine farm connection options with the 1 lkV circuit are 

discussed. This is followed by a load flow study carried out Jn IPSA + for all the 

w~::id =arm conne~tio:r. options during the worst case scenarios. The results 

obtained are :horougtly discussed. 
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Chapter 6 addresses the wind farm she at Wied Rini l/o 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, are given in 

Chapter 7 along with suggestions for further work. 
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CHAPTER2 

WIND TURBINE TECHNOLOGY 

2.1 Wind Turbine Architecture 

'::be most common :iesign of wind turbine in today's world is the three-bladed 

horizcntal-axis wind :urbine (HA WT), hcving an upwind rotor and actively 

yawea to preserve alignn:.ent with the wind ciirection. 

'"::be princi?a~ subsysrems o: a typical HAW": are [ 13]: 

• the rotor - consisting of blades and supporting hub; 

• dfr,;e train - including the rotating parts of the wind turbine (excluding the 

rotor,; consisiing ~f shafts, gearbox, :;oupling, a mechanical brake, and the 

ger:erator; 

• naceLe and main frame - including wind turbine housing, bed?late, and 

yaw system; 

• tower and foundation; 

• ma·:;hme contro~s and; 

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

possibly power elec:ronic converters. 

The three--:Jladed HA WT 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 c.s shown in Figure 2.1. 
10 
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Most modem wind turbines operate at variable speed so that tl:e rotor speed :s 

matched with the wind speed to achieve maximum efficiency .. -'\nother important 

advantage of variable speed operation is that noise is reduced. Large wind 

turbines ::iormally employ active pitch control, where the l:lade pirch is variied 

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 sys!em as its purpose is to 

speed up the rate of rotation of the rotor from a low value :o a rate suitable for 

driving tl:.e generator. Two types of gearboxes are used in wild turbmes; paralle~ 

shaft and planetary. Large machines use a planetary gearbox due to its weight am: 

size advantages [ 13]. 

A large wind turbine should be suitably supportec on a structure that can 

withstand the continuous loading of the system, taking ~mo consideration tt e 

lifetime of the turbine and the worst possible conditions that the system car 

experienx. The mos: common structures are the tubular steel towers Concrete 

towers, concrete bases with steel upper sections, and lattice towe::-s are also used. 

The stiffuess of the tower is a major factor in wind turbi:r.e system dynamics 

because of the possibility of coupled vibrations between the rotor and the tower 

[13]. 
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2.2 Wind Turbine Theory 

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

brmula: 

\.Vhere, Cp. is the power coe6cient; 

p, ~s :he air dern;ity; 

A, is the roto: swept area and, 

v is the wind speed. 

The power :xlefficiem is a fraction of the wind ava:Jable power that may be 

converted ·'Jy the wi:t:d turbine into mechanical work. The theoretical maximum of 

Cp is 59.:3%. known as the Betz limit; however in practice -values in :he range 

between 25%> ai.1d 45°/c are achieved. 

The tip-speed ratio, I~, is the ratio of rotor tip speed to wind speed and 1s 

calculated ·'Jy the following formula: 

Vlhere, 

ro, ::s :_-:.ie rotational speed of the rotor: 

R, ~s :.".:le radius of the rotor blade and, 

v, ::s :he upwind free wind speed in mis. 

".lie coefficient of performance is not constant but varies with the wind speed, 

rotational spee:l of the turb:ne, and turbine blade parameters such as angle of 

attack and ?irch angle as shown in Figure 2.2. 
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Figure 2.2 - Relatioaship between power coefficient and tip-speed ratio f0r different 
blade pikh angles [14) 

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

power coefficient a'" the optimum tip-speed ratio. For a Hft_V/T, the op'"imwn tlp­

speed rat:o varies between 6 and 10. The power coefficient can be rmproved '.>y 

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

maximum power coefficient over a range of wind speeC.s. Tue r~lationship 

between the power o:itput and :urbine speed for various wmd speeds is shown in 

Figure 2.3. 
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Figure 2.3 - Power - Speed relationship of a wind turbine for various wind speeds 
[15] 
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Tiis data is utilised by the n:.aximum power point tracking (MPPT) system where 

thr::mgh a closed loop control system the optimal output power is compared to the 

actuai output power and tl:e 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 ope::-ation with maximum power point tracking achieves between 10% 

to 15% more output power than a fixed frequency operation. Another advantage 

:.f va."'iable speed ope::-ation is the reduction of stress on the wind turbine shafts 

and gears, s~nce the blades absorb the wind :orque peaks during the changes of the 

turbine rotation speed [ 15]. 

WIG 

d 
I 

Power 
Converter 

Control 
Unit 

---•Load 

- p e 

Figure 2.4 - Wind turbine MPPT control system based on rotation speed 
IDeasureDlents :is] 

}v1ajor increases in L1.e 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.S. At a very low wind speed, there is insufficient torque exerted by the 

wind speed en 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, typicaJy :,etwee::i 12 and 17m/s, called the rated power. The wind speed at 
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which the rated power is reached is called the rated output wfnd speed. The win:': 

turbine power output is kept constant as the wind speed increases beyond the ratec 

output vuind 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 c""" 

damaging the rotor from the large forces exerted on the wind turbine. -:be cut-ouc 

speed is typically about 25m/s. 

Power (kilowatts/ 
Rated output spood Cut outs~d 

Ra eel output power --~---------;..•r---

Cut-in spood 

3.5 14 25 
Steady w ind s:peed (metr·eSlsecond) 

Typical 1)1/ind tl:.fbine 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 5)':1.chronous 

machines. These can be coupled to the grid either directly or through a con-.rerter. 

An electrical machine at no lead will rotate at the same speed as the ::.-otating 

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

r.. = 

where n, is the synchronous speed in rpm; 

60f 

p 

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 

Asynchro:::.ous machines, also known as induction machines are the most common 

type of generat::>r used in wir.d turbines. Induction machines are popular due to the 

following characteristics: 

• simp~e and ::ugged construction; 

• :nay be sim;>ly connected and disconnected from the grid; 

• =:-elatively inexpensive. 

The rotating magnetic field ~nduced in the stator by the phase-displaced currents 

:'Otates at exactly synchronous speed cocesponding to the electrical network 

5:-equency. Since t.'ie rmor rotates at c speed slightly different than the 

synchronous speed, a cucent is induced in the rotor which in tum induces a 

:magnetic field in tl:.e rotor. The interaction of the rotor's induced field and the 

stator's fiekl causes elevated voltage at the te::minals and current to flow from the 

r::achine. 

An important p;irameter in d:.aracterizing induction machines is the slip, 's'. Slip is 

ee ratio of the difference oetween synchronous speed, 'ns'- and rotor cperating 

speed, 'n', and synchronous speed: 

s= 

~1hen the slip is positive, fae machine will operate as a motor while when the slip 

is negative0 the machine will operate as a generator [17]. This is clearly shown in 

Figure 2.6. From this figure, one can note that the machine starting current is 

aoout five times the rated c:irrent, while the peak torque is about three tmes the 

rated torque. 
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Figure 2.6 - Torque and current relation with slip of an inductien machine [181 

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 ha....,.-:ng a wound 

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 thrm:gh the grid. 

The frequency of the power output from the stator is controlled '.:>y both 6e 

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

Induction Generator 
I{> 0 ________ ..,.. 

1•-···--·--··- ..... 

when c!),. < w:: when w,. > "":: 

P,. <0 P,. > 0 

•·-··- ____ ..,.. 

1 - - ·- Controller - - .-

0-30% Pmech 

·-------------------... 
Figure 2.7 - Double Fed Induction Generator (DFIG) for wind turbines [20] 
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Tie Yoltage produced at the stator should also be equal to be network voltage. 

Tiis is maintained by ensuring a certain magnetic flux at the stator windings. This 

can be achieYed by applying a voltage to the rotor windings that is proportional to 

6e freq:iency of the voltages applied to the rotor windings, thus ensunng a 

constant V If ::-atio and a constant magnetic flux. 

This config.)['ation has the advantage that the power electronics used in the 

f:equency converter need to process about 30% of the rated power. Thus the 

_?owe~ ele::tronics used are rated at 30% cf the wind turbine rated power. This 

:e::luces considerably the cost and the losses of the system [19]. Moreover, the 

DFIG can c::mtrol the power factor, and can even supply reactive power to the 

network if required. This configuration allows a range of operating speeds of the 

:JFIG, 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 operation. Utility grid cedes address these impacts and require 

wind generarors to meet certain requirements in order to be connected with the 

gr~d. These rec;_uirements include the capability of contributing to frequency and 

v.:)}tage control by continuously adjusting the active and reactive power output. 

Su.ch requirements require the implementation of control schemes by utilising 

power electronic converters. 

Utility grid codes require wind generators to operate similarly to a conventional 

pow-er plan: in order to contribute to a stable grid. Thus, the utility through its grid 

code impose certain regulations on the wind farm operator. These regulations 

ensure that the wind fa.J.U : 

• operates with~n a specific voltage and frequency range; 

• operates within the stipulated control measures for active power, 

voltage, frequency and reactive power; 
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Chapter 2 Wind Turbine Tecimo:ogy 

• has Low Voltage Ride Through (LVRT) and Fault Riie Through 

(FRT) properties; 

• generates power to the grid of adequa:e quality witho:n exceedi:J.g 

specified limits of voltage flickering and harmonics; and 

• 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, Zsc, of the grid. The smaller 6e Zsc, the smaller is the voltage 

variation at the Point of Common Coupling (PCC) of the \\<ir.d gene:a.tor with t::ie 

grid. In fr.is case the grid is described as strong. Con"·ersely, if the Zsc is large, b.e 

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 ?CC between the wind fam:. 

and the grid. The voltage rise at this point depends on the amount of net real anc 

reactive power flow and on the impedance between the PCC and the source of foe 

circuit. ':::'he net power 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 equation: 

RP+XQ 
~cc~ \,~ + V 

pee 

where V pee, is the voltage at the PCC; 

V8, 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 Distribmion Centre. 
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A representation of the parameters affecting the voltage rise at PCC is shown in 

Figure 2.8. 

11 kV busbar of 

33/11kV 
Distribution 

Centre Q =±QG- QL PCC ±QG 
Transformer .. .. 

11kV/690V 
.. .. 

with OLTC P=PG-PL PG .. Transformer 

)' R x ])----tj I I 
I I ' 

V,oc) 
\~; 

I Vs 

Figure 2.8 - Electrical parameters affecting the voltage rise in the circ•it when a 
wind farm is connected '\\ith the grid 

The equation shows tha: the voltage at PCC depends on the voltage of the DC's 

~ lkV busOa.r voltage added with the voltage drop along th.e feeder betv1een the 

PCC and :he source of the circuit. Thus the location of the wind farm co:mection 

point along :he circuit is a crucial factor b determining the voltage rise at the 

PCC. As wind farms are typically located at a significant distance :E:-om 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 power and the 

load on the :::ircuit. The wo:st case scenario which causes the highest possible 

voltage rise at the PCC cccurs when the win:l farm is generating maxim·.llll power 

ciuring minimum load demand in the circuit. This will create the highest net power 

flaw into the DC, which will consequently increase the voltage c.t PCC. 

Consequently, the voltage at the 1 lkV busbar of the DC tend to increase., hence, 

shifting up the voltage profile of the l lkV circuit. As the voltage at tl:e 1 lkV 

busbar exceeds the upper limit allowed by the Automatic Voltage Controller 

(A VC), the 33kV/1 lkV transformer performs a tap-change to lower the voltage in 

foe 1 lkV busbar. 
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Chapter 2 Wind Tu:-bine Techno.iogy 

The net reactive power flow between the wind farm and the DC also ~ontributes 

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 0.95 

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 flew 

in the network causes voltage drops and power losses. Large reactive Cillfe:c.ts 

may ca:ise voltage instability due to considerable voltage drops in the 

transmission lines. Synchronous generators ~an produce or consume reactive 

power by controlling the magnetizing leve; or the excitation voltage of the 

generator. A wind turbine equipped with an induction generator without a 

converter is a consumer of reactive power. In order tc minimise power losses and 

enhance voltage stability, wind turbines are compensated to a level depending on 

the requirements of the utility. Fer wind turbines driven by Pulse-TW:'..dtl: 

Modulaton (PW}v1) converters, reac:ive power can be controlled. Such \\ind 

turbines have the possibility to contol the voltage at the PCC by controlli:ng the 

reactive :>0wer. 
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CHAPTER3 

ELECTRICITY DISTRIBUTION SYSTEM IN MALTA 

3.1 Electricity Distribution Network 

Malta's elecrricity grid is owned by Enemalta Corpo:-ation (E~C). As the grid is 

;so~ated and is not connected to any other electricity network, the e~ectricity 

denar..d is generated in Malta. At present, EMC operates two Power Stations 

wnich supply all the electrical power required by Malta anc Gozo. The Power 

Stations are located at Marsa and Delimara. A new generation plant was recently 

commissioned at Delima:-a P'Jwer Station p:-oducing a total power output into the 

electri~ity network of 144MW. These two Power Stations are interconnected 

together by the existing grid. The generators :-ely on imported fuels mainly heavy 

fuel oil and light distillate [21]. 

Electricity from the two power stations is transmitted and distributed at voltages 

of 132kV, 33kV or 1 lkV a: a frequency of 50Hz mainly through underground 

cal>l.es and some overhead lines. The distribution network, composed of 132kV 

a."'ld 33kV clfcuits is shown in Figure 3.1. The majority of the cables are oil 

impregnated paper insulatoc cables having copper or ah::..minium conductors, 

however XLPE insulatec cables were rece::itly insta]ed for the 132kV circuits. 

DCs strategically located around Malta and Gozo step down the 132k\' or 33kV 

Yoltage to ~ lkV voltage ~evel for more localized distributior. io areas of demand. 

A nurr:ber of 1 lkV circuits mn to different load areas in the system. The general 

22 
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network configuration of 1 lkV distribution systems is radial, with normally oper:.. 

points be~ween two feeders to allow connection with another feeder in case of a 

forced outage or maintenance. In tum, the substations step down the 1 lkV voltage 

level to 400V. Three-phase voltage at 400V, or 230V smgle-phase voltage is 

distributed to general consumers mainly through overhead Iin_es. Goz:.l is suppliee 

with electricity from Malta through three 33kV submarine cables passing througl: 

Comino's 33kV/1 lkV DC. The electricity network in the Maltese islands consists 

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

transforoers. 

-- 220lV 

- - 1321<V 

-- New132kV 

-- 33k\I 

- - - - 33k\I OVERHEAD LINES 

• 
• .. 

POv.ER STATION 

DISTRlBUTION CENTRE (220/1 l2kV) 

DISTRIBUTION CENTRE [ 132133111 kV) 

• DISTRIBUTION CENTRE (33111 k:V) 

TRANSMISSION 
SYSTEM 

Figure 3.1 - The transmission sy~tem of the Maltese Islands [Source: EMC] 

All the DCs and the majority of the substations are located indoor. '::"he HV and 

MV swi.chgear is mainly Gas-Insulated Switchgear (GIS) type insulated wit_h 

Sulphur Hexafluoride (SF6). However oil insulated switchgear also exists in the 

network. Transformers in the Distribution Centres are oil-filled and equipped wi6 

on-load tap-changers (OLTC) which alter the -voltage ratio by changing the tap at 

the prirr:ary winding while load current is flowing. The automatic voltage 

controller (A VC) regulates the secondary voltage of the transformer within a 

specific bandwidth of a set target voltage. Hence, grid voltage is c~ntrolled in 
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response to voltage variations. On the other hand, 1 lkV/400V transformers in 

rnbstations are equipped with a fixed tap-changer, wl:ich can only be operated 

manually with the transformer de-energised. HV and MV feeders a:-e mainly 

protected by line differential relays and :;:>rotection relays having over-current 

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

Future plans include the commissioning o: a 200M\V, 220!<:V inter:::onnector 

·::ietween :\1alta and Sicily, commissioning of a 200MW Combined Cycle Gas 

Turbine (CCGT) followed by the decommissioning of :\farsa Power Station. New 

DCs are being planned :..n order to enhance the electccity network reliability in 

areas of increasing load demand [21]. 

3.2 The Network Code for Malta 

3MC is the Distcbution System Operator (CSO) in Malta and is respo::l:Sible for 

:he dispatch of the generation plant and for balancing the distribution system. The 

network code dkws generators to access the network. Generating plants greater 

or equal to 8MV A are tc be synchronised with the 33kV network and are subject 

to dispatch. Generating plants between 1.6MV A and 8IVIV A are to be 

synchronised with fae 1 lkV network and are subject :o dispatch if greater than 

5MW. Generators \\rith a generating plant smaller or ec;_ual to l.6MVA are to be 

synchroniseci at 400V or 1 lkV and are not subject to dispatch. 

The n:)mi:ial frequency cf the distnbution system voltage is 50Hz. Under normal 

operating co::iditions the mean value measured over 1 Os shall be within a range of 

50Hz ± 11l/o i49.5 to 50.5Hz) during 99.5% '.)f the year and 50Hz -5/+4% (47.5 to 

52Hz) during 100% of the year. The distribution system operates at th.e nominal 

v::>ltages as :.ndicated in Table 3.1. The steady-state tolerances of the nominal 

voltages :n the distnbution network under normal operating conditions are 

according to Table 32 [2]. 

In April of 2013, Enemalta Corporation proposed a change in tl:e tolerance of the 

steady-stm:e voJage of the 1 lkV voltage ~evel in consultatio:i with tie Malta 

Resourced Authority (:vIRA). Enemalta Corporation is proposing that the steady-

24 



Chapter3 Electricit.; Disrribi;rton Svstem 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]. 

Low Vohage (LV) 
230V - phase to ne:rtral 
400V - phase to pr.iase 

Medium Vohage (MV) 
11,000V (1 lkVJ 
33,000V (33kVJ 

High Vohage (HV) 132,000V (132kV) 

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

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

400V ± 10% 6kV 

llkV -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 use:::-'s plant and apparatus do not unreasonably 

cause disturbance to the distribution system or to other U1Sers. Or: the other hand" 

faults on the distribution system can cause damages to user's plant and apparatus 

due to a loss of a pl:ase, over voltage or under voltage. Thus the user s.h.all protect 

his installation and install protecticn equipment compatible with protectior:. 

systems used by EMC in that particular section of the network. Interface circuit 

breakers in large low voltage (L V) installations an.d mediurr:. 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 swi:chii::g or continuous 

operation of wind tur'.Jine installation is 0.35 for botl: short a.._1d long term flicker 

severity factors, P st and Pit; consistem: 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 (0/o) 

400V 2.5 

llkV 2 

33kV 1.5 

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

The network: code does not permit the generator to remain connected with the 

distributcn system duricg islanding. Generators rated above 1 MW shoul::l remain 

cisconnected from the grid until a clearance is obtained from EMC to synchronise 

wib the distribution system in order to ensure system stability and security [2]. 
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CHAPTER4 

WIND FARM DESIGN AND CIRCUIT MODELLING 

4.1 Wind Farm Design 

4.1.1 Wind Turbine 

In the study carried out by Mott ~acDonald, 2MVl and 8SOkW w ui turbi::les 

were co:r:sidered ~ 1 ]. Although the 2MW wind turbine generates more power than 

the 850kW wind turbine, the latter is being considered in this study as i: may be 

less visually intrusive in the countryside. Thus, the Gamesa G58 \llind turbine 

rated at 850k\V, shown in Figure 4.1, was chosen for this study. 

a 5eMoeaane 

D G.......-· 
El Coollis; sys:en 
a Top caotrol unit 

IJ GEWbac 
ICI Man S:att Nth two 

tiean1115 
II Rotor 10c1: :;y:tcno 

IJ Blade 
El B- lllb 
l!il Hlb CG/Er 

m Bla<lebea1ng 
m Bed tram? 
IEI Hy<FailcU11it 

m Shod: Jb;ork; 

a::J YiNI rlrg 
11:1 Brake 
mro-
m YiN/geis 
llJ Tral91li!isim. 

H~s~sllil't 

{; 7 8 9 ~ ) 

19 18 17 16 15 14 13 '.12 : 1 

Figure 4.1 - Gamesa G58 Wiad Turbine [23] 
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This wind rurbine has a rotor diameter of 58m, :'Otating clockwise at a variable 

speed in the :-ange between 15.6 and 30.8 9m. The wind turbine consists of three 

blades made from 5.hreglass pre-impregnated with epoxy resin, mounted on a 

tubular tower that can have a height between 44m and 7lm. The mechanical 

transmissior. system is based on a planetary gearbox having a ratio of 1:61.74. In 

tum, this w:dl drive a four pole, DFIG, rated at 850kW, which will induce a rated 

voltage o: 690V at the stator terminals at a frequency of 50Hz. This variable 

speed generator operntes between 1 OOOrpn and 1950rpm. The generator speed 

and power is controlled through IGBT conYerters and PWM electronic control. 

Thus, it can oon:rol the active and reactive power by the injection of rotor currents 

with -.rariable anplitude, ph~se and frequency. The power factor can vary in the 

:-ange between 0.95 leading and 0.95 lagging. The variable speed control system 

:-educes the iannonics and losses, while increasing the efficiency and lifetime of 

:he wind turbine. The Gamesa G58-850kW wind turbine im;:iedance parameters 

are found in Appendix A. 

The wind turbine generators are equipped with a lightning protection system 

where lightning strikes are conducted from ·::>0th sides of the blade tip towards the 

nacelle and tower structure and finally to the earthing system located at the 

turbine foundations. Tius, tl:e wind turbine blades and electronic components are 

pr::>tected from any risk of damage from lightncng. At the cut-out speed, the 

braking system brings the wind turbine to standstill, in order to protect it from any 

damages. The braking systen is based on aerodynamic braking by means of full­

feathering b~ades and also by a hydraulically-activated mechanical disk brake 

mounted on the gearbox higl: speed shaft. The wind turbines are equipped with a 

SCADA system, where it provides real time operation and remote control of the 

wmd turbines, meteorologicc.l 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: m Figure 4.3. Such substations -,vill step-up the wind turbir:e 

generator -voltage firom 690V to 1 lkV. Such substations meet the highest safety 

standards :n order tQ protect both the operator and the gene:-al 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 intema~ 

connections are protected from the extreme environnental coruEt10ns, 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 wouki not be of detriment to the 

environment [24]. 

Figure 4.3 - Outdoor prefabricated substation [24) 
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The s-.ibstation consists of a LV switchboard, a 1 OOOkV A oil-filled tra.~sformer 

equipped \:v::th an off-load tap-changer, and an ~ lkV SF6 insulated Ring-Main 

Jnit (RMU). The L V switchboard may consist of moulded case circuit-breakers 

:MCCB) or fuses. This will provide protection anci also a point of isolation for the 

690V cab:es of the wind turbine generator. A step-up transformer is necessary to 

:ransform the ·,roltage to 1 lkV, in order to reduce the power losses :n the cables 

between the ,,:vind turbines and the PCC. The transformer should be hermetically 

sealed in order to be isolated from the surrounding environment. This attribute 

reduces the maintenance requirements due to oil humidi:E.cation and 

ccntanination. The cooling system of the transformer can be of the ONAN (oil­

natural, ai::--nat.Iral) type so that electrical energy is not required to drive the oil or 

air circulation machines. Tl:.e wind turbine transformer is wound as Delta/Star, 

with :he 690V(Y) neutral p0int 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 prnvides two connections for 

neighbour_ng wind turbines and a tee-off connection for the substation 

trcnsformer. It also provides protection to the t-ansformer by fuses, normally 

through Time-Limit Fuses (TLF) connected with current-transformers (CT). In 

case cf a fadt, a fuse is blown and the shunt trip-coil is activated, which in tum 

trips the C:rcuit-Breaker (CB) feeding the transformer. Each substation is 

equipped wifr1 a Remote Terminal Unit (RTU), ::-esponsible for performing the 

functions attr::bu:ed to the SCADA system . This system permits the wind farm 

operator to ::nonitor and co::ttrol the wind farm remotely. Events, alarms, and 

energy generation parameters are continuously recorded and shown to the wind 

farm operator through the Hu:nan Machine Interface (HMI). 

The wind :arm is connected with the wind farm collector switch-room (WFCSR), 

where the 1 lkV 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 demarcation point between the utility grid and the wind farm. The ~NFCSR 

can be connected with the wind farm by one or two feeders. In the case where 

faere is orJy o::ie feeder, the switch-room will consist of only two or three CB 

panels, one w ~onnect 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 

switchge3r in the VIFCSR is equipped with voltage-transformers ·~T) anc 
current-·::-ansformers ·:CT) in order to record the import and export energy frorr: 

the wind farm. The CBs are typically SF6-insulated, and having a vacuuc. 

interrupter sufficiently rated to mterrupt the circuit during a fault in the ""ind farr::. 

or the utility network. The CBs are equipped with protection relays, which trip t e 

CB when an abr:ormal current is detected by the CTs. The protection 

characteristics are n::>rmally coordinated with the utility network prote;;;ti::>n systerr: 

in order to ensure :hat discrimination is in place. This ensures that in cases c ~ 

faults within the wind fam:., the operation of the utility network is not affected. 

690V cable 

11kV cable 

-(?~l'r- 690V111kV 
'-._V__/ transforme1 

0 ::ircuit Breake1 

- -·- 11kV Switch 

Wild Turtine No.1 
substation 

Wind T ..1rt>ile No.1 
DFIG Ge•er.ator 

Wind Turt>in9 No.2 
substation 

Wind Turt>ine No.2 
DFIG Geroerator 

Wind Farm Collector 
Sw~ch Room 

Wind Turt>ine No.3 
substation 

Wind Turt>ine No.3 
DFIG Generator 

Figure 4.4-Wind farm connected with the grid via one feeder 

To Utility SLtistations 
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VWind Turt>in-3 "'oA 
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Wind Turt>ire Nc;4 
D FIG Gen era tar 

In the case of having the wind farm connected to the g:i.d via twc feeders, the 

WFCSR typically cor:sists of four CBs and a Bus-Section CB to serve as a means 
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o: isolation in the ::niddle of the busbar. The si~gle lime diagram of this 

arrangemen~ is illustrated in Figure 4.5. ':':'his configuration increases the wind 

fann 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 

'::be wind turbine transformers' neutral points as well as the metallic enclosures 

and external conducti:ig parts of all electrical equipment require an adequate 

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

• establish a low impedance path for earth fault currents and hence, 

satsfactory operation of the protect10n system; 

• minimise shock hazards to personnel and animals, including 

control of step and touch potentials; 
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• ensure satisfactory discharge of lightning currents and control the 

associated voltages; and 

• prevent large potential differences from occurrmg which are 

potentially hazardous tD both personnel and equipmen:. 

Wind turbines are subject to lightning strikes due to their heigtt, th.us speciai 

earthing requirements are necessary to minimise the risk of 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 outlmes the lightning protection requirements of wind 

turbines. The standa:-d emphasises on the requirement of having a continuous 

metallic ground sy3tem connecting all the equipment of the entire wind farrr:. 

installation. This should include the substations, transformers, wind tu::-bine towers 

and generators with its associated electronic equipment. This is generally 

implemented with :,are conductors being laid in cable trenches ::mdemeath the 

power co]ection cables. These conductors provide both bonding of all parts of the 

wind farm and also serve as a long horizontal electr:Jde to redl:ce the impedance 

to ground of the earthing system. At each wind turbine, local eartl:ing :s typically 

provided by placing a ring of bare conductor around the foundation i::t a depth of 

about 1 m, and by driving vertical rods into the ground. It is also comillon to bone 

the steel reinforcing of the wind turbine foundation a3 well as the tower into this 

local ear.hing network [25]. 

The protection schen:.e of the wind farm is designed in such a way that if a fauit 

occurs ir: a particular zone, the protection relays responsible for that zone will trip 

the CB to isolate the faulty section. Faults are normally caused due to failure of 

the insulation in the circuits leading to excess currents between phases ::>r betwee:r: 

phases and earth. These high currents are only allowed for l:p to abom a second or 

so in order to limit the hazards. The ri3ks of such fault currents inciude the risk tc 

life caused by excess voltages as the high currents flow into earth :mpedance and 

the risk to the plant itself caused by destructive heating and elecrro-magnetic 

effects. bduction machines are not a reliable source of fault current 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 iso~ated :.ising fault current from the network and then voltage or frequency 

sensing relays are used to detect subsequent abnormal conditions. From a 

protectic·n point of view, the wind farm can be seen as a collectior:. of large 

electrical macl:ine drives with torque applied to the machine shafts rather than 

t:llcen to drive mechanical loads. The protection scheme of the wind farm is split 

into zones as siown in Figure 4.6. 

690V 

11kV 

690V/11i(V 
transformer 

Circuit 
Breaker 

--- -- -- . 1 iV SiNitch f-- --+ ZoneA 

'-------------~ --- - - - To other wm 

Wind Turbine No.1 
DFIG Generator 

turbine substatms 

Figure 4.6 - Wind farm protection system zones 

At the base of the \Vind turbine tower, a MCCB protects the pendant ca~les 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 cables are 

protected through a :\1CCB in the substation. Zone B consists of the 1 E<:V/690V 

transfonr.er including the region around its 690V terminals. The tee-off CB in the 

R ... \1U is responsible for this zone. The 1 lkV cables between the PCC and the 

wind turbine substations are protected under zone A. The CBs located in the 
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WFCSR are respo:isible for such protection. The CB is equipped wi:l:. an O/C and 

E/F relay having IDMT properties. The relationship between :he fiu:.lt c::irrent and 

the time delay to trip the CB is inversely proportion::tl. Thus, tl:.e higher the fault 

current the less is the time required :o trip the CB. Line-differen1ial 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 \\t'FCSR will trip ir:.s.tantaneously 

in case of the fault in this zone, while adequate coordination of :he discriminatio:r: 

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 islanc 

detection protection relays. Such protection relays are based on the Rate cf 

Change of Freque:icy (ROCOF) or vector-shift techniques. The ROCOF is basec 

on the detection o: a change in frequency due to a surlden loss i::J. 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 :;Joint. 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 s.::iift 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 contro~ 

system is collected at the Remote Terminal Cnit (RTU) and transmitted over a 

fibre-optic cable installed with the 1 lkV cables to the main workstati01: [26]. A 

typical SCADA system configuration is shown in Figure 4.'7. 

R:J:K.lio Modvrn 

Site 
Processing ' 

Unit ... ~ 

Array 
Communication 1----------' 

Network 

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

The main i"'Ilpact Cil the llkV network from medium-sized wind farms is the 

steady-state voltage variations. This is analysed through a load flow study carried 

om on IPSA- program. As fae wind farms -. .mder study are to be connec:ed within 

the llkV network, the source of the circuit or Distribution Centre, the llkV 

circui: with its substa:ions and the wind fann are modelled in this soft·.vare. The 

modelled ::ircuit consists of the following components: 

• Grid Infeed; 

• 33kV busbar; 

• 33kV/11.5kV transformer; 

• 1 lkV busbars: 

• 1 lkV/433V transformers; 

• 400V busbars: 

• 'Load' connected with each of the 400V busbars; 

• Line segments interconnectircg the 1 lkV busbars 

• Induction machines operating as generators 

• 1 lkV1690V transformers 

The main power generation of the network is modelled through a 'G:-:d Infeed' 

component. This is connected with the 33kV busbar of the DC. This 33kV busbar 

is set as a 'slack bus' so tha: the real and reactive power varies accorciing to the 

load demand and lc-sses in the circuit. A transformer is connected between the 

33kV and 1 lkV busbars of the DC. The 33kV/1 l.5kV transformer is equipped 

with an OL~C to regulate the 1 lkV busbar within the bai:dwidth of a specific 

target voltage. The AVC is normally set at a target voltage of 1 l.2kV with a 

bandwidth of 1.5%. This means that the voltage in the 1 lkV busbar is a.lowed to 

vary between 1 l.03kV and 1 l.37kV. If the A VC senses a voltage outside of this 

range, the OL':'C will perfor:n a tap-change after a delay of 120 seconds. Thus, 

the 1 lkV busoar of the DC is set as Voltage Controlled Bus'. Parameters such as 

per-unit (PU) impedances, power ratinK tap-changer details, and winding 

configurat::ro::l are entered in the transformer :nodel. 
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The distribution substations are represented by an 1 lkV and 400V busbars and ar.. 

1 lkV/433V transformer connected between these two busbars. Tie substatioi: 

transformer is equipped with a fixed tap-changer connected with the primary 

winding. The seconaary voltage is varied by up to =5% :from nominal curing off­

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 ider.tified as tap '0'. The positive tap positions0 

'+ 1' and '+2', increase the voitage on the secondary side while negative tai:: 

positions, '-1' and '-2', reduces the V·:lltage on the L V side o: the :ransformer. 

Parameters of the tap-changer, winding configuration, power ratmg ar:d FC 

impedanxs of the transformer are specified in tl:e substation transformer mode~s 

A' load' is connected with the 4GOV busbars, where real and reactive loa0::: 

demands are specified. The 1 lkV r.odes are interconnected with line segmems0 

where the line's PU impedance and rated capacity is specified for eacl: segment. 

The circuit details a.--id parameters were provided by EMC. 

In view ::hat the wind turbines considered in this study consist of 85CkTVV DFIGs, 

these are represented through induction machine models. The inductiar. machines 

PU impedances, mechanical output power, slip, number of poles, :;JOWer factor, 

and machine type are specified in the model. Generic control models were used 

for the wind turbine generators. As the DFIG generates power at 690V, the wind 

turbine generators are connected with 690V busbars. This voltage is stepped-up tc 

1 lkV by 1 lkV/690V transfomers. Transformer parameters are entered in the 

model. 

The model was first tested without wind farm connection, by carrying :mt a load 

flow analyses fo:- the utility's 1 lkV ci::-cuit under study. The results obtained were 

discussed with the utility in order to verify their correctness. 
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CHAPTERS 

WIND FARM AT KERCEM, Gozo 

5.1 Site Characteristics and Constraints 

C>ne of the :::>bjectives for Gozo as an eco-island is to have most of its energy 

generated from environmentally-friendly energy sources. Thus, the government is 

?fOposing the develo_;:>ment of small onshore wind farm sites with a limited 

:lumber of wind turbines [ 6). The only site in Gozo which is considered by Mott 

MacDonald to have a gooc potential is Qasam Ben Borg, as shown enclosed 

within the green border line in Figure 5.1. This site is located at the soutl:-west of 

C:-ozo at a height of 150m above sea level. The site average wind speed at 50m 

anove ground level is 6.65mis [1]. 

The general terrain in Gozo is predominantly agricultural and is steeper than in 

I\Wta. Ac,cording to the landscape assessment stJ.dy issueci. by MEPA in 2003, 

Qasan Ben Borg extends across Areas of Very High :::.,andscape Sensitivity 

IA VHLS) and Areas of High Landscape Sensitivity (AHLS). The coastline along 

the south west of Gozo is dominated by a stretch cf spectacular cliffs as shown in 

Figure 5.2. The QawTa-Dwejra coast is very near to this site. This is characterised 

by a rock:r stretch along the coast dominated by steep cliffs enclosing two main 

dolines. ':'.Jiere is a natural seawater conduit at 'il-Qawr:i' which fills the 

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

Figure 5.2 - Cliffs at the south-west of Gozo [27] 

39 



The main a:traction at Dwejra bay is the geomorphological structure (''!t-Tieqa~ 

which projects fr.;)m the cliffs known as the Azure Window as shown in Figure 

5.3, while a steep sided islet kno"'n as 'il-Gebla tal-General· dominates :he mouth 

of Dwejra b:iy. The Qawra to :Cwejra area including 'il-Gebla tal-General' is 

listed as a Natura 2000 site [1]. 

Figue 5.3 - Azure Window at Dwejra bay [27] 

The visual impact of nearby soft stone quarries is quite significant especially 

when viewed from hrigher points aiong this stretch of coast cs indicated in Figure 

5.4 [27]. 'Wied ta?-Kantra' a:-ea 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 

predomina-i(y agricultural and the steeper side of the valley is characterised by 

natural rock inclines. The terraced fields overlooking 'Wied ta.l-Kantra area are 

spectacular when viewed from 'Ta Sarraflu' area. The pone at 'Ta' Sarraflu' area 

shown in Figure 5.5 is also a protected site. Since it is located on the bro·N of the 

ridge, its effe~t on long distance \iew is rather limited. The area is aloo rich in 

archaeological heritage [27]. 
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Figure 5.4 - Soft-stone quarries at Dwejra (27] 

Figure 5.5 - Pond at 'Ta' Sarraflu' 

The site is visi'.Jle from 1he main :own of Rabat and the old for:ified citadel, 

'Citadella'. A VHF Omni-directional Range (\TOR) navigat:on syscerr.. which is 

utilised by aircrafts to navigate safely, is one of the ::najor constraints in tl:.e sfre. 

Apart frcm the mentioned constraints, there are also problens t-0 access the 

prospective site. The site is only served by ::ninor rural roads passing through 

small villages rr..aking it impossible for large vehicles transporting the component 
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sections c::: :he wine turbines and associated machinery to get through. Temporary 

roads woul:i need to be constructed and considering Gazo' s very high scenic 

v.abe anri considerable ecological importance, it is most likely that alternative 

roc:.ds wouici encoun_e:- major planning consent issues. 

In view of the mentio:1ed environmental and planning '.Jarriers, the site marked in 

Figure 5. ~ 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 hgh on the cliffs of Gozo's south-western coast in the vicinity 

: ·f Kercem, making the site exposed to the prevailing north-westerly winds. The 

site is at a 1istance from the coast and residential buildings of Kercem, Santa 

Lutija and Xlendi. Thus, the visual impacts, noise effects and shadow flickering 

on inhabirnnts living in the surrounding area are minimisecc.. A wind n:onitoring 

station ma..11aged by the Institute for Sustainable Energy (ISB: was operational in 

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

to assess its winci energy potential. 

Figure 5.6 - Wind farm Site at Kercem 

The dimensions of 6e wind farm site shown in figure 5.6 a:::-e roughly lkm by 

lkm. This area is sufficient to accommodate a 1 O~\V wind fann. The layout of 

the wind turbines within :he site depends on the winci energy resource 

characteristic:s, 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 Kert em [11) 

5.2 \Vind Farm Connection with the Grid 

Electricity is transmit:ed to Gozo from Malta via three 33kV submar::.ne cables 

terminated in the 33kV switchgear at Qala DC. This vohage is stepped down to 

llkV through two 30MVA transformers. Electricity is distributed throughout the 

island via a number of l lkV feede::-s. Distribution subsrntions step down the 

voltage to 400V three-phase or 230V single-phase supply. The low voltage SU?J:ly 

is distributed to residential, domestic and industrial co::isumers through buried 

underground cables and areal lines. Another DC is '.Jeing planr.ed to '.Je 

commissioned at the centre of the island, in the locality of Xewkija. This proposed 

DC is expected to improve the reliability of the distributicn system in Gozo whils-c 

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

The prop~sed wind farm at Kercem is located clos·e to an llkV overhead lbe 

feeding a 250kV A outdoor Transformer-Centre (TC) identified as Kercem VOR 

Beacon. This overhead line is sou-ced from Kercem tat-Taljana substatior. 

through a 95mm2 aluminium cable ra:ed at 3.9MV A. The overhead lin.e is made 

from bare copper conductors having a cross sectio::ial area of 35mm2 ra 'ed at 

4.21MVA. The cheapest connection of the wind fam with the grid is through a:r: 

overhead line connected \\'ith the utility's overhead line at the pomt where 

Kercem VOR Beacon transformer is located as illustrated in Figure 5 .8. Since the 

feeder to Kercem VOR Beacon TC is radial, the connection lacks adequate 
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rel.iability. Fcirthennore, ove::head lines in Malta are exposed :o the harsh climate 

especially in coastal areas, making them more susceptible to fa:.ilts than 

undergrounci cables. Thus, :iequent prevemive maintenance of overhead lines is 

necessary in order to reduce the occurrence of faults. This :mplies that the wind 

fa:m disconnectio:i ti.me is increased when it is connected wi:h an overhead line. 

1:i Qala Dislribution Centre ( 
:lhroug~ other-substations ______ ____, Kercem Tat-Taljana 

substaicn 

To Qala Distribution Centre 
1------- through other substations 

/ KercemVOR 

( 
Beacon Outdoor 

Transformer 
,, Centre 

---1 
I 
I 
I 
I 
I 
I 
I 

95mm2 Aluminium 
11kVcable 

35mm2 Copper 
-1 kV Overhead line 

: 35mm2 Copper 
1 - 1 kV Overhead line 
I 
I 

Figure 5.8- Connection of wind farm with llkV overhead line between Kercem tat­
Taijana substation and Kercem VOR Beacon TC 

A reliable option could be to connect the wind farm in the ring circuit of the 

network in the section betv;een Kercem tat-Taljana and Kercem substations as 

illustrated in Figure 5.9. The wind farm can be reliably connected with he utility 

grid via two underground cables. The cable section between Kercem ta:-Taljana 

and Kerce:n substations is composed of 95mm2 and l 85mm2 aluminium cables, 

rated at '.3 .9MV A and 5. 72MV A respectvely. Furthermore, this connection 

reciuces the :impedance between the PCC and the traditional source, hence the 

voitage rise at the PCC is decreased. 
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The wind farm size in both scenarios is limited by the 3.9~ A power rating of 

the 95mm2 aluminium cables. This means that the largest wind fam: that can ::>e 

connected with the grid will be rated at 3.4MW, consisting of four 850k\V wind 

turbines. 

A greater wind farm can be connected between Kercem t2.t-Taljana and Kercem 

substations without overloading the 1 lkV circuit, by replacing fae 95m:rr..2 

aluminium cables by 185m:m2 aluminium cables. This means that the 95mn:.2 

aluminium cables in tl:e section between Kercem tat-Taljan:i and Victoria Kercem 

Rd. substations need to be replaced. This makes it possible to insta[ a wind farm 

up to a maximum rating of 5. IM\V, consisting o: six 850kW \V-:r"d 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 feasibility of the project as this involves significant cos-c 

to replace such cables. 

To<>loOOi°""'C.°" (~\185 2AI .. . mm um1mun 
through other substations ' 11 kV bl 

Kercem T3t-Taljana ~e 
subsllation 

I 

' 

95mm2 Aluminium / 
11KVcable 

Kercem subs;a!ion 

\ 

95nm2 Aluminium 
11kV cable Wind Farm 

I 
I 

35mm2 Copper : 
11 kV Overhead line : 

I 
I 
I 
I 
I 
I 

Tc Qaia Distribution Centre 
throo~~ ':her subs;ations 

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

The impa:ts on the grid :rom the projected wind farm at Kercem need to be 

studied in detail through a load flow analysis. Such analysIB determines the power 

:lows thro-.igh the ne:work and also the voltage levels on the busbars of the 

substations throughout the entire feeder. 

The following four options of wind :arm connection with the grid are ~onsidered 

in this analysis: 

• Option 1 - 3.4MW wind farm consisting of four 850kW wind turbines 

conne~ted through a 35mm2 copper overhead tne with the utility's 

overhead line feeding Kercem VOR Beacon TC; 

• Option 2 - 3.LM'V wind :arm consisting of four 850kW wind turbines 

connected by two 95mm2 aluminium cables between Kercem tat-Taljana 

and Kercem substations; 

• Option 3 - 5.lMW wind farm consisting of six 850kW wind turbines 

connected by two 185mm2 abminium cables between Kercem tat-Taljana 

and Kercem substations; 

• Option 4 - 5. ~l\1\\1 wind farm consisting of six 850kW wind turbines 

connected by two 185mm2 aluminiu:n cables between Kercem tat-Taljana 

anc Kercem substations with the proposed Xewkija DC being the llkV 

feeders main source instead of Qala DC. 

5.3.1 Option 1 - 3.4MW Wind Farm Connected with Kertem VOR 

Beacon Overhead Line 

AB already mentioned, the proposed wind farm at Kercem can be integrated with 

the utility gric through a:r. overhead line connected with the utility's overhead line 

feeding Kereem VOR Beacon TC. As the wind farm consists of four 850kW wind 

tu..-Uines, equivalent tc c total of 3.4MW, a 35mm2 copper overhead line is 

sufficient tJ take the fdl generating capacity of the wind farm. The length of the 

overhead line from the nearest wind turbine to Kercem VOR Beacon TC is about 
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600m. The underground cables looping between ev~y wind turbine substation 

and the other consist of 95mm2 aluminium cables havbg a length of about 200m. 

The ste<:.dy-state voltage impact on the circuit is investigated thrm::.gh load flow 

analysis for the following worst case scenarios: 

• Scenario A - 3 4MW wind fann generating maximi:m power at 

0.95 leading and lagging power factor during minimum load 

demand; 

• Scenario B - 3.4M\V wind fann generating 3.15MW at 0.95 

leading and lagging power factor during minimum loac demand; 

• Scenario C - 3 4MW wind fann generating maximum power at 

0.95 leading and lagging power factor during maximum load 

demand; 

• Scenario D - 3 4MW wind farm disconne:::ted during maximum 

load demand. 

A snapshot of the circuit and proposed wind farm modelled in IPSA- software 1s 

shown in Figure B.1 of Appendix B. 

5.3.1.1 Scenario A - 3.4MW Wind Fann generating maximum 

power during minimum load demand 

The worst case scenario of voltage rise in the network is when the wind tam: 
generates maximum power during minimum load demand. This scer.a.rio involves 

a 3.4MW wind farm operating at 0.95 leading and lagging power factors, with tbe 

voltage at the 1 lkV busbar of Qala DC regulated within the 1.5% bandwidth o: 

1 l.2kV. This sit.Iation has been analysed through a load flow study in IPSA+ 

program. The voltage magnitudes resulting in the 1 lkV and LV busbars are 

shown in Table B.1.1 of Apper..dix B. The resuh:ing voltage profiles in the l lk\1-

circuit wi:h respect to its impedance are shown in 

Figure 5.10. 

Table 5.1 clearly shows that the high reactive power sourced £:-om 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 

::ninimum ta;i pos:.tion, the resulting voltage magnitudes in the L V 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 Qala DC (MW) 1.79 1.78 

:Net Reactive Powerflow intoQafa DC(MVAr) -1.48 0.73 
' Voltage at Source (kV) 11.15 11.26 

Voltage at the PCC (kV) 11.58 11.94 

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 llkV circuit for scenario A in option 1 

On the other hand, as the wind farm exports reactive power at a power factor of 

0.95, the vol:age 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 voltage of the AVC of the transformer at Qala DC to 11.lkV 

will not help to reduce the voltage levels in the circuit. The resulting voltage 

magnitudes a1 the 1 lkV busbar for both operating power factor scenarios fall 

within the 1.5% band~idth of 11. lkV. Thus, the transformer will not be farced to 

implement a tap-change to reduce the voltage at the 1 lkV busbar when it is 

regulated within the bandwidth of 11. lkV. Another option to regulate the voltage 

in the circuit within acceptable limits is by limiting the real power generated by 

the wind farm. 
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3.4MW Wind Farm generating mallimum power during minimum load demanc:I 
Effect on the Voltage along the UkV Circuit in relation with Orcuit Impedance 

- Voltage at the llkV Bust>a-s 1k1') whe~ 
the wnd "arro is operatir,g at '1.95 
leading Power Factor 
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Circuit Impedance (PU) 

Figure 5.10 - Voltage profile along the llkV circuit for scenario A in option 1 

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

minimum load demand 

The voltage at the wind farm's point of connection can be reduced :o permittec 

voltage levels by curtailing the generated real power while the wind-powerec 

generators absorbs maximum reactive power. The maximum power which can be 

generated without exceeding the 5% voltage rise in the llkV circui ... is 3.15MW 

The results obtained in the llkV anc LV busbars as the wind farm operates at 

0.95 leading and lagging power factors, with the A VC's target voltage 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 1 lkV circuit with respec: to the circuit 

impedance are shown in Figure 5.11. 

The reduced power generated from the wind farm reduces the net real power flow 

into Qala DC as indicated in Table 5.2. The curtailed power generation ai:d 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 nomir..al voltage. Thus, the 

maximum voltage in the 1 lkV circuit does not exceed the proposed upper voltage 

limit. As several transfonners in the circuit are set at their minimum tap positi::m, 
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the resulting voltage magnitudes in the L V busbars are within the pennitted limits 

as establisied in the network code. 

3.4MW Wind Farm connected with l(ercem VOR Beacon O/H Line 

0.95 leading Power Factor 0.95 lagging Power Factor 

Power Genercrred (MW) 3.15 3.15 

LDad Demand tMV A) 1.21 1.21 

~t Real Power flow into Qala DC (MW) 1.6 1.58 

~t React.ive Power flow into Qala DC (MVAr) -1.38 0.67 

'Voltage at SoLJoce (kV) 11.15 11.26 

'Voltage at the PCC (kV) 11.55 11.88 

Real Power Loses in the Circuit (MW) 0.2 0.1€ 

Reacti·.ie Power Losses in the Circuit (MVAr) 0.22 0.18 

Table 5.2 - J';et Power flow and losses in the llkV circuit for scenario B in option 1 

Exporting reactive ?OWer at a power factor of 0.95 at the reduced real power 

generation of 3 .15MW is not enough to :-educe the voltage at PCC to within 

acceptable limits. In fact the resulting voltage at the PCC exceeds the nominal 

voltage by 8%. Consequently, the voltage at the L V side of Kercem VOR Beacon 

TC exceeds the 10% tole::-ance from the nominal voltage even though the 

transformer :_s set at the minimum tap position. The reduced reai power generated, 

reduces the losses in both power :actor extreme scenarios. 

12 

11.9 

~ 11.8 

-~ 11.7 

u 

3.4MW Wind Farm generating 3.lSMVI during minimum load demand 
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Figure 5.11 - Voltage profile along the llkV circuit for scenario Bin option 1 
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5.3.1.3 Scenario C - 3.4M\V Wind Fann generating maximum 

power during peak load demand 

The scerario of having the 3.4MW wind fann generating maximum power during 

peak lo<:.d demand is investigated through a load flow s:udy. The fixed tap­

changers of the distribution transfor:ners are kept in the same position as ir 

scenario B. The 1 lkV busbar a:: Qala DC is regulated within the 1.5% bandwidtl: 

of 11.2kV as in previous scenarios. The steady-state voltage magnitudes resulting 

at the 1 lkV and LV busbars while the generators operares at power factors of 0.95 

leading and lagging are show:i in Table B.1.3 of Appendix B. Tne resulting 

voltage p::-ofiles along the 1 lkV circui:: with respect to circuit impedc:nce is showi:: 

in Figure 5.12. 

3.4MW Wind Farm connected with Kercem VOR Beacon O/H Line 

0.95 leading Power ;:actor 0.95 lagging Power Factor 

Power GE!!lerated (MW) 3.4 3..1 

Load Demand (MVA) 4.49 4.49 

Net Real Power flow into Qala DC (MW) -1.27 -119 

Net Reactive Power flow into Qala DC 1:Mv Ar) -3.07 -0 23 

Voltage at Source (kV) 11.35 ::1.18 

Voltage at the PCC (kV) 11.19 ::1.29 

Real Power Losses in the Circuit (MW) 0.29 D.15 

Reactive Power Losses in the Circuit (MVAr) 0.41 a.~ 

Table 5.3 - Net Power flow and losses in the llkV circuit for seenario 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 fann, Qala DC is sourcing the net ::-eal and reactive power. 

This has kept the voltage at PCC within acceptable hmits for both exrreme power 

factor scenarios. Consequently, the voltage in the L V bus bars are witim the ± 10% 

tolerance as stipulated in the network code. In sucl: scenario, it is :preferable to 

operate the wind fam:. at 0.95 lagging power factor so that the losses m the circuit 

are minimised. 
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3.4MW Wind Farm gererating maximum power during maximum load demand 
Effect <Y1 the Voltage along the llkV Circuit in relatior with Circuit Impedance 
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Figure 5.12 - Voltage profile along the llkV 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 ~ircuit are set c.t their minimum tap 

position, this would lead to a considerable voltage drop at the consumer end when 

the wind farm is disconnected. The scenario of h.aving the entire 3.4~1'N wind 

~arm disconnectec during peak load conditions is analysed. T3e voltage :-esulting 

ar the 1 lkV ar:d 400V busbars are shown in Taole B.1.4 of Appendix B. The 

voltage profile along tne 1 lkV circuit in relation with circuit impedance is shown 

in Figure 5. ~3. The tap pc·sitions of all the transformers in the dis::ibution 

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

3.4MW Wine Farm connected with Kercem VOR Beacon O/H line 

Switched Off 

Power Generated (MW) 0 

Load Demand (MVA) I ~.49 

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

Net Reactive PowerfloVll· into Qala DC (MVAr) -1.99 

Voltage at Source (kV) 11.12 

Mininwm Voltaee in the Circuit (kV) i 10.25 I 

Real Power Losses in the Circuit (MW) 0.32 

Reactive Power Losses in the Circuit (MVAr) i 0.37 

Table 5.4 - Net Power flow and losses in the llkV circuit for scenario Din o-ption 1 
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It is evicent from 

Table 5.4 that the minimum voltage in the l lkV circuit is well below fue limit of 

10.45kV. From the voltage profile in Figure 5.13, one can note that a c0nsiderable 

number 3f nodes in the circuit exceeds the 5~·o voltage drop limit. In fact "'"he lower 

voltage hmit in the 1 lkV circuit was exceeded in the section between Victoria 

substation and the last node in the circuit. Such significant voltage drop in the 

circuit is mainly due to the I2R losses caused by high load and significant circuit 

impedance. Such vol:age drop in the ~ lkV 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 drop of 6% across the L V 

lines is assumed, the lowest voltage at the consumer end is arcunc 353V. This 

implies that the resuiting voltage magnitudes at the consumer terminals vioiates 

the permitted limits as established in the network code. The situation can be 

improved by reducing the load and impedance of the L V circuits. sucl: that the 

voltage drop in the LV feeders does not exceed 4.2%. 
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3.4MW Wind Farm disconr.ected during maximum load demand 
Effect on the Voltage along the 11kV Cirruit in relation with Cirrult lmpedaue 
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Figure 5.13 - Voltage profile along the llkV circuit for scenario D in option 1 
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5.3.2 Option 2 - 3.4MW Wind Farm Connected between Kercem 

tat-Taljana and Kercem Substations 

A..nother optbi: for connecting the wind farm with the grid is for it to be 

electrically mserted between Kercem tat-Taljana and Kercem substations. The 

VIFCSR is :ypically placed close to the point of connectfrm. The two 95mm2 

a~11miniu:n cab~es be:ween the WFCSR and the w~nd 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 or.e of the ring-switches 

of the RMU in the section between wind turbine substation 2 and 3 is switched 

oE. From a ?vwer flow perspective, the 3.4Mw· wind farm is seen as spU in two 

1. 7MW generation units. The power from each of these two generation units is 

fed im:o thetr respective cables towards the busbar of the \VFCSR. From this 

common busbar, 6e generated power is distributed according to the load demand 

towards both sides of the feeder. A snapshot from IPSA+ software of the 

n:odelled wind farm connected with grid is shown in Figure B.2 of Appendix B. 

The i:opc.ct cf the 3.41-fW wind farm on the network is analysed for the following 

scenanos: 

• Scenario A - 3.4M¥/ wind farm generating naximum power at 

0.95 leading and lagging power factor duri:i.g minimum load 

ciemand'. 

• Scenario B - 3.4MW wind fa.-in generating maximum power at 

C.95 leading and lagging power factor during maxim1.::m load 

demand: 

• Scenario C - 3.4MW wind farm disconnected during maximum 

load demand. 

5.3.2.1 Scenario A - 3.4MW Wind Farin generating maximum 

power during minimum load demand 

T.'.le worst case scenario for steady state voltage rise on the circuit is experienced 

when the 3 . .t:\'.IW wind farm generates maximum power during minimum load 
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demand. The voltage magnitudes resulting at the 1 lkV and LV busbars m the 

circuit from the impact of the wind farm operating at 0.95 leading and lagging 

power factors wi::h the 1 lkV busbar at Qala DC regulated withill the 1.5% 

bandwidth of 1 l .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. 

3.4MW Wind Fann connected between Kercem tat-Taljana and Kercem Substations 

0.95 leading Power Faetor 0.95 lagging Power;:actor 

Power Generated (M'J\I) 3.4 3.4 

Load Demand (MVA) 1.21 :.21 
Net Real Power flow into Qala DC (MW) 1.83 :.31 
Net Reactive Power flow into Qala DC (MVAr) -1.45 0.76 

Voltage at Source (kVI 11.15 :1.26 

Voltage at the PCC (k't') 11.52 :1.82 

Real Power Losses in tha Circuit (MW) 0.19 0.15 
Reactive Power Losses m the Circuit (MVAr) 0.22 0.18 

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

Operation of the wind farm at 0.95 leading power factor does r:.ot cause the 

voltage at the PCC to exceed the 5% voltage rise of the nominal voltage. From 

Table 5.5, it is clea 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 f:-om the impedance of 2.44pu in option :. Since several 

transformers are set at their minimum tap position, the resulting voltage levels in 

the L V busbars of a] the substations in the circuit are \Vi.thin the ±10% limit. 

As the wir.d farm ge::ierates reactive power at a power factor of C.95, the ~osses 

along the feeder decrease. However the voltage in the : lkV circui:: rises up to 

7.45% of the nominal voltage. Consequently, the voltage at several. L V busbars 

exceeds the upper limit of 440V despite setting the transformers at :heir minimum 

tap position. 

In view that the resulting voltage magnitudes in the 1 lkV busbar of ~la DC for 

the leading and ~agging power factors, that is, 1 l.15kV and 1 l.26kV respectively, 
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are within the 1.5% bandwidth of 11. lkV, setting the A VC target voltage to 

11. lkV vdl not help reduce :he voltage rise in the circuit. 
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3.4MW Wind Farm generating maximum power during minimum load demand 
Effect Cll the Voltage along t he llkV Cirruit in relation with Circuit l111pedance 
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Figure- 5.14 - Voltage prof'Ile along the llkV circuit for scenario A in option 2 

5.3.2.2 Scenario B - 3.4MW Wind Farm generating maximum 

power during maximum load demand 

The voltage magnitudes at the 1 lkV and LV busbars resulting from the ~mpact of 

the 3.4M\V wind farm while generating maximum powe:::- at 0.95 leading and 

lagging pcwer factors during maximum load demand are shown in Table B.2.2 in 

Appendix B. The llkV busbar of Qala DC is ::-egulatec within the 1.5% 

bandwidth cf 11.2kV. The transformers' tap positions are kept as in scenario A. 

The resulting voltage profiles of the 1 lkV circuit in relation witl: circuit 

impedance are shown in Figure 5.15. 

From Table 5.6, one :;an note that the load demand is greater than the power 

generated ~y the wind farm. Thus Qala DC has to source re.al and reactive power 

for both power factors scenarios. This has kept the voltage at the 1 lkV and LV 

circuits wit:Jr.n the limits estc.blished in the network code. In such scenario, it is 

preferable to operate tl:.e wind farm in lagging power :actor mode, as the losses in 

the circuit are minimised. 
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3.4MW Wind Farm connected between Kercem tat-Taljana and Kercem Subs-U1tions 

0.95 leading Power Factor 0.95 lagging Power Factor 

Power Generated (MW} 3.4 3.4 

Load Demand (MVA) 4.49 4.49 

Net Real Power flow into Qala DC (MW) -1.23 -U.6 

Net Reactive Power flow into Qala DC (MVAr) -3.03 -0.8 

Voltage at Source (kV) 11.35 :.1.18 
Voltage at the PCC {kV) 11.12 :.1.16 

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 llkV circuit for scenario Bin option 2 
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3.4MW V.ind Farm generating maximum power during maximum load demad 
Effect on the Voltage abng the llkV Circuit in relation with Cirruit Impedance 
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10.9 1-r-~~~~~~~~~~~~~~~ 
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Figure 5.15 - Voltage profile along the llkV circuit for scenario Bin option 2 

5.3.2.3 Scenario C - Wind Farm disconnected during peak load 

demand 

The voltage magnit.1des resulting at the 1 lkV and LV busbars :'.:n the circuit after 

the wine farm is disconnected are shown in Table B.23 in Appendix B. ~r_e 

voltage profile along the 1 lkV circuit with respect to circuit impedance is shown 

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

the previous scenari::>s. 
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3.4MW Wind Farm connected between Kercem tat-Taljana and Kercem 

Substations Switched Off 

Power Generated (MW) 0 
load Demand (MVA) 4.49 

Net Real Power flow into Qala DC (MWJ -~.s 

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

Voltage at Source (kV) :.L12 

Minimum Voltage in the Circuit (kV) 10.24 

Real Power Losses in the Circuit (MW) 0.32 

I Reactive Power Losses in the Circuit (MVAr) 0.37 

Table 5.7 -1'et Power ftow and losses in the llkV circuit for scenario C in option 2 

Table 5.7 dearly shows that the resulting voltage drop in the 1 lkV circuit as the 

·;.>.:ind farm is disconnected is quite significant. In fac~ the voltage drop at the last 

node of the radial ~ircuit is 6.9% of the nominal voltage which exceeds the 

permitted 5% l:mit. Such significant voltage drop causes the voltage in the 1 lkV 

bus'.Jars of several substations in the 1 lkV circuit to be lower than the 10.45kV 

limit. Consequently, the ~ V ·:Jusbars experience a considerable decrease in voltage 

especially m th:::>se suestations where the transformers are set at the minimum tap 

pc·sition. The minimum voltage appearing at the L V busbars of the circuit is 

376V. A voltage drop of 6% along the LV lines results i:i a voitage of353V at the 

consumer ;:er:mnals, wh:ch violates the limits established in the network code. 

This s:tuaticn can be i:nproved by reducing the voltage drop in the L V circuits to 

less than .c.~,..ti, by reducing the load and impedance in the L \' jnes. 
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3.4MW Wind Farm disconnected during maximum loc.d d<!mand 
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Figue 5.16 - Voltage profile along the llkV circuit for scenario C in option 2 
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5.3.3 Option 3 - 5.1M\V Wind Farm Connected between Kertem 

tat-Taljana and Kertem Substations 

The wind farm size is limited by the existing 95mm2 aluminium cables, rated at 

3.9MV A, in the section between the FCC and Victoria Kercem Rd substation. In 

order to accommcdate a larger wind farm, the cables in this section need to be 

replaced by 185rnm.2 alumi::iium cables, rated at 5.7MVA. The total length of 

cable that needs to be replaced is about 1800 metres. This will make it possible tc 

install up to six 850kW wind turbines without overloading the ~ H:::V circuit. 

However the viability of such option depencs on the steady-state voltage rise in 

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

The mocelled wind farm is connected with the grid by two 185mm2 aluminiuc. 

cables. The cables looping between the wind turbines also consists of 185mm: 

aluminium conductor cables. The wind farm and the 1 lkV circuit are modelled i::. 

the IPSA+ program as shown in the rnapshct in Figure B.3 in Appendix B. The 

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

• Scenario A - 5.IMW Wind Farm generating maxi::num power at 

0.95 leading and lagging power factor during minimum loae 

demand; 

• Scenario B - 5.IM\V Wind Farm generatir:g 4.25.MW at 0.95 

leadi:l.g and lagging power factor during minimum lcac demand; 

• Scenario C - 5.IMW Wind Farm generating maxi::num power at 

0.95 leading and lagging power factor d:iring maximum loa.:: 

demand; 

• Scenario D - 5.IM¥i -wind Farm disconnected during maximum 

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

power during minimum load demand 

T~e 5.Hv'IVvT wind fam:, consisting of six 850kW wind turbines, is analysed in the 

worst case scenario to verify whether the steady-state voltage of the 1 lkV circuit 

exceeds the permitted limits. The wind farm is analysed at its two extreme 

operating m'.Xles, that are, at 0.95 leading and lagging power factors. The voltage 

resulting at the llkV and LV busbars of all the n·3des in the circuit for both 

eiperating power factors are showr in Table B.3.1 ir. Appendix B. The resulting 

voltage profiles of the 1 lkV ~ircuii: with respect to circuit impedance are shown in 

Figure 5.1'7. 

5.1MW Wind Farm connected beb.·een Kercem tat-Taljana and Kercem Substatiois 

0.95 leading Power Factor 0.95 lagging Power Factor 

Power Generated (MW) 5.1 5.1 

Load Demamd CMVA) 1.21 1.21 

Net Real Power flow into Qala DC (MW) 3.25 3.24 

Net Reactive Power flow into Qa!a DC (MV.Ar) -2.15 1.17 

Voltage at Source (kV) 11.12 11.28 

Voltage at tne ::>CC (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 - l'et Power flow and losse~ in the llkV circuit for scenario A in option 3 

Table 5.8 ~learly shows that the s:gnificant flow of net power into Qala DC has 

caused a oonsderable V·:>ltage rise at the PCC exceeding the 5% of the nominal 

voltage in both operating power fa.::tor scenarios. When the wind farm operates at 

a leading po91·er factor of 0.95, the voltage rise at the PCC is 5.9% of the nominal 

voltage. Such voltage rise in the 1 lkV circuit does not cause the voltage at the L V 

busbars to exceed the 1 (}% voltage :ise limit with the transformers being set at the 

minimum -:-ap position. 

However, as :he wind fa:m exports reactive power at a power factor of 0.95, the 

voltage rise a: the PCC reac.h.es 10°-'.) of the nominal voltage. The high increase in 

the voltage magnitudes of several nodes in the 1 lkV c:rcuit has caused the voltage 
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at the L V busb<:rs to exceed the upper limit of 440V despite having fae 

transforr:lers 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 in 

such sce:iario. Seting the voltage set-point of the AVC at Qala DC to 11. lkV -wi L 

not cause the transformer to perform a tap-change to reduce the -voltage. Thus~ a 

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

5.lMW W'in:I Farm generating maximum power during ninimum load derr.a.-.i 
Effect on the voltage along the 11l<V Circuit ir relation with Circuit llT!pedance 
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Figure 5.17 - Voltage profile along the llkV 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 impoc.t on the steady-state voltage of the circuit fro:n various ;::urtailed :-eal 

power generation values are analysec through a load flow 5tudy. The resulting 

max1mun: real power generation at the maximum possible reactive power 

absorption tha~ Froduces acceptable voltage results i:J. the _ lkV circuit is 

4.25MW. This impj es that one of the six wind turbines has to be S\\<itched off 

during minimum load demand. The voltage magni:udes at the 1 : ~v and L v 

busbars Iesulting from the impact of the wind farm while generating 4.251\.fW at 

0.95 leading and lagging power factof3 are shown in Tab~e B.3.2 in Appendix 3. 
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T:'.ie resultiag voltage profiles of the 1 lkV circuit m relation wifo circuit 

impedance are sho""n in Figure 5.18. 

S.lMW Wind Farm connected between Kercem tat-Tai jar.a and Kercem Substations 

0.95 leading Power Factor 0.95 lagging Power Factor 

Power Generated (MWj 4.25 4.25 
,Load Demand (MVA) 1.21 1.21 

I Net Real POiNer flow into Qai·a DC (MW) 2.56 2.53 

Net Reac:ive Powerflow into Qala DC (MVAr) -1.8 0.93 

Voltage at Source (kV) 11.13 11.27 

Voltage at t ile PCC (kV) 11.55 11.93 

Real Power Losses in the ura.iit (MW) 0.26 0.21 

Reactive Power Losses i1 the Circuit (MVAr) 0.31 0.26 

Table 5.9 - Nd Power ftow and losses in the llkV circuit for scenario Bin option 3 

As indicated in Table 5.9, the reduced net real power flowing towards the primary 

substation causes the vc-ltage at the PCC to decrease in both operating power 

~tor scenarios. However, the wi:id farm has tc consume reactive power at a 

power factor of 0.95 in order to reduce the voltage at the PCC to 1 l.55kV. 

Consequently, the voltage at the L V busbars does not exceed the 10% voltage rise 

limit with the transfonners being sec at the minimum tap position. 
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Figure 5.18 - Voltage profile along tne llkV circuit for scenario Bin option 3 
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As the wind farm exports reactive power at a power factor of0.95, the voltage rise 

resulting at the PCC is 8.45%. Such excessive voltage rise causes fue voltage at 

the L V busbars to exceed the limits established in the network code despite 

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.lMT\V wind farm, while generating maximum power during 

maximum load demand on the steady-state voltage of the circuit, is analysed. This 

will verify whetter such size of wind farm is technically possible to be installec 

without violating 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 1 lkV and LV b~bars of the 

nodes i:r: the circuit are shown in Table B.3.3 in Appendix B. The resulting 

voltage profiles of the 1 lkV circuit with respect to circuit impedance are shown ir: 

Figure 5.~9. 

5.lMW Wind Farm connected between Kercem tat-Taljana and Kereem Substations 

0.95 leading Power Factor 0.95 lagging Power Factor 

Power Generated {MW) 5.1 S..1 

Load Demand (MVA) 4.49 4.L9 

Net Real !tower flow into Qala DC (MW) 0.28 039 

Net Reactive Powerflow into Qala DC (MV Ar) -3.69 -0.32 

Voltage at Source (kV) 11.32 1::...2 

Voltage atthe PCC (kV) 11.29 1::...5 

Real Power Losses in the Circuit (MW) 0.35 0.15 

Reactive Power Losses in the Circuit (MVAr) 0.50 033 

Table 5.110 - Net Power flow and losses in the llkV circuit for scenario C ht option 3 

As indicated in Table 5.10, the small amount of net real power exported into Qala 

DC, and reactive power imported from the same DC kept the voltage at the PCC 

within acceptable limits for both extreme operating power factors scenarios. Thus, 

the resulting voltage at the L V busbars of :he substations does not exceed the 
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upper limit of 440V. It is preferable that during high load demands, the wind farm 

exports reactive powe:- as the losses in the circuit are minimised. 
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5.lMW Wind Farm get1erating maximum power during maximurm load demand 
Effect on t '1e Volt<111e along the llkV Circuit in relation with Circuit Impedance 
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Figure 5.19 - V0ltage profile along the llkV 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 seve::-al Exed tap-changers of the substation transformers are set at 

their minimun1 tap positon, the voltage drop especially at the general consumer 

end can be of great conce:n, during wind farm disconnection. Thus in this 

scenario, the impact on the steady-state voltage from the disconnectio:J. of the 

5.l MW wind farm during peak load demand is analysed. The voltage magnitudes 

resulting at the 1 lkV anc LV busbars after wind farm disconnection are shown in 

'::'able B.3.4 in Appendix B. The voltage profile of the 1 lk\' circuit in relation 

v..ith circuit impedance is shown in Figure 5.20. 

From Table 5.11, ::t can be noted that the voltage drop in the 1 lkV circuit reaches 

6. '7%, thus violcting the limits established in the network code. The lowest voltage 

resulting in tl:.e L V bus bars is 3 77V, with the transformer Li the substation set at 

fL e minimum tap posi ·on. If a 6% voltage drop along the LV lines is assumed, a 

voltage of 354V resu~ts at the consumer i:erminals, hence violating tne limits 
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established in the network code. This problem can be mitigated by cetter load 

sharing between the L V circuits such that the voltage drop along the L V lines is 

reduced to below 4.5%. 

5.lMW Wind Farm connected between Kercem tat-Taljana and Kereem 

Substations Switched Off 

Po•11er Generated (MW) 0 

Load Demand fMVA) 4.49 

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

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

Voltage at Source (kV) 11.12 

IVinimum 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 llkV circuit for scenario D i• option 3 

5.lMW Wind Farm disconnected during maximum lead demand 
Effect on the ~oltage along the llkV Circuit in relation with Cilcuit lm~dan'ce 
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Figure 5.20 - Voltage profile along the llkV circuit for scenario Din option 3 
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5.3.4 Option 4 - 5.1M\V Wind Farm Connected between Kertem 

tat-Taljana and Kertem Substations with the Planned Xewkija DC 

as the Main Source 

The planned Xewkija DC is to be located at the central regior: of the island. Thus 

the DC w:ll be much closer to the wind farm under consideration. Consequently, 

the number of substations in the circuits are reduced, thus reducing the total 

circuit impedance due to a shorter cable route length. This will decrease the 

voltage dr')p 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.l:MW wind farm 

between Kercem tat-Ta{ana and Kercem substations is the same as in option 3. 

The 95mm2 aluminiu:n caKe segments between the WFCSR and Kercem Rd 

substation still need to be replaced by 185mm2 aluminium cables in order to be 

sufficiently rated without being overloaded from the wind farm generation power. 

The 33/1 lkV transformer at Xewkija DC is planned to be similar to the one at 

Qala DC, ha-,;ing a power rating of 30MV A. Thus, the 1 ~kV busbar voltage is 

assumed to be regulated within the 1.5% bandwidth of 11.2kV. 

The modified 1 lkV circdt a:td wind farm are modelled in IPSA+ as shown in the 

snapshot in Figure B.4 in Appendix B. The impact on the network from the 

5.1:\fW wind farm is analysed for the following scenarios: 

• Scenario A - 5.IMW wind farm generating maximum power at 

0.95 leading and lagging power factors during minimum load 

demand; 

• Scenario B - 5.IMW wind farm generating naximum power at 

0.95 leading and lagging power factors d:iring maximum load 

demand; 

• Scenario C - 5.lMW 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. lMTw wind farn: 

in the worst case scenario is analysed 1hrough a load flow study. This analysis wil~ 

verify whether suci size of a wind farm can be technically operated in tbs 

scenario without exceeding the steady-state voltage limits of the network. The 

resulting voltage magr.itudes at the 1 lkV and LV busbars in the circuit are show:r:. 

in Table B.4.1 in Appendix B. The voltage profiles resultbg in the 1 lkV cir~uit 

with respect to circuit impedance are shown in Figure 5.21. From tiis figure, it 

can be ncted that tl:e circuit impedance between the PCC and the DC is reducec 

from 1.93pu to 0.96pn 

5.lMW Wind Farm connected between Kercem tat-Taljana and Kereem Substations 

0.95 leading Power Factor 0.95 lagging Power Factor 

Power Generated (MW) 5.1 5.1 

Load Demand (MVA) 0.61 0.51 

Net Real Pcwerflow into Xewkija DC (MW) 3.97 3.92 

Net ReactM! Powerflow into Xewkija DC (MVAr) -2 1.3 

Voltage at Source (kV) 11.12 11.29 

Voltage at the PCC (kV) 11.42 11.71 

Real Power Losses in the Cr<:uit (MW) 0.24 0.21 

Reactive Pcwer Losses in the Circuit (MVAr) 0.38 0.33 

Table 5.U - Net Po"'er flow and losses in the llkV circuit for scenario A in option 4 

From Table 5.12, it is evident that the reduced :ninimum load ::lerr.and has 

increased the net power flow into Xewkija DC. However, the reduced impedance 

between PCC and the DC, and the reactive power consumption by the wind farm 

at a power factor o: 0.95, 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 6e proposed 

5% voltage rise limit. Hence, the voltage at the L V busbars is within fae permitted 

limits. 

Conversely, as the vvind 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 s-ubstation transformers in the circuit at the miniml:m tap positions, the 

voltage in the LV busbars are maintained below the upper limit of 440V. 
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5.lMW Wind Farm generating maximum power during minimum load demand 
Effeot 011 the Voltage along the llkV Circuit in relation with Circuit Impedance 
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Figure 5.21 - Voltage profile along the llkV circuit for scenario A in option 4 

5.3.4.2 Scenario B - 5.1MW Wind Farm generating maximum 

power during maximum load conditions 

The impacts on the steady-state voltage of the circuit from the 5.lMW wind farm 

while gene:-ating maximum power at 0.95 leading and lagging ?OWer factor during 

maximuo l·::iad demand are analysed through a load flow study. The voltage 

magnituC.e5 :-esulting at the l lkV and LV busbars of the nodes in the cir-cuit, are 

sh'.:>wr:. in Table B.42 in Appendix B. The -voltage profiles resulting in :he l lkV 

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. 

'::1ius, the ~ power flowing into Xewkija DC increases when compared with the 

ex ~ster.t circuit configuration. However, the reduced circuit impedaoce between 

PCC and :he DC has kept the resulting voltage magnitudes at the PCC for both 

ex:reme operating pc·wer factor scenarios within acceptable limits. Consequently, 

( e rernlting voltage at the L V busbars is within the permitted limits as stipulated 

in the network code. 
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S.lMW Wind Farm connected between Keri:em tat-Taljana and Keri:em Substations 

0.95 leading Power Factor 0.9S.laggingPawer Facto· 

Power Generated (MW) 5.1 5.1 

Load Demand (MVA) 2.52 2.5L 

Net Real Fower flow into Xewkij;a DC (MW) 2.26 22 

Net React:ve Power flow ink> Xewkija DC (MVAr1 -2.85 C.45 

Voltage at Source (kV) 11.36 ll.25 

Voltage atthe PCC (kV) 11.5 ll.51 

Real Power Losses in the Circuit :Mw) 0.2 0.1.! 

Reactive Power Losses in tha Cir:uit (MVAr) 0.38 D.30 

Table 5.13 - Net Power flow and losses in the llkV circuit for scenario Bin optio• 4 

5.lMW Wind Farm generating max: mum power during .,aximurr load demad 
Effect on the Voltage a!ong the 11tV Ciro..1it in relation w!h Cirru!t !mpechmce 
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Figure 5.22 - Voltage profile along the llkV circuit for scenario Bin option 4 
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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 ~ircuit are kept in 

the same tap position as ir the previous scenario, that is, at :he tap positic-n of · -1 '. 

The vol:age magnitujes at the 1 l kV and LV busbars resulting from the 

disconnection of the wind farm during maximum load demand are sh::iwn in Table 

B.4.3 in Appendix B. The resulting voltage profile along the 1 lkV circuit in 

relation with circuit iopedance is shown in 

Figure 5.23. 
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S.lMW Wind Farm connected between Kercem tat-Taljana and Kercem 

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 - ~et Power flow and losses in the llkV circuit for scenario C in option 4 

As indicatec in Table 5.14, the voltage drop resulting through:mt the 1 lkV circuit 

is of 0.73% of the nominal voltage. The minimum voltage resulting in the LV 

·:Jusbars ::s 4 ~ 2V. If a 6% voltage drop along the L~v' line is assumed, the minimum 

voltage resui:ing at the consumer end will be 387V, wh:.ch is ·.vithin the permitted 

limits as specified in the network code. 

5.lMW Wind Farm disconnected during maximum load demand 
Eliect on t"e Yoltage along the llkV Circuit m relation with Circuit Impedance 
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Figure 5.23 - Voltage profile along the llkV circuit for scenario C in option 4 
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5.4 Conclusions 

The cheapest connection of the prospective wmd farm in ~rcem is throt:gh a:: 

overhead line connected with the existing overheac line feeding Y...._ortem VOR 

Beacon ~C. The capacity of the existing 1 lkV cables installed in the feeder limits 

the wind farm's rated power to 3.4l\.f\V. The \\--ind farm connection wi6 the grid 

will reqdre the installation of an about 600m length of 35nnn2 copper line. The 

impedance of the circuit between the PCC and Qala ::JC 1s 2.44pu. This 

impedance causes t::.1e voltage at PCC to exceed the 5% of the r:.ommal voltage, 

when the wind farm generates maximum power ac 0.95 leading power factor 

during minimum load demand. In order to reduce the voltage at PCC to 11.55k\T, 

the generated power has to be reduced to 3.15MW during periods of minimum 

load demand. However, one must cei:ermine fae probability of such occurrence 

and the resulting energy being lost due to such power curtai:ln:ent. The 

disadvantage of having an overhead line connection is tha: it is more prone tc 

faults especially during extreme weather conditions. Moreover, overl:.ead lines 

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

The impedance between PCC anci Qala DC can be reducec to 2.0lpu by 

connecting the 3.4MW wind farm between Kercem tat-Taljana anci Kercem 

substations. However, the connection is more costly to implement as it involves 

the insta]ation of 1850m length of 95mm2 aluminium cables, together with the 

associatee communication and earthing cabltes, buried in the gr::mnd. Such 

connectio:i is more :c.-eliable than an overhead line connecticn due to lm:\:er failu::-e 

rate. However, since buried cables are less accessible, it is more expe:isive 2.lld 

time consTu.11ing to repair. The wind farm can be connected with the ::. lkV circuit 

via two cables to increase the wind farm reliability. Such com:.ection will ensure a 

higher energy yield than an overheac line connectbn. The reducee impedance 

keeps the voltage rise at the PCC below 5% of the nominal voltage as the wir..d 

farm generates maximum power at 0.95 leading power factor during ::ninimum 

load derr:and. The impacts on the steady-state voltage from the twn connection 

options o: the 3.41\.f\V wind farm generating maximum power at C.95 leading 

power factor during minimum load demanc are compared by a graphical 

representation as shown in 
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Figure 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 conaection options of 
tile 3.4MW wind farm 

As the r:et :;>ower flow towards the primary substation reduces, the voltage rise 

ab ng the circuit is reduced. In fact, it is clearly shown that as the load reaches its 

_;.Jeak during maximum power generation from the wind farm, tl:.e voltage 

:nagnitudes ::n the noces along the circuit reduces ccnsiderably. In view that the 

:naximum load demar:d is higher than the maximun:. power generation from the 

·\}.:md far::n, it is possible to expo:i reactive power from the wind farm ac a power 

factor of 0.95 without exceeding the 5% voltage rise at the PCC. As the wind farm 

exports readive power, the power losses in the circuit are reduced. T'.le power 

:a::;tor of the w:.nd farm shou~d ideally be co:itrolled according to the voltage at the 

?CC. Preferably, the wind turbines shoul export maximurr:. reactive power to 

reduce the losses in tl:.e network while generating more revenue, howeYer as the 

net power flow towards the primary substation rises, the lagging power .cactor of 

tl:.e generated power may be shifted to leading mode in order to keep be voltage 

in the ~rcuit within permitted limits. 

Severcl su·ostacion tra::isformers, especially those located in the vicinity of the 

wind farm u:;> to the end of the circuit needs to be set at the minimum tap position 

in order to keep the voltage in the L V side within the permitted limits during 
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worst case operating scenarios. This poses a problem when the wind farm is 

disconnected during maximum load demand. The voltage drop along foe 1 lkV 

circuit can result in a voltage magnimde 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 L V lines, the resulting voltage at the consume~ terminals 

will fall below the 360V limit. The voitage drop along the L V lines should be less 

than 4.2% in order to retain the voltage within permitted limits. This L V drop 

issue can be improved by the following measures: 

• bet:er load balancing between the L V feeders and berr phases; 

• reinforcing the L V circuits through the installatron of new 

feeders so as to reduce the circuit impedance and loac; 

• coo.missioning of new substations to relieve the load m the 

circuits while reducing the circuit impedance; and 

• replacing transformers with those equipped with OLTC for better 

voltage regulation or. the L V side. 

Replacing the cable segments between the wind farm·s PCC and Victoria Kercem 

Rd substation by 185mm2 aluminium cable increases the rated cable capacity to 

5. 7MV A. 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 S.lMW. Moreover, the replaced cable slightly reduces the 

overall impedance between PCC and Qala DC to 1.93;m. ~everthe~ess, the 

significant rise in net power flow towards the primary substc:.tion during ::naximum 

generation at 0.95 leading power factor and minimum load C.emand still causes the 

voltage ir. several nodes in the 1 lkV circuit to exceed the 5% of 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 below l 1.55kV As the ::iet 

power flo\Xi into Qala DC reduces during peak load demand., it enables the wind 

farm to operate at maximum real and reactive power generaton 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 '.Jeing sourced from Qala DC. Better load sharing between the 

two DCs and hence re<luced circuit impedances, will definitely allow ar. increased 
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penet:"aticn of distributed generation in the island. In fact, from the analysis 

carried out ~n the c:Icuit with the 5.lMW wind farm generating maximmn 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 increa~e in the net power flow towards Xewkija "JC. Figure 5.25 

clearly shows the co:::nparison between the resulting voltage profiles of the 1 lkV 

circuits witl:_ 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. 

S.lMW Wind Farm generating maximum power at 0.95 leadin.g power factor 
during minimum ioad demand 
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Figure 5.25 - Voltage profile~ resulting in the llkV circuit sourced from Qala DC 
and Xewkija DC from rhe impact of a 5.lMW wind farm 

The reducticn in the peak load derr.and from 4.88~V A to 2.6MV A, combined 

·~:.th the reduced circuit impedance, causes a significant reductio:i in the voltage 

drop in the circuit as be wind farm is disconnected. In fact :he minimum voltage 

resulting i:i the 1 lkV, and LY lines assuming a 6% vdtage drop, are 10.92kV and 

387V respectively, which are within the limits established in the networK code. 
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CHAPTER6 

WIND FARM AT WIED RINI, MALTA 

6.1 Site Characteristics and Constraints 

One of the prospective sites identified by Mott MacDonald for the development of 

large-scale onshore wind farm is Ghemieri as indicated in Figure 1.3. The site is 

located to the :iorth and north-west of Rabat and its height above sea leve: is 

between 180m and 21 Om. The maximum available wind potential on 

unconstrained availability of the resource, and withont considering any technical, 

environmental, planning and legislative barriers, is 44:\iW [1~. Farrugia et al. and 

E.A. Mallia have identified Bahrija which forms part of Ghemief.. area, as one of 

the candidate sites for wind farm development [8] [9]. On-si:e wind measl:rements 

taken at Bahrija resulted in an annua: mean wind speed between 7 and 7.50./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 TV/ied 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] 

~he site is easily accessible from existing ro::i.ds as indicated in Figure 6.2, which 

can be upgraded without the need to construct new ones. Roads should rreferable 

be wide with limite::l curvature and slope in order to make it ~>0ssible to transport 

the massive wind turbme components. 

Figure 6.2 - Aceess roads towards the proposed wind farm site at Wied Rini 
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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 oi:. one of the 

existing telecommunication lattice tower as shown in Figure t.3. Wind 

measuren:ent data collected by this station can be utilised to predict the energy 

yield from the proposed wind fam:. during its lifetime. This cr;ntributes in 

determinbg the feasibility of such a project. 

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

On the other hand, there are certain environmental and planni:J.g constramts which 

may limit the size of the wind fann. Certain locations of the proposed si1e are 

designated as Protected Areas inclcding Special Areas of Conservation (SAC) 

under the ~atura 2000, Special Protected Areas (SPA), and _Aueas 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 :;.>rotected historic city, the landscape around it is also protec:ed as this 

sets the context of the city. The site is characterised with disused 

telecommunication lattice towers as showr. in Figure 6.4. These may reed to be 

r;emoved for safety reasons as their structural condition is critical. 

Figure 6.4 - Disused telecommunication lattice towers at Wied Rini 

0:'.l site, there is also a :elecommunication station consisting of a lattice 

transmitting tower, owned by one of the main telecommunications 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 detail to determine their extent and 

the mitigation measures required to reduce such impact. 

The impact on the utility grid from the wind fa:m is another major constraint 

which may jmit the wind farm size. The wind faro. causes the voltage on the 

netwock to rise especially in nodes along the circuit in the vicinity of the PCC. 

Suc.i voltage rise may exceed the limits established in the network code. Another 

con':'traint 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 analysed through 

load flow analysis using the IPSA+ scftware. 

Figure 6.5 - Telecommunication statioa at Wied Rini 

6.2 Wind Farm Connection with the Grid 

The 1 lkV distribution circuit at Mtahleb is sourced fr.:lm ~ell:.eha DC This DC is 

supplied by 33kV circuits from Mosta DC, where two 1 OMVA transfomers step­

down the voltage to 1 lkV level. These transformers proviC.e supply tc several 

1 lkV distribution feeders which provide electricity supply to areas at the North of 

Malta, such as, Mellieha, Mgarr, Ghajn Tuffieha, Wardija, Ri:bat, and Baltrija. 

These transformers regulate the steady-state voltage of the 1 lkV busbars by 
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means of an OLTC which ensures that the voltage is maintained within the 

bandwidth ')f a pre-detern:.ined voltage set-point. The A VC target voltage is 

no::mally set at 11.2kV with a bandwidth of ±1.5%. 

-::'he prospective wind farm under study is assumed to consist of 850kW Gamesa 

058 wind turbines. These turbines have a hub height ranging between 49m and 

74m, and !lave a rotor diameter of 58m. The proposed wind faim site is very close 

tc Mtahec Wied Rini Relay Stn substation. This subs:ation is located on one of 

the 1 lkV circuits supplied from :\fellieha DC. The 1 lkV feeder supplying this 

area :fro::n ~e!lieha DC is identified as St.Paul's Bay 1-Imbordin feeder and, 

~onsists of a mixture of un:ierground cables and overhead lines. The maximum 

and mi:r:imum loaes experienced by this circmt in 2012 are 3. l 5MV A and 

:J.93MVA respectively. These extreme loads are being considered for the analysis 

:if the impacts from the wind farm on the network. In this study, two options are 

·:::ieing consiciered for the connection of a wind farm with the gric. 

The cheapest c::mnection op:ion is to connect the wind farm in the circuit section 

·"Jetween Mtahleb Vr'ied Rin~ Relay Stn. and Rabat 1-Andrijiet substations. This 

section consists of a 95::nm2 aluminium cable located ~n the road adjacent to the 

:;:iroposec wind farm site. As this cable is rated at 3.9MV A, the wind farm cannot 

consist of more than four 850kW wind turbines, thus limiting the maxim.Im wind 

:arm size -;:o 3.4MV.!. The circuit length from Melliet:a DC u_;:> to the proposed 

?CC of the wind farm under study is about 15km. 

The other option, which makes it possible to accommodate a larger wine farm in 

this site, is to connect :he wind farm between Fiddien Booster and Rabat :as-Salib 

s::tbstations.. The cir·::uit between Fiddien 3ooster substation and Mellieha DC 

consists of 185::mm2 aluminirm cables, rated at 5 .72MY A. This makes it possible 

to install ;::, wind farm consisting of six 850kW wind turb~nes, rated at 5. lMW. 

However, th1s will require the installation of about 2.6km ~ength of 1 lkV cables 

together -"·ith the associated fibre optic and earthing cables between the wind farm 

a.'ld the PCC. This wi] considerably increase the cost of the project. Besides of 

having tie :;JOssibility of installing a larger wind faim with this option, the 

distance between Mellieha DC and the PCC is reduced by about 2.6lon, thus 

reducing the vcltage drop between these twc nodes. 
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The feasibility of these options depends on an in-depth an<L.ysis of the impacts 

that such wind farms :)an have on the network. The main issue is the considerable 

cable impedance betvrnen 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 impa~ on the steady-state voltage of the network is ar:.alysed tluough a load 

flow study using the IPSA+ software. Such analysis will determine the voltage 

variations at the llkV and -:__y nodes in St.Paul's Bay 1-Imbordin circ-.Jit. 

Furthermore, the analysis presents the power flows ar..d 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 :Com the wind farm: 

Option 1 - 3.4MW wind farm connected between l\.1tarJeb 

Wied Rini Relay Stn. and Rabat 1-.Andrijiet substations; 

Option 2 - 5.lM\V wind farm connected between FidCien 

Booster and Rabat tas-Salib substajons. 

6.3.1 Option 1 - 3.4MW Wind Farm connected between Mtalileb 

Wied Rini Relay Stn and Rabat 1-Andrijiet Substations 

The wind farm will be connected to the PCC between Mtahleb \Viee Rini Relay 

Stn and Rabat L-Andrijiet substations through two 95mm2 aluminium cables. The 

WFCSR will cons:s: of an 1 lkV switchboard, and the necessary metering 

arrangen:ents. The 1 lkV switchboard consists of four CBs and a bus-section CB 

as indica:ed in 

Figure 6.6. The wind turbine substations are looped from one to another through 

95mm
2 

a:uminium cables having a length of about 200m ~he 1 lkV circuit 

consisting of Mellieha DC, 1 lkV 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. l in Appendix C. 

0 

690V 

11kV 

Mtal\leb Wied Rini 
Relay Stn. 

690V/11kV 
tra nsforme ~ 

Circuit 
Breaker 

----- 11kVSwilch 

Wind Turbine No.1 
DFIG 

Switch Room 

Wind Turbine No.2 
DFIG 

\/'f ind Turbine No.3 
DFIG 

Rabat l -Andrijiet 

VI.inc- Turbine No.4 
DFIG 

Figure 6.6 - Wind farm connection between Mtableb Wied Rini Rela)' Stn and 
Rabat 1-Andrijiet Substations 

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

load flow analysis for the following worst case scenarios: 

• Scenario A - 3.4M"W wind farm generating maximum power at 

0.95 leading and lagging power factors during minimum load 

demand with the 1 lkV busbar ofMellieha DC regulated a: 1 l.2kV; 

• Scenario B - 3.4MW wind farm generating maximum power at 

0.95 leading and lagging power factors drring minin:.um load 

demand with the 1 lkV busbar ofMellieha DC regulated at 11.lkV; 
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• Scenario C - 3.4MW wind farm generating 2.55MW at 0.95 

leading and lagging power factors during n:inimun load demand 

with the 1 lkV busbar voltage at :\fellieha DC regulated at 11.lkV; 

• Scenario D - 3.4MW wind farm generating maxim~ power at 

0.95 leading and lagging power fac:ors during maximum load 

demand with llkV busbar voltage at Mellieha OC regulated at 

ll.2kV; 

• Scenario E - 3.4MW wind farm generating maxim~ power at 

0.95 leading and lagging power fac:ors during maximum load 

demand with the l lkV busbar voltage at Mellieha DC regulated at 

11.lkV; and 

• Scenario F - 3.4MW wind furm disconnected during maximum 

load demand with the 1 lkV busbar voltage at l'v-Iellieha DC 

regulated at 11. lkV. 

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 the circuit. The 

voltage magnitudes, resulting at the 1 lkV and LV busbars of the circuit, are 

shown in Figure C.1.1 in Appendix C. The resulting voltage profiles of the 1 lkV 

circuit against the circuit impedance are shown in Fig.ire 6. 7. 

Table 6.1 clearly shows that the high net power flow into Mellieha D.C and the 

high impedance be:ween the PCC and the primary substation ca:ises a sha.rp 

voltage rise along the 1 lkV circuit. \Vhen the wind farm consumes ::-eactive power 

at a power factor of 0.95, the voltage at the PCC r_ses to 6.2% of the :r:ominal 

voltage. Consequemly, the distribution transfocmers in the vicinity of the wind 

farm are set at the minimum tap position in order to kee:;:> the voltage at the L V 

busbars below the voltage rise limit. 
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3.4MW Wind ::ann connected between lmtalileb Wied Rini Relay S~n and Rabc:t 1-Andrijiet Substations 

0.95 leading Power Factor 0.95 lagging Power Factor 

Power Generctec (MW) 3.4 3t 

load Demand (1MVA) 0.93 0.33 

Net Real Powerflow into Mellie ha DC (MW) 2.04 2.J2 

Net Reactive Pov.er flow into Mellieha DC (MYAr) -1.4 0.82 

Voltage at Source (kV) 11.09 11.31 

Voltage at the PCC (kV) 11.68 12.18 

Real Power Losses in the Cin:uil: (MW) 0.25 0.21 

Reactive Power losses inthe OrcuitiMVAr) 0.28 0.23 

Table 6.1 - ~et Power flow and losses in the llkV circuit for scenario A in option 1 

Conversely, as the wind fanr. exports reacti01e power at a power factor c-f 0.95, the 

-v·oltage in ±e 1 lk'/ ci::-cuit increases funher. In fact the voltage at the PCC 

~ncreases by 10.7% 'Jf the nominal voltage. Such voltage rise in the llkV circuit 

causes the "oltage in the L V busbars to rise significantly. Setting the :S.xed tap­

changers of most of the distribution :ransformers at their minimum tap position is 

not sufficient to keep :he vo~tage in the L V busbars of the substations within the 

:Jennitted limits. 

12-4 

12.2 

~ 
; 12 

~ v 
> 11.8 ... .... .... .. 
£ 11.6 
1;; .. 
E 114 
0 
> 

112 

11 

0.00 

3.4MW Wind Farm generati•g maximum power during rwinimurr load demand 
Effed on the Volti1Ze along the :lkV Circuit i• irelation withCirc~it Impedance 

:.oo :.oo 3.00 

:ircuit impedance (PU) 

4 .00 5.00 

- Voltage at the ::kV Busbars (kll) vhen 
t he wind f;wn is operating at 0 '95 
leading Po·we r ~actor 

- Voltage at the :lkV Busbars (kl!) lo'hen 
the wind far'll is operating at 0 :95 
laggi~g Powe r Factor 

- Actual Maxinum Voltage Limit· 
:1.22kV 

_ , roposed Lllaxi'llum Voltage Li11t · 
: 1.SSkV 

Figure 6.7 - Voltage profile along the llkV 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 A VC of the transformer at Mellieha DC is lowered 

to 11. lkV with a bar:.dwidtl: of 1.5%, the allowed voltage variation :.n the llkV 

busbar i:; in the region between 10.93kV and l 1.27kV. This wi[ permit fne 

voltage at the 1 lkV circuit to exceed the 1 lkV 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 pri:nary substation without exceeding the upper voltage 

limit of 1 l.55kV. The impact from the 3.4MW wind farm o::i the grid during 

maximum genera:ion and minimum load demand, with 6e 1 lkV busbar of 

Mellieha DC regulated within the bandwidth of 11. lkV is analysed. The voltage 

magnitudes resulting at the ~ 1 kV and L V bus bars of the substations m the circuit 

are show::i in Table C.1.2 :n Appendix C. The resulting voltage profiles witi 

respect to circuit impedance along the 1 lkV circuit are shown in Figure 6.8. 

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 l 1.09kV in the 1 lkV busbar of Mellieha DC regulated -within the 

target voltage of 11.2kV falls \\ithin the 1.5% band\\idth o: the 11. lkV set-point. 

Thus, the same tap position in the transformer at Mellieha DC is maimained. 

3.4MW Wind Farm ccnaected between lmtalileb Wied Rini Relay Stn and Rabat 1-Andrijiet Substations 

0.95 leading Power Facto~ 0.95 lagging Power Facto· 

Power Generated (MW1 3.4 3.4 
Load Demand (MVA) 0.93 0.93 

Net Real Powerflow into Mellielia DC (MW) 2.04 .!..O: 
Net Reac:::ive Power flow into Mellielia DC (MVAr) -1.4 0.81 ' 
Voltage at Source (kV) 11.09 11.CS 
Voltage at the PCC (kV) 11.68 11.93 
Real Power Losses in the Circuit (MW) 0.25 0.2L. 
Reactive Power Losses i1 the Circuit (MVAr) 0.28 0.2.! 

Table 6.2 - Net Power flow and losses in the llkV circllit for scenario Bin option 1 
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~Nher: 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 

1 lkV busbar, thus shifting down the voltage at the PCC. However, the voltage 

rise at the PCC is 8.5% of the nominal voltage which is still far away from the 

permitted limits. Consequently, the voltage magnituces at the L V busbars exceed 

the upper voltage lh-nit even though the transformers are set at the minimum tap 

position. The voltage at the 1 lkV busbars can be reduced to permitted levels by 

limiting the power generated from the wind farm. 
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Figure 6.8 - Voltage profile along the llkV circuit for scenario Bin option 1 

6.3.1.3 Scenario C - 3.4MW Wind Farm generating 2.55MW during 

minimum load demand with the 1 lkV busbar voltage at MeHieha DC 

regulated a t 11.lkV 

As the wine farm generating power is curtailed, the net power flow towards the 

primary substation is reduced, thus lowering the voltage at the PCC. After 

experimenti.n.g with various real power generation values with the 1 lkV busbar at 

Mellieha DC being regulated within the 1.5% bandwidth of 11 . lkV, the maximum 

real power that produces acceptable voltage results is 2.55MW·. This means that 

one of the four wind turbines needs to be disconnec:ed in such scenario. The 

voltage magnitudes resulting at the 1 lkV and LV busbars from the generation of 
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2.55MW at both extreme operating power factors are found in Table C.1.3 in 

Appendix C. The voltage profiles in relation with the 1 lkV circuit impedance are 

shown in Figure 6.9. 

3.4MW Wind Farm connected between lmtallle:> Wied Ri'li Relay Stn and Rabat 1-Andrijiet Substations 

0.95 leading Power Factor 0.95 laggingPower Factor 

Power Generated (MW) 2.55 L.. 55 

Load Demand (MVA) 0.93 0.93 

Net Real Power flow into Melliella JC (MW) 1.3 :31 

Net Reactive Power flow into Melliella DC (MVAI) -1.05 0.6 

Voltage at Source (kV) 11.12 11.02 

Voltage at the PCC (kV) 11.53 11.66 

Real Power Losses in the Circuit (MW) 0.14 Q 12 

I Reactive Power Losses in the Circuit (MVAr) 0.18 Q 15 

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

From Table 6.3, one can note that when the wind farm cor.sumes reactive power 

at a power factor of 0.95, the voltage rise in the 1 lkV circuit is less thar. 5% of the 

nominal voltage. The substation transformers located in the vicinity of the wind 

farm are set at ::he minimum position in order to maintain tl:e voltage ievels in the 

L V busbars within the permitted limits. 
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Figure 6.9 - Voltage profile along the 11.kV circuit for scenario C in option 1 
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Conversely, as :he wi:id 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 1 lkV ci:-cuit, more distribution transformers are set at their 

minimum tap position in order to keep the voltage in the L V 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 Mellielia DC regulated at 11.2kV 

The voltage magnitudes at the 1 lkV and L V 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 demmd, with the A VC's set-point at 

Mellieha :JC set at 11.2kV, are shown in Table C.1.4 in Appendix C. The 

resulting voltage profiles of the 1 lkV circuit with respect to circuit impedance are 

s.how::::t in Figu:-e 6.10. 

3.4MW Wind ::arm connected between lmtaflleb Wied Rini Relay Stn and Rabat 1-Andrijiet Substations 

0.95 leading Power Factor, 0.95 lagging Power Factor 

!Power Generated (MW) 3.4 3.4 

Load Demand fM'JA) 3.15 3.15 

rNet Real Power flow into Melliefla DC (MW) -0.1 -0.12 

Net Reactive Power flow in:o Melliefla DC (MVAr) -1.56 0.65 

Voltage at Source (kV) 11.34 11.28 

Voltage at the PCC !kV) 11.56 11.79 

Real Power 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 llkV circuit for scenario Din option 1 

Table 6.4 indicates :hat the maximum load demand added with the losses in the 

c:rcui: has caused a small amount of real power to be sourced from Mellieha DC 

into the 11~'/ circuit. However, the high circuit impedance between the PCC and 

the primary substation still causes the voltage rise at the PCC to slightly exceed 

the 5% of tl:e nomir:.al voltage, when the wind farm is consuning reactive power 

at a power factor of 0.95. The tap positions of the distribu:ion transformers are 
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kept the same as in scenario C. The voltage resulting at the L V 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 tl:e LV 

busbars tc exceed the 10% voltage rise limit. 

3.4MW Wind Farm generating maximum power during maximum load demand 
Effert <>n the Voltage along the lllV Cirruit in relation with Circuit lmDedance 
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11.22kV 
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Figure 6.10 - Voltage prof'Ile along the llkV circuit for scenario Din 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 Mellielia DC regulated at 11.lkV 

The voltage magnitudes resulting at the 11 kV and L V bus bars of the substatons 

in the circuit, when the wind farm generates maximum power during max:mum 

load derr..and, with the 1 lkV busbar voltage at Mellieha DC regulated -.v:ith:n the 

bandwidth of 11. lkV are shown in Table C.1.5 in Appendix C. Tl:.e voltage 

profiles resulting at the 1 lkV circuit with respect to circuit impedance are shown 

in figure 6. 11. The tap positions of the 1lkV1433V distribut10n transforme~s are 

kept the same as in scenario C. 
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3.4MW Wind Farm connected between lmtanleb Wied Rini Relay Stn and Rabat 1-Andrijiet Substations 

0.95 leading Power Factor 0.95 lagging Power Factor 

!Power Generated (MW) 3.4 3.4 

I load Demana 1MVA) 3.15 3.15 

I Net Real Power flow into Melliena DC (MW) -0.12 -0.13 

I Net Reacti'.1e Fower flow into Melliena DC (MVAr) -1.57 0.64 

1voltage at Source ~ kV) 11.06 11.02 

'Voltage at the PCC (kV) 11.27 11.53 

!Real Power Losses in the Cirruit IMW) 0.19 0.-3 

!:Reactive Power Losses in the Circuit (MVAr) 0.26 0.19 

Table 6.5 - Net Power flow and losses in the llkV circuit for scenario E in option 1 

One can note from Table 6.5, that the operation of the wind farm at :naximum 

power ge eration 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 propmed upper voltage 

limit. Hence, the resulting voltage magnitudes in the L V busb:irs are within the 

permitted limits as stipulated in the network code. 
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Figure 6.11 - Voltage profile along the llkV circuit for scenario E in option 1 

Conversely, as the wind farm generates maximum power at ).95 lagging power 

:fa-::::or, the voltage at the PCC rises by 4.8% of the nominal voltage. The :-esulting 

voltage n:agnitudes in t' e L V busbars of the substations are within tte ± 10% 

t-0ierance of the nominal voltage. In such scenario, the wind farm should 

pl'eferably ex?ort :-eactiv·e power so that the losses in the circui:: aa:-e minimised. 
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6.3.1.6 Scenario F - 3.4MW wind farm disconnected during 

maximum load demand with the 1 lkV busbar voltage of Mellielia DC 

regulated at 11.lkV 

The impact of the disconnection of a 3.4M\V wind farm during maximum load 

demand with the 1 lkV busbar at Me[ieha DC regubted within the bandwidth of 

11. lkV is investigated througl:. a load flow analysis. This is the worst case of 

voltage drop in the llkV and LV nodes. The 12R losses in the ca-cuit during 

maximum load cause a considerable voltage drop in the 1 lkV circuit especially 

near the end of the feeder where the wir.d farm is located. Since severai 

transformers in the vicinity of the wind farm are set at their minimum tap position, 

the voltage magnituces in the L V busbars decrease substar:.tially. The resulting 

voltage magnitudes in the 1 lkV anc LV busbars are illustrated :n Table C.1.6 in 

Appendix C. The voltage prof.le along the 1 lkV circuit w:th ::.-espect to circui: 

impedance is shovvn in Figure 6.12. 

3.4MW Wind Farm connected between lmtanleb Wied Rini Relay 

Stn and Rabat 1-Andrijiet Substations Switched Off 

Power Generated (MW) 0 

Load Demand (MVA) 3.15 

Net Real Power flow into Melliena DC (MW) -3.29 

Net Reactive Power flow into Mellielia 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) 0.15 

Reactive Power Losses in the Circuit (MVAr) 0.2C 

Table 6.6 - Net Power flow and losses in the llkV circuit for scenario Fin option 1 

One can note from T:::ble 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 L V 

busbar of the substation at the end of the radial circuit is 391 V. If a 6% voltage 

drop along the L V lines is assumed0 the resulting voltage experie;:iced cy the 

consumers at the last part of the L V circuit is approximately 367V, :mplying an 

8.1 % voltage drop from the nominal voltage. Thus, the resulting voltage drops at 

the 1 lkV and LV ci::.-cuits are within the permitted limits as established in the 

network code. 
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Figure 6.12 - Voltage profile along the llkV circuit for scenario F ia option 1 

6.3.2 Option 2 - 5.1MW Wind Farm Connected between Fiddien 

Booster and Rabat tas-Salib Substations 

The option 0: connecting a wind farm in the section of the 1 lkV circuit between 

Fiddien Bo;)ster and Rabat tas-Salib substations provides more benefits. As 

already mentioned, a larger wind farm can be accomm:::>dated as the 1 lkV cables 

between this section and Mellieba DC have a higher rc.ted power capac~ty, while 

the voltage drop between the PCC and the DC is dec::-easeci. However, the 

maxinum rated power of :he wind farm . which can be technically installed 

wifao-:it adversely affecting the steady-state voltage of the distribution circuit, 

needs to ·:Je cietermineci through load flow ana-ysis in the worst case scenarios. 

The wind farm is connected to the WFCSR through two 185mm2 aluminium 

caoles~ ratee at 5.72~1VA, thus making it possible to install up to a max~mum of 

six 850kW w~nd turbines, equivalent to a 5. lMW wind farm. '::"hese cables are 

terminated in 1 lkV CB pane~s in the WFCSR as shown in Figure 6.13. T:1.e 1 lkV 

switchbond ::;onsists of two CBs on each side separated by a Bus-Section SB. The 

Bus-Section CB is normally in the ON position; however tills can be switched off 

to segregate the busbars for maintenance purposes without affecting wind farm 

operation. The wind turbine substations are looped through 185mm2 aluminium 

caoles. This wind farm configuration and its connectio::::l with the 1 lkV circuit is 
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modelled in the IPSA+ pngram as shown m the snapshot at F1gure C.2 m 

Appendix C. 
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Figure 6.13 - \\"ind farm connection between Fiddien Booster and Rabat tas-Salib 
Substations 

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

flow study for the following scenarios: 

• Scenario A - 5.lMW wind farm generating maximum power at 

0.95 leading power factor during minimum load demand with the 

1 lkV busbar voltage at Mellieha DC regulated within the 

bandw:dth of 11.2kV and 11. lkV; 

• Scenario B - 5.lMW wind farm gene::-ating 4.75'\!V/ at C·.95 

leading and lagging power factor during minimum bad demmd 
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6.3.2.1 

with the 1 lkV busbar voltage at Mellieha DC :-egulated within the 

bandwidth of 11.lkV; 

• Scenario C - 5.lMW wind farm generating maximum power at 

0.95 leading and lagging power factor during maxim-..un load 

demanc with the 1 lkV busbar voltage at Mellieha DC regulated 

withi::i the bandwidth of l 1.2kV; 

• Scenario D - 5.lMW wind farm generating maximum power at 

0.95 leading and lagging power factor during maximum load 

dema.OC with the 1 lkV busbar voltage at Mellieha DC regulated 

withi::i the bandwidth of 11.lkV; and 

• Scenario E - 5.lMW wind farm disconnected during n:aximum 

load demand with the 1 lkV busbar voltage at Mellieha DC 

regulated within the bandwidth of 11.lkV. 

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 Mellieli.a DC regulated within the bandwidth 

of 11.2kV and 11. lkV 

The impacr of a 5 .1 :MW wind farm on the steady-state voltage of the ci:-cuit under 

fue worst case scenaric, that is, maximum power generation during minimum 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 1 lkV 

busba:- of MeUieha DC is regulated within the bandwidth of l 1.2kV and 11. lkV. 

T.:ie results obtai::ied confirm whether power curtailment is required in such 

scenario. ':Jie -,roltage magnitudes resulting at the 1 lkV and LV busbc.rs of the 

su-ostations along the Gircuit are shown in Table C.2.1 of Appendix C. The voltage 

profiles of the 1 lkV circuit in relation with circuit impedance are shown in Figure 

6.~4. 

From Tabie 6.7 one can note that the sig:iificant flow of net power into the 

~ilnary suostati01: causes a considerable voltage difference between the PCC and 

the 1 lkV busbar of Mellieha D.C. In fact, as the 1 lkV 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 L V bus jars of rnveral substanons exceeds 

the 10% voltage rise limit, even w: ... h the transformers set at the minimum ta; 

position. 

S.lMW Wind Farm connected between Fiddie1 Booster ar«I Rabat Tas-Salib Stlbstationsoperating at 

0.95 leading powerfactor 

llkV busbar of Melliella llkV busbar of Melliella 

DC regulated within the DC regulated within the 

bandwidth of 11.2kV bandwidth of :ukv 

Power Generated (MW) 5.1 5.1 

Load Demand (MVA) 0.93 0.93 

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

Net Reacth1e Powerflow into Melliella DC (MVAr) -2.06 -2..08 

Voltage at Source (kV) 11.31 11.ll2 

Voltage at the PCC (kV) 11.85 ll.58 

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 llkV circuit for scenario A in option 2 

5.lMW Wind Farm generating maxi,,•m power at 0.95 leadirg power facto r during 
mini.-.,.im load demand 

Effect o• the Voltage along the lllV Ciraiit in rel~tion with Circuit Impedance 
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- Proposed Maximum Vol·:age . inrt -
: 1 .55kV 

Figure 6.14 - Voltage profile along the llkV circuit for sc~nario A in op1ion 2 

As the AV C's set-poin:: of the 1 lkV bnsbar at Mellie.J.a DC is reduced to 11. lkV, 

the voltage rise at the PCC reduces to 5.27%, which slightly exceeds the proposed 

upper limit. The resulting voltage magnitudes at the L V cusbars are within the 

permitted limits. Thus, the real powe~ generated frcm the wind :::arm has to be 

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

~ lkV circuir 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 bnsbar voltage at Mellielia DC regulated within the bandwidth 

of 11.lkV 

The maxim:.tm power that cm be generated at 0.95 leading power factor from the 

wind fam ciuring miLimum load demand without exceeding the 5% voltage rise 

in :he 1 lkV circuit is 4. 75MW. This means that the real power output of the wind 

farm is reduced by 0.35M\V. The voltage magnitudes at the 1 lkV and LV busbars 

resulting fro:n the generation of 4.75M\V at 0.95 leading and laggi:ig power 

factor, with ~1ellieha DC's 1 lkV busbar voltage regulated withir. the bandwidth of 

I~. lkV, are shown in Table C.2.2 of Appen::lix C. The voltage profiles resulting in 

:x 1 lkV circuit with respect to circuit impedance are shown in Figure 6.15. 

5.lMW Wind Farm connected between Fiddien Booster and Rabat !as-Salib substations 

0.95 leading power factor 0.95 lagging pcwer factor 

Power Generated •:Mw) 4.75 4.75 

load Demand (MVA) 0.93 0.93 

Net Real Power flow into Melliena DC (MW) 3.22 3.19 

Net Reactive Power flow into Melliefia DC (MVAr) -1.92 2.06 

Voltage at Souroe (kV) 11.04 11.09 

Voltage at the PCC (kV) 11.55 1180 

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 - ~et Power flow and losses in the llkV circuit for scenario B in option 2 

From Table 6.8, one can observe that as the real power ge:ierated from the wind 

fa:m is curtailed to 4.'"15MW, whilst consuming reactive power at a power factor 

of 0.95, the voltage c.t the PCC is reduced to permitted levels. Conseqtiently, by 

having the substation transformers in the vicinity of the wind farm set at the 

minimum tap position, the resulting voltage levels in the L V busba::-s of the 

substations are within the pe:mitted limits. Thus, the decreased impedance in the 
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circuit between the PCC and Mellieha DC permits a higher power generation in 

the 1 lkV circuit than the other connection option. 

Conversely, as the wind farm exports ::eactive power at a power facto:- of 0.95, t.~ 

voltage :::Jse at the PCC reaches 7.8% of tl:e nomi:::ial voltage. This rise in t.~ 

steady-state voltage of the 1 lkV circuit causes the voltage at some of the LV 

busbars to exceed the upper limit even thcugh the transformers are set at L.~ 

minimun tap position. 
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Figure 6.15 - Voltage profile along the llkV circuit for scenario Bin oprlon 2 

6.3.2.3 Scenario C - 5.1MW wind farm generating maxim.um power 

at 0.95 leading and lagging power factor during maximum load demand 

with the 11kV busbar voltage at Mellielia DC regulated within the 

bandwidth of 11.2kV 

The voltage magnitudes resulting at the llkV and LV busbars of the s-.ibstations 

in the ci::cuit are st.own in Table C.2.3 of Appendix C. The vo!.tage profiles in 

relation with the circuit impedance along the 1 lkV circuit are sh:m·ll. in Figure 

6.16. The substation transformers in the circuit are set at the same tap }X>Sitions 3f 

the previous scenario. 
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5.1MW Wind Farm connected between Fiddien Booster and Ra:>at tas-Salib Substations 

0.95 leading Power ~actor 0.95 lagging Power Factor 

Power Generated (MW) 5.1 5.1 

Load Demand {MVA) 3.15 3.15 

Net Real PCl"tNerflow into Melliella DC (MW) 1.41 1.39 

Net Readiwe Power flow into Melliella DC (MVAr) -2.21 1.11 

Voltage at Source (kV) 11.29 11.34 

Voltage atthe PCC (kV) 11.52 11.86 

Real Power Losses in the Circuit (MW) 0 28 0.21 

Reactive Power Losses in the Circui: (MVAr) 0.39 0.30 

Table 6.9 - !\'et Power flow and losses in the llkV circuit for scenario C in option 2 

Table 6.9 vividly shows that the reduced net power flow into the primary 

substation decreases the voltage difference between the PCC and the 1 lkV busbar 

of Mellieba DC. In fact as the wind farm generates maxinum power at 0.95 

leading power factor, the voltage in the 1 lkV circuit is mcintained within the 

permitted limits. Consequently, the resulting voltage magnitudes at the L V 

cusbars are within the permitted limits. 

S.lMW Wind Farm generating maximum power during maximum load demand 
Effect on the Voltage along the llkV Circuit in relation with Circuit Impedance 

- voltage at the llkV Circuit (kV) whe1 
the " 'ind farm i.• operating ct 0.95 
leaci i1g Power F.actor 

- Voltage at t he llkV Circuit (kV) whe1 
the o11ind farm i• operating ct 0.95 
lagging Power Factor 

- Act••I Maximun Voltage Limit -
11.2av 

- Proposed Maxinum Voltage Lh1i t -
11.55kV 

11.1 1--~~~~~~~~~~~~~~~ 

o.ao 1.00 2.00 3.00 4.00 5.00 

Cirtuit Impedance (PU) 

Figure 6.16 - Voltage profile along the llkV circuit for scenario C in option 2 

Conversely, as the wind farm generates maximum power at 0.95 lagging power 

factor, the resulting voltage rise in be 11 kV circuit is ·.vell a·:Jove the SC1o of the 

nominal v·'.)ltage. This causes the voltage in the L V 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 Mellielia DC regulated within 

the bandwidth of 11.1kV 

The voltage magnitudes resulting at the 1 lkV and L V busbars from the i::npact :Jf 

the wind farm as it generates maxi::num power during maximurr.:. load deman.C., 

with the 1 lkV busbar voltage of Mellieha DC regulated within the '.Jandwidth ::>f 

11.lkV, are shown in Table C.2.4 of Appendix C. The voltage prof.C::.es of the 

11 kV circuit in relation with circuit i::npedance are shown in Figure 6.17. 

5.lMW Wind Farm connected betweei Fiddien Booster and Rabat tas-Salib SUb&tatiois 

0.95 leading Power Factor 0.95 lagging Power Factor 
Power Generated (MW) 5.1 5.1 

Load Demand (MVA) 3.15 3.15 

Net Real Powerflow into Mellielia DC (MW) 1.38 1.33 

Net Reactive Power flow into Mellielia DC (MV Ar) -2.2 1.1 

Voltage at Source (kV) 11 :.1.07 

Voltage at the 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 llkV circuit for scenario Dill option 2 

As the A VC's voltage set-point of Mellieha DC is lowered to 11. lkV with a 

bandwidth of 1.5%, the transformer performs a tap-change ir. order to reduce the 

voltage in the 1 lkV busbar, since the voltage exceeds 1 l .26kV as indicated in the 

previous scenario. As indicated in Table 6.10, the voltage rise at the PCC is 

equivalent to 2.18% of the nominal voltage. This implies that the wind farm can 

operate at a power factor closer to unity in order to reduce the losses ir. the 1 lkV 

circuit. The resulting voltage magnitudes at the L V busbars of the substations in 

the circuit are within the permitted lim:ts. 

The increase in net power flow towards Mellieha DC as the wind farm exports 

reactive power at a power factor of 0.~5, causes the voltage at the PCC tc sligh(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 busb~rs are 

within the permitted limits. 
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!:.lMW Wind Farm generating maximum power during maximum load demanc with the 
A\J C voltage set-point at Melliella DC set at 11.lkV 
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Figure 6.17 - Voltage profile along the llkV circuit for scenario Din optio!! 2 

6.3.2.5 Scenario E - 5.1MW wind farm disconnected during 

maximum load demand with the 1 lkV busbar voltage at MeUieha DC 

regulated within the bandwidth of 11.lkV 

The voltage magnitudes resulting at the 1 lkV and LV busbars of the su-:>stations 

in the ci.::"cuii:, after the 5 .1 MW wind farm is disconnected du:-ing :naximum load 

derna.1d, are shown in Table C.2..5 of Appendix C. ~he resulting voltage profile 

against the circuit impedance along the 1 lkV circuit is sho\\n in Figure 6.18. 

From Tab~e S.11, or.e can deduce that the voltage drop in the 1 lkV circuit during 

maximum lead demand is 4.64%, which is within the permitted limits. The lowest 

voltage magnimde resul:ing at 6e LV busb:rrs of the circuit is 392V, with the 

transfonne:- in this substation set at the minimum tap position. If a 6% voltage 

drop along :he L V 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 esta:"Jlished in :he network code. 
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3.4MW Wind Farm connected between Fiddien Booster and Rabat 

tas-Salib Substations Switched Off 

Power Generated (MW) 0 

Load Demand (MVA) 3..15 

Net Real Power flow into Melliena DC (MW) -3.28 

Net Reactive Power flow into Melliena 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) C.15 

Re.active Power Losses in the Circuit (MVAr) C.2C 

Table 6.11 - Net Power flow and losses in the llkV circuit for scenario E in option 2 
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Figure 6.18 - Voltage profile along the llkV circuit for scenario E in option 2 
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6.4 Conclusions 

The wind farm at Wied Rini l/o Bahrija poses several challenges to the network 

operator. The ~onsiderable cable route length. between the "'ind farm and the DC, 

resultng in a 3igh circuit in:pedance, 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 Vlied Rini Relay Stn and Rabat 1-Andrijiet substations, as the 

95mn:2 alummiurn cable between these two substations ::s passing through the site. 

This part of fae circuit limits the maximum power rating of the wind farm to 

3.4MW, co~sisting of four 850kW wind turbines. The wind farm may be 

:::onnected v.ith the ~ lkV circuit by one, or two cables for increased reliability. In 

:he analysis carried out, the wind farm is considered to be connected by two 

~5mm2 alumn:iurn cables. T::ie impedance ·:Jetween the PCC and Mellieha DC is 

2.9pu. W.'.len the 3.4:t\1W \\ind farm generates maximum power at 0.95 leading 

?OWer 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 1 lkV busbar ofMellieha DC being 1 l.09kV. Thus, the power of 

the wind farm has to be reduced to 2.55~W by switching off one of the wind 

turbines in order to ri.ecrease :he voltage in the 1 lkV circuit to below l l.55kV. As 

the 3.4MW wind farm gene:-ates maximum power at 0.95 leaCing power factor 

during maximum load demand, the voltage at the PCC slightly exceeds 5'.l/o of the 

nominal voltage. As the resulting voltage at the 1 lkV busbar of Mellieha DC is 

~ 1.33kV, it ;s possible to sh:ft down the vol:age profile by redJcing the voltage 

set-point of the transformer's AVC at Mellieha DC to 11.lkV with a bandwidth of 

~ .5%. In this manner, the 1 lkV busbar voltage of Mellieha DC is allowed to vary 

between 10.;3kV and l l.267kV. Thus, in such scenario the transformer will 

perform a taI'.'-change :o reduce the voltage in the 1 lkV busbar of Mellieha DC, 

whilst shifting the voltage at the PCC down to l 1.35kV. The sbft in the voltage 

profile due to the lowering of the A VC's voltage set-point at Mellieha DC is 

shown in Figure 6.19. Disconnection of the wind farm during maximum load 

demand, \\ith the 1 ljcV busbar of Mellieha ::JC regulated within the bandwidth of 
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11.lkV, does not cause the voltage in the 1 lkV 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 

0 .00 1.00 2.00 3 .)0 4.00 

Circuit Impedance, (PU I 

- 11kVt.Jsbar ;:if IV'-:ll iena DC 
reg.Jlaled within t 'le :>and.vidth 
ofll.;.kV 

- llkVl:.Jsbar ;:if IV'ell iena DC 
reg..ilated witfl in t he bar d.vidth 

of 11.lkV 

- Act.Jal \lla: imum \.lo t:age Limit -

ll.22kV 

- Propo;ed .,.,axi 1111m Voltage Li f'l it 
-11.55kV 

Figure 6.19 - Impact from the 3.4MW wind farm on the voltage profile of the llkV 
circuit with the llkV busbar voltage of Mellieha DC regulated at 11.2kV a•d 
11.lkV 

A larger wind farm can be installed when connected with the cable section 

between Fiddien Booster and Rabat tas-Salib substati-:ms. The cabi.e irr this section 

is a 185mm2 alum:nium cable, rateC. at 5.7MVA. Tum a 5.lMVi wmd farm 

consisting of six 850kW wind turbines can be installed. Such wind farm can 

produce a higher energy yield, but at the expense of a higher connection cost. The 

connection will require one or two 185mm2 alumini-.im cables '.Jetween the wind 

turbine substations and the WFCSR with an approximate length Df 2.6km buried 

in the ground togethe::- with the associated earthing and communication cables. 

This connection reduces the impedance between the PCC and ~ellieha DC to 

1.84pu. 

From the analysis, it was determined that the 1 lkV busbar voltage ofMellieha OC 

needs to be regulated within the 1.5% bandwidth of 11.lkV in order to mitigate 

the impact on the steady-state voltage rise o: the circdt £:-om the wind far:n 

especially when i- ge:3erates maximum powe;:- dur:iu.1g ninimum load demand. 

103 



Apart from ::-educing the target voltage at Mellieha DC, the generated power needs 

to be reduced to 4.75MW at 0.95 leading power factor in order for the voltage in 

:he 1 l kV ctrcuit to be retained below l 1.55kV in such scenario. As the 5. lMW 

-n--i:id farm generates maximum power at 0.95 leading power factor curing peak 

~oad demc:.nc, with the 1 lkV busbar of :\1ellieha DC regulated at 11.2kV and 

11. lkV, the resulting voltage magnitudes at PCC are L .52kV and 11.24kV 

respectively The voltage profiles of the 1 lkV circuit resulting from the two 

vo tage set-?vints at Mellieha DC are shown ~n Figure 6.20. 

5.lMW Wind Farm generating maximum power at 0.95 leading power factor 
during maximum k>ad demand 

0 1 2 3 

Circuit Impedance, (PU) 

4 

- Uk\' bJsbar of Melliefla DC 
regll' ated within the bandwidth 
of11.2~V 

- 11kVbJsba· of MellieTla DC 
regu ;ated within the bandwidth 
oflLh V 

- Actual Maximum Voltage Limit -
11.22k'J 

- Proposed Maximum voltage Limit 
-11.ss ~v 

Ftgare 6.20 - Impact from the 5.lMW wind farm on the voltage profile of the llkV 
circuit with the llkV busbaT voltage of ~1ellieha DC regulated at 11.2kV and 
11.lkV 
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Chapter 7 Conclus:ar.s 

CHAPTER 7 

CONCLUSIONS 

The dissertation mainly focuses on the impact of voltage rise in the electricity 

network caused by medium-scale wind farms integrated with the ~ lk\' network 

Two typical wind farm sites, one in Gozo and the otl:er in Malta, were chosen o::: 

the basis that the sites offer a good wind resource potential, and are iocated i:r.. 

rural areas at a significant distance from the source of 1 lkV supply. The 

dissertation is split into three parts. The first part cescribes a typical electrical 

wind fann design which can be implemented in such medium-scale wind farms. 

The proposed wind farm layout and configuration was utilised to model the wine 

farm in the IPSA+ so:tware. The second and third part of the dissertation focus o::: 

the prospective wind farm sites at K~em in Gozo a:i.c Bahrija in Malta. The site 

characteristics and constraints were described and used to identify a more precise 

location. The possible wind farm connection points with the llkV network were 

determined. This was followed by a load flow analysis using IPSA+ program for 

each connection possibility. The analysis was carried out for several worst case 

scenarios, where the resulting sready-state voltage profiles determine whether the 

permitted voltage lim:ts are exceeded. The study also investigate di:ferent ways to 

mitigate the voltage rise in tt_e network. 

105 



7.1 Summary 

7.1.1 Wind Farm Electrical Design 

The wine turbines considered in this dissertation are the Gamesa G58 rated at 

850kW, having a three-blade rotor with a diameter of 58n and a possible hub 

l:eight ranging between 44m and 71m. The wind turbine converts kinetic energy 

into electical energ-y 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 pm.,·er. The power factor can vary between 0.95 leading to 0.95 lagging. 

The wind tll:'bine has a cut-in and cut-out speed of 3 and 23m/s respectively. Each 

wmd mrbine is connected to an outdoor pre-fabricated substation, consisting of a 

690V switchboard, 690V/llkV lOOOkVA transformer, and an llkV RlvlU. The 

w:nd turbjne substations are looped through 1 lkV cables msta11ed between the 

~Us. The wind fat-mis either installed as a radial or ring c:rcuit, connected with 

the \\-TCSR T:'J.e PCC is identified at the CB in the WFCSR, which serves as an 

Jsolating point -::>etween :he wind farm and the grid. The protection system of the 

wind :arm consists of four zones. These zones are responsible for the protection 

of: 

• the generator and its pendant L V cables; 

• the 690-V cables between the tower base and :he wind turbine 

substation; 

• the wind turbine transformer; and 

• ::he 1 lkV cables between PCC and the wind mrbine substations. 

7.1.2 Wind Farm at Kertem, Gozo 

Mott YlacDonald 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 above 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 t:rrough small villages making it impossible for large vehicles :rar.sporting 

the wind turbines components to get through. Considering such consrraints, the 

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

The wir.d farm in bis site can be connected with the grid via two options. The 

cheapes: connection :s through an overhead line connected to the utility's 

overhead line feeding Kercem VOR Beacon TC. The other connec:ion is through 

undergrocnd cables connecred with :he net\vork section between Ker.:em tat­

Taljana and Kercem substatrons, however the connection cost is l:igher than the 

former one. These two connections l:mit the wind farm size to a max:m:im of 

3.4MW, due to the 95mm2 aluminium cables installed in the eX1sting l lkV 

circuit, rated at 3.9MV A. 

The firs: option causes the v::>ltage at the PCC to rise slightly above fhe 5% of the 

nominal voltage, during maximum generation at 0.95 leading powe:;:- 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 loac in the circuit increases, 

the real power generated by :he wind farm can be inc:::-eased towards irs maximum 

capacity while shifting the power factor towards unity or operate in lagging mode, 

in order to reduce the losses m the 1 lkV circuit. 

The impedance between the PCC and Qala DC can be reduced by conne~ti:tg the 

wind farm between Kercem rnt-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 

l 1.55kV0 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 one or two 95mm2 alu:nimum 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 95mm2 aluminium cable by a 185mm2 aluminium cable. This means that 

about 1800m length cf cable needs to be replaced. The additional cos;: required to 
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:einforce the network is COI:lpensated by the increased revenue generated from a 

5.1~ insread of a 3.4M~N wind farm. However, as the 5. IMW wind farm 

generates maximum :;:iower during minimum load demand, the high net power 

::low :nto the primary substation causes the voltage at certain nodes in the 1 lkV 

circuit to rise above the 5% of the nominal voltage. The voltage at the PCC was 

reduced to oelow the l 1.55kV 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 L V busbars of several nodes below the upper limit of 440V, the 

fixed tap-cr..anger of the transformers are set at the minimum tap position. As load 

in the circrnt i:!lcreases, the real power generated by the win::l farm can increase 

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

".:'he main problem is encm:ntered when the wind farm is disconnected during 

maximum load demand. The voltage drop resulting along the 1 lkV circuit added 

with the voltage d:op acrcss the transformers being set a: the minimum tap 

position has caused a minimum voltage of about 3 76V in the -_, V busbars. Thus, a 

voltage drop higher than 4.2% in the LV circuits, causes a total voltage drop 

:'.:iig.~er than 10% at the L V consumer terminals, hence exceeding the permitted 

imits stipulated in the network code. This situation is expected to improve with 

:he commissioning ::>f the proposed Xewkija DC, as the impedance between the 

?CC and the DC reduced significantly while the load is decreased as it is being 

shared berween twc DCs. Thus, as the 5.lMW wind farm generates maximum 

:;:icwer 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 '\\'ind farm is disconnecced, the voltage dop in the 1 lkV and 

.:::. V circuits to does not exceed the permitted tolerance. 

7.L3 Wind Farm at Wied Rini l/o Balirija, Malta 

The s~te at Wied Rbi l/o Baltrija offers a good wind resource potential, with an 

average ~nd speed between 7 and 7.5m/s at 45m above ground level [8]. The 

Slte 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. Env:ronmental and planning constraints such as 

protected areas including Natura 2000 areas, AEI, A VHLS and AHLS may lin:it 

the size of a wind farm. 

The chec.pest connection wil:h the grid is by connecting the wind farm between 

Mtahleb ~\Vied Rini Relay Stn and Rabat 1-Andrijiet substations. The 95mm2 

aluminium cable between these two substation is passing through the site, 

however the cable capacity limits the wind farm size to 3.4MW, hence four 

850kW wind turbines can he installed. The high impedance between PCC and 

Mellieha =>C, will cause the voltage in certain nodes of the 1 lkV 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 :;>ower 

generation to 2.55MW, operating the wind farm at 0.95 leading power fa;:;:or, and 

regulating the 1 lkV busbar voltage within the 1.5% bandwid:h of 11.lkV instead 

of the normal l 1.2kV. As the load i:icreases, the real power generation of the 

wind farm can inc~ease, witl:. the power factor controlled to operate ir:. the vicinity 

of unity or lagging mode, without exceeding the 5% voltage rise m the 1 lkV 

circuit. The voltage drop along the feeder resulting from the disconnection of the 

wind farm will not cause the voltage i::i the 1 lkV and LV circuit to fall below the 

permitted limits. 

A larger wind faro can be integrated with the 1 lkV network if it is connected to 

the existing 185mm2 cable section between Fiddien Booster and Rabat tas-Salib 

substations. However this involves the installation of one or t-vi.·o, 185mm2 

aluminium cables along with the fibre optic and earthing cables for an 

approximate length of 2.6kn: buried in the ground between the wind farm a::id the 

PCC. Such connection makes it possible to integrate a wind fann up to 5.lM'\V 

having six 850kW wind turbmes. This connection reduces the impedance between 

the PCC 311d the primary substation, thus it is possible to generate more :;>ower 

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 factor of 0.95, in order to 

maintain fue steady-state vohage in the circuit within permitted limits. 
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7 .2 Mitigation Measures 

F::om the analysis carried out on typical medium-sized wind farms connected with 

the 1 lkV network in the Maltese islands, it resulted that the major constraints 

encountered are: 

• the effect of voltage rise; 

• the voltage drop in the L V circuits when the wind farm 1s 

disconnected; and 

• the current carrying capacity limitations of the existing network 

cables. 

7.2.1 Effect of Voltage Rise 

As wine farm sites are typically located in rural areas at a distance from load 

centres, the cable route length between the DC and the wind fanr_ is quite 

significant. Ibis implies a high impedance in the circuit between the PCC and the 

DC. Such impedance causes the steady-state voltage :o rise especially during a 

high net power flow througn the circuit, which normally occurs during periods of 

higi power generation and minimum load demand. 

0ne of the main issues noted during the load flow analysis of the various wind 

fann connection options and their respective scenarios for both sites is that the 

-v-oltage ct the 1 lkV busl:ar of the DC exceeds the upper voltage limit of 1 l.22kV. 

:::n view that the 1 lkV busbar voltage of the DC is ::-egulated within the 1.5% 

bandwid:h of 11.2kV, :he voltage is allowed to vary between 1 l .03kV and 

11.37kV, equivalent to a maximum voltage rise of 3.36% of the nominal voltage, 

before the transformer is fo:'.'.'ced to change its tap position. This constraint, limits 

the integration of distributec generation connected with the 1 lkV network. In fact 

3MC has requested MRA in April of 2013 to approve an amendment in the 

netwcrk code which will tolerate a v:oltage rise in the ~ lk\' voltage level up to a 

maximum o:::' 5%, equivdent to an upper voltage limit of 11.55kV [22]. Voltage 

rise in the 1 lkV 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 m the 1 lkV 

circuit 11112.y cause the voltage in the L V circuits to exceed the permitted 10% 

tolerance a.1d this may damage consumers' equipment. 

The impazt of voltage rise in the network is mitigated through the :Ollowing 

measures: 

• Power factor control of the wind farm; 

• Redu:::ing the regulated voltage set-point of the 1 lkV busbar at the 

DC; 

• Redu:::ing the impedance between the PCC and the DC; 

• Limiting the generated power of the wind farm; and 

• Operating 1 lkV circuits in parallel. 

One way of regulating the voltage at the PCC is by controlling tl:e operating 

power fa.:;tor of the wind farm. The voltage can be reduced by operating the wind 

farm at leading power factor, implying that the reacfrve power is absorbed by the 

DFIGs. However from the analysis carried out, results show that by operating :he 

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

The voltage in the network can be also reduced by regulating the 1 lkV busbar of 

the DC w:thin the 1.5% bandwidth of 11. lkV instead of 1 l .2kV. Thus tte voltage 

at the 1 lkV busbar is allowed to vary between 10.93kV and 11.27kV. This will 

allow a greater distributec generation penetrati::m in the circuit. Setting the A VC 

of the trar:sformer at a target voltage lower than 11. lkV is not technically possible 

as this will cause a considerable voltage drop alcng the ather 1 ~kV feeders 

supplied fr:::>m 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 tarm at a ;x>int 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 1 lkV network increases, thus making 

it possible to integrate a larger wind farm. Thus the additional cost rec:uired w 

connect the wind farm with the grid may be compensated by the extra revenue 

generated by the wind farm. 
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Duri:ig circumstances of high net power flow between the wind farm and the 

conventionai source, the voltage magnitudes in the circuit nodes may still exceed 

the permitted limits. This nay occur when the wind farm generates high power 

during low ioad demand, which is typical during the night. If the voltc.ge is not 

reduced to acceptable levels by absorbing the maximum possib~e reactive power, 

the real po~·er gene:-ated by the wind farm has to be reC.uced to a specific amount, 

such that :he voltage at the PCC is reduced to a permitted level. Thus the wind 

farm ::ias to regulate the voltage at PCC by varying the operating power factor and 

limiting the :eal power generation when necessary. The probc.bility of high power 

generation during low load scenarios has to be analysed in order t::> determine the 

cost of po-v•;er curtailnent, and hence the economic feasibility of such wind farm 

development. 

Operation cf 1 lkV circuits in parallel will also reduce be net power flow into the 

DC, hence :::ninin:ising the voltage rise in fae network. However, this needs to be 

carefr:lly in"l·estig::i.ted in order to ensure that load sharing between the tw::> feeders 

will not ovecoad any ?art of the circuit. Since the power flow is bi-directonal, the 

protection S);Stem in the circuit has to incorporate directional relays in order to 

operate successfully in case of a fault in the circuit. 

7.2.2 Volt.age Drop in the LV Circuit following the Disconnection of 

the Wind Farm 

The Games<:. 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 1 lkV circuit, :he wind 

:arm ~s Cis;::onnected through island detection relays based on techniques such as 

!lOCOF, o:- \-'ector Shift. 

As w~nd farms are located in rural areas far-off from the t:aditional source, the 

fixed tap-c1angers of :he 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 be circuit. The maximum voltage pe:mitted on the 
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1 lkV side, 1 l.55kV, is transformed to 432V with the t::"ansformer set at the 

minimum tap position at nc-load. Conversely, the minimum permittec voltage, 

10.45kV, ~orrespcnds to 390V in the LV bus:,ar when the transformer is set at the 

minimum tap position at no-load. Assuming, a 6% voltage drop along tl:e L V 

lines this results in a voltage at the ccnsumer end of 367V which is close to the 

permitted voltage drop limit of 10%. The feeder analysed for the propcsed wind 

farm at Gozo, experiences a significant voltage drop in the 1 lkV circuit during 

peak load demand, with voltage reach:ng 10.25kV at :he remote end of the circuit. 

This excessive voltage drop is mainly experienced i::i the summer season during 

the high peak load. Consequently, the voltage in the L-v' busbars reach a :ninimum 

voltage of 376V. Subsequently, the resulting voltage at the consuo.er end may fall 

below the permitted lower limit, if the voltage drop along the L V circuits exceeds 

the4.2%. 

The voltage drop resulting in the L V circuits following the disconnection of a 

distributed genera:or connected with the 1 lkV circuit can be mitigated by: 

• Reducit:g the load in the 1 lkV circuit; 

• Increasing the regulated voltage set-point of the DC's transformer 

during wind farm disconnection; 

• Better loac sharing between the L V feeders and l::alancing of 

phases; 

• Reduction of L V lines impedance; 

• Reinforcing the L V system by the installation of new L V :eecers; 

• Co:nmissioning of new substations to reduce the load in the L V 

feeders; and 

• Replacing substation transfonners witl: ones equipped with OLTC. 

Reduction o: load from the 1 lkV feecer will reduce the voltage drop during wind 

farm disconnection. The drawback of such measure is that when the wind far:n 

generates high power, this will increase the net power flow into the conventional 

source. Consequenf y, this will increase the voltage in the circuit which may 

exceed the permitted upper limit especially during minimum load demand. Thus, 

such loac reduction in :he 1 lkV circuit has to be done with caution. 
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In the analysis of the wind farm at \Vied Rini, it was noted that greater distributed 

gene::atio:::i penetration is permitted in the 1 lkV network with the :-educ:ion of the 

set voltage of the DC's llkV busbar to 11. lkV with a bandwidth of 1.5%. 

Eowever, this can create a voltage cirop problem in heavily loaded feeders during 

peak load deman::l when the wind farm is disconnected. The voltage drop can be 

reduced b-y setting the A VC set voltage of the DC's 1 lkV busbar back to l l.2kV 

as the wind farm is disc~nnected. This will then be set back to 11.1 kV as soon as 

the wind farm synchronises with the gr::d. The DCs in the netwo:-k are all 

equipped ""1th a SCADA system which continuously monitors the DC while 

p:-oviding the network operators with the facility to make certain operations 

remotely. T:rns, it will be possible for the network operators to change the A VC 

set-poin: remotely, if the load in the ~ircuit exceeds a certain amount. 

Anofaer nerhod to redu~e the vol:age drop in the L V circuits is by balancing the 

lead equaily between the three phases of the L V :eeders, <lhd by sharing the load 

between the L V feeders. The voltage drop along the L V feeders can be further 

minimised :,y reducing the line impedance. This can be achieved by having 

parallel li:les split from the main line; and ~y repiacing heavily loaded lines with 

lines havil'}g a greater cross-sectio:cal area, and hence less impedance. 

Installation of new L V feeders will assis;: in reducing the voltage drnp. New 

feeders reduce the load and the impedance from other feeders, thus reducing the 

I2R losses and hence the voltage drop along the L V circu::ts. Loog L "V circuits 

may ·'Je s:'.iortened by the commissioning of new substations. The new feeders 

from :hese substations will reduce the length and also the load from the other 

feede:-s. Thus the voltage drop in the L V circuits is reduced. 

A"'lother O!Jhon to contrcl the voltage level of the L V circuits, is by replacing the 

substation transformers by others equipped with OLTC. This provides the benefits 

of better V'Jltage regulation while ensuring that the voltage level at the customer 

end is within the permitted limits. Tbs is ra:her a costly option, therefore it has to 

be carried out 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 com:entional electricity networks, power in the distri:mcion circuit 

flows in one direction, from source to load, the cable cross-sectional area tends tc 

decrease as one moves away from the source. '::.'hus, in rural areas, where wind 

farms are typically installed, the cables passing by fae site limits the wind fa.rm 

size that can be possibly connected. In both sites analysed in this dissertation, 

95mm2 aluminium caoles are installed in the vicinity of the wind farm. Such 

cables limit the w:'.nd farm size to 3.4MW. A larger wind farm is possibly 

integrated with the grid either by replacing :he existing cables with o:c.es having a 

higher power rating, or by connecting :he wind farm at a pomt closer to tl:e DC. A 

PCC closer to the DC will reduce the impedance. Tius, the increased net power 

flow into the prima.-y substation caused from increased distributed generation, is 

compensated by the reduced impedance. The increased connection ~ost may be 

economically feasible because of the increased generated revenue. 

7 .3 Dissertation Limitations 

The analyses was based on load data provided by EMC. Peak load dam from each 

substation are recoded duri::ig periods of peak power generation. However, this 

will not necessary coincide with the peak load dema:id of the l lkV feeder under 

study. On the other hand, minimum load data for each substation are no: usually 

recorded. Thus, minimum load reacings of the llkV feeders under cvnsideration 

are recorded from the SCADA system. The appr0ximate load for each substation 

was determined by sharing the total feeder load proportionally among :he 

substations according to the ratio of :ypical substation loac to :he total feeder load. 

EMC is currently implementing a smart metering system where the s1.1estations' 

total load demand together with the consumers' load demand will be remotely 

monitored by the utility. Such system will enable a more accurate maximum ar.d 

minimurr:. load recordings for the substation in the ne::work. Hence, network 

operators can accurate~y carry out bad. flow analysis to '.Jetter plan :he network 

reinforcements, while taking into account futu:-e load growth and distnbuted 

generation penetration :n the network. 

115 



7.4 Further Work 

In this dissertation, the impacts on the steady-state voltage of the network from 

::.'le integration of wind farms were investigated. ~itigaticn measures for such 

:legatwe impacts were also outlined. In view of the EJ's roadmap towards low 

~arbon economy by 205() [29], renewable energy targets are expected to be more 

stringent in the coming decades. The expected increase in the pene::ration of 

distributed generation in the coming years requires further ~nvestigation. Apart 

from wind energy, high penetrations of solar and wave energy are expected to be 

~ntegrated with the electricity network. Thus it is being suggested that the 

following areas of study will be bvestigatec: 

• Distributed Generation integra:ed with parallel 1 lkV circuits. Their 

impacts on the grid in relation with :he steady-state voltage and 

protection system coordination. 

• Investigation of the dynamic behaviour of the network ciue to the 

variable nature of renewable energy so:ir::.:es. 

• Advantages of energy storage in relation to the dynamic behaviour 

of the grid. 

• Integration of dispatchable renewable generatc·rs during islanding 

of the grid. 

• Investigation on tte impacts Jf distributed generation on the power 

quality of the network. 

• Feasibility analysis of renewable generators connected with the 

1 lkV network considering the ccmnecrio:i costs, network 

reinforcement costs, power ;:;urtailment costs, maintenance costs, 

outage time and generated revenue. 
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APPENDICES 

Appendix A 850KW DFIG Parameters 

DFIG Steady State Parameters Value (pu.) 

Stator resistance in pu 0.027 

Rotor resistance refe:::Ted 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 11.403 

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

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

Wind Farm running at 0.95 leading Wind Farm running at 0.95 lagging 
power factor nower factor 

Voltage in 
Voltage 

Voltage in 
Voltage 

in the in the 
Substation the t:kV 

400V 
Transformer the llkV 

400V 
Tnmsformer 

Name bu star 
bmbar 

Tap Position bus bar 
bus bar 

Tap Position 
(kV) 

(V) 
(kV) 

(V) 

Oala D.C 11.15 I -1 11.26 I -1 
Ghajnsidem 11.1 8 a29 -1 11.33 434 -1 

Palma 
Victoria 11.'27 a32 -1 11.5 430 -2 
Ghooo 

Victoria 11.28 '132 -1 11.5: 431 -2 
Mental 
Victoria 11.3 a33 -1 11.53 432 -2 
Hospital 
Victoria 11.32 a34 -1 11.57 433 -2 
Fontana 11.34 a35 -1 11 .59 434 -2 

Fontanella 
Victoria 11.37 '136 -1 11.64 436 -2 

KercemRd. 
Ghasri B/H 11.37 '136 -1 11.64 436 -2 

Kercem 11 . .::.3 '138 -1 11.7: 439 -2 
Kercem Tat- 11.<:.9 430 -2 11.79 441 -2 

Tatiana 
Kercem VOR 11.58 433 -2 11.94 447 -2 

Beacon 
Kercem 11.<:.8 430 -2 11."'9 441 -2 
St.Lucv 

Kercem San 11.<:.8 429 -2 11.73 441 -2 
Niklaw Res. 
San Lawrenz 11.'18 429 -2 11."'8 441 -2 I 

Ta' Dbie!!i I 

San Lawrenz 11.'18 429 -2 11."'8 441 -2 
Hotel ' 

San Lawrenz 11.'18 429 -2 11.'78 441 -2 ' I 

Table B.1.1 - Voltage magnitudes resulting at the llkV aad LV busbars for Scenario 

Ain Option 1 
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B.1.2 Steady-State Voltage Results for Scenario Bin Option 1 

Wind Farm runnln1 at 0.95 leading Wind Farm running at 0.95 lagging 
pol'l'er factor power factor 

Voltage in 
Voltage 

Voltage in 
Voltage 

in the in the 
Substadeo the llkV 4{)0V Transfonner the llkV 400V Transformer 

Name bus bar bus bar 
Tap Positieo bus bar 

bus bar 
Tap Position 

(kV) 
(V) 

(kV) (V) 
OalaD.C 11.15 I -1 1126 I -1 

Ghajnsielem 
11.l 8 42'.J -1 1132 4Y. -1 

Palma 
Victoria 

~ 1.26 432 -1 11.47 429 -2 
Ghoaa 

Victoria 
~ 1.27 432 - l 11.48 429 -2 

Mental 
Victoria 

11.28 432 -1 11.5 430 -2 
Hospital 
Victoria 11.3 433 -1 11.53 431 -2 
Fontana 

11.32 434 -1 11.56 432 -2 
Fontanell'.a 

Victorbo 
11.35 435 -1 11.6 434 -2 

Kercem Rd. 
Ghasri B/H 11.35 435 -1 11.6 434 -2 

Kercem 11.4 437 -1 11.67 437 -2 
Kercem Tat- 11.46 429 -2 11.74 439 -2 

Taliana 
Kercem VOit 

11.55 432 -2 11.88 444 -2 
Beacon 
Kercem 11.46 '"-'29 -2 11.74 439 -2 
St.Lucy 

Kercem San 
11.45 '"-'28 -2 11.73 439 -2 

Niklaw Res. 
San Lawrenz 

11.45 ~28 -2 11.73 439 -2 
Ta' Dbiee:i 

Sao Lawrenz 
11.45 ""28 -2 11.73 439 -2 

Hotel 
San Lawn!nz 11.45 428 -2 11.73 439 -2 

Table B.1.2 - Voltage magnitudes resulting at the llkV and LV busbars for Scenario 

Bin Option 1 
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A ndic ;; 

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

Wlntl F:nm run ning at t .95 leading Wind Farm running at 0.~5 lagging 
power factor power fa.::tor 

Yoltage in 
Voltage Voltage Voltage 
in the on the on the 

Substacion the llkV 
400V 

Transformer 
llkV 400V 

T ::-ansiormer 
Name bus bar 

bus bar 
Tap Position 

bus bar bus bar 
Tap Position 

(kV) (V) (kV) (V) 

QalaD.C 11 .35 I 0 11.18 I -1 
Ghajnsielem 11.26 429 -1 11.13 423 -1 

Palma 
Victoria 1 i.:r; 421 -1 11.02 419 -1 
Ghonq 

Victoria 1 l.J6 419 -1 11.01 418 -1 
Mental 
Victoria 11.)4 419 -1 11 418 -1 
Hospital 
Victoria l l.J3 418 -1 11.01 417 -1 
Fontana l 1.J2 421 -1 11.01 420 -1 

Fontanella 
VictoFia 11.)2 415 -1 11.03 415 -1 

Kercem Rd. 
Ghasri B/H 11.J l 416 -1 11.02 416 -1 

Kercem 11 :) 5 418 -1 11.08 419 -1 
Kercem Tat- 11 1 409 -2 11.14 411 2 

Taliaaa 
-

Kercem VOR 11.19 413 -2 11 29 416 2 
Beacoa 

-

Kercem 11.•)9 409 -2 11 14 410 -2 
St.Lu~y 

Kercem San 11.09 408 -2 11 13 410 ') 

Niklaw Res. -~ 

San La""ren z 11.08 414 -2 11 12 416 -2 
Ta' Dbiel!i 

San Lawrenz 
11.08 414 -2 11 12 416 ') 

Hotef -~ 

San Lawrenz 11.08 414 -2 11.12 416 ') _,,_ 

Table B.1.3 - Voltage magnitudes resulting at the llkV 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 

llkV busbar k 400V busbar ~ Position 
ala D.C 11.12 I -1 

Gha ·nsielem Palma 10.94 416 -1 
Victoria Ghon 10.53 400 -1 
Victoria Mental 10.5 398 -1 

Victoria Hos ital 10.46 397 -1 
Victoria 10.41 394 -1 

Fontana Fontanella 10.38 396 -1 
Victoria Kercem Rd. 10.33 388 -1 

GhasriB/H 10.32 389 -1 
Kerc~m 10.29 389 -1 

Kercem Tat-Tar ana 10.27 378 -2 
KercemVOR 10.26 377 -2 

Beacen 
Kercem St.Luc 10.26 377 -2 

Kercem San Niklaw 10.25 376 -2 
Res. 

San Lawrenz Ta' 10.25 383 -2 
Dbi i 

San La'ft·renz Hotel 10.25 383 -2 
San Lawrenz 10.25 383 -2 

Table B.1.4 - Voltage magnitudes resulting at the llkV and LV busbars for 

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

Wind Farm running st 0.95 leading Wind Farm running at O.~ lagging 
oower factor powver factor 

Voltage in 
Voltage 

Voltage in 
Voltage 

in the in the 
Substation the llkV 

400V 
Transfonner the llkV 

400V 
Transformer 

l"ame bus bar 
bus bar 

Tap Position busbar 
busbar 

Tap Position 
(kV) (V) (kV) (V) 

QalaD.C 11.lS I -1 11.26 I -1 
Ghajnsielem 11.lS 429 -1 11.33 434 -1 

Palma 
Victoria 11.28 432 -1 11.5 430 -2 
Ghonq 

Vietoria 11.29 433 -1 11.52 431 -2 
Mental 
Victoria 

11.3 433 -1 11.54 432 -2 
Hosoital 
Victoria 11.33 434 -1 11 .57 433 -2 
Fontana 11.35 435 -1 11.6 434 -2 

Fontanella 
Victoria 11.38 436 -1 11.65 436 -2 

KercemRd 
Ghasri B/H 11.38 436 -1 11.65 436 -2 

Kercem 11 .44 439 -1 11.72 439 -2 
W ind Fann 

Collector 11.52 I I 11.82 I I 
Switch-Room 
Kercem Tat- 11.52 431 -2 11.82 442 -2 

Taliana 
1 Kercem VOil 11 .51 431 -2 11.81 442 -2 

Beacon 
Kercem 11 .51 431 -2 11.81 442 -2 
St.Lucv 

Kercem San 11.51 430 -2 11.81 442 -2 
Niklaw Res . 

Sa.n Lawrenz 11.5 430 -2 11.81 442 -2 
Ta' Dbie2i 

San Lawrenz 11..5 430 -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 llkV and L V busbars for Scenario 

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

Wind Farm running at 0.95 leading Wind Fann running at 0.95 lagging 
ool'l>er factor oower factur 

Voltage i:n 
Voltage 

Voltage in 
Voltage 

in the in the 
Substation the Uk\' 

400V 
Transformer the l lkV 

400V 
Transformer 

Name bus bar 
bus bar 

Tap Position bus bar 
bus bar 

Tap Position 
(kV) 

(V) 
(kV) (V) 

QalaD.C 11.35 I 0 11.18 I -1 
Ghajnsielem 11 .26 <:.29 

Palma 
-1 11.1 3 423 -1 

Victoria 11.08 L:.21 -1 11.1)2 419 -1 
Ghonq 

Victoria 
11.06 <:.20 -1 11.1)2 418 -1 

Mental 
Victoria 

11.05 L:.19 -1 11.1)1 418 -1 
Hosoital 
Victoria 11.04 .1119 -1 11.1)1 418 -1 
Fontanil 

11.03 421 -1 11.02 421 -1 
Fontanella 

Victoria 
11.03 4 15 -1 11.04 416 -1 

Kercem Rd. 
Ghasri B/H 11.03 417 -1 11.03 417 -1 

Kercem 11.07 L:.19 -1 11.09 420 -1 
Wind Fa~m I 

Collector 11.12 I I 11.16 I I 
Switch-Room 
Kercem Tat-

11.12 <:.10 -2 11.16 412 -2 
Tatiana 

Kercem VOR 
11.12 L:.10 -2 11.15 411 -2 

Beacon 
Kercem 

11.12 L:.10 -2 11.16 411 -2 
St.Lucy 

Kercem San 
11.11 L:.09 -2 11.15 410 -2 

Niklaw Res. 
San Lawrenz 

11.11 L:.15 -2 11.14 416 -2 
Ta' Dbie2i 

San Lawrenz 
11.11 Ll5 -2 11.14 416 -2 

Hotel 
San Lawrenz 11.11 L:.15 -2 11.14 416 -2 

Table B.2.2 - Voltage magnitudes resulting at the llkV and LV busbars for Scenario 

Bin 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 
S•bstation Name llkV busbar 400V busbar Tap Position 

k '" % 
Qafa D.C 11.12 I -1 

Gha ·nsi.el£m Palma 10.94 416 -1 
"1ctoria Ghon 10.53 400 -1 
Victoria Mental 10.51 398 -1 

Victoria Hos ital 10.46 397 -1 
Victoria 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 

\Vind Farm 
Collector Switcll- 10.27 I I 

Room 
Kercem Tat-Tai· ana 10.26 377 -2 

Kercem VOR 
10.25 377 -2 

Beacon 
Kercem St.Lucy 10.25 377 -2 

Kercem San Nik.law 
10.25 376 -2 

Res. 
San Lawrenz Ta' 

10.24 382 -2 
Dbie i 

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

Table B.2.3 - Voltage magnitudes resulting at the llkV and LV busbars for Scenario 

C in Option 2 
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8.3.1 Steady-State Voltage Results for Scenario A in Option 3 

Wind Farm running at 0.95 leading Wind Farm running at 0.95 lagging 
power factor oower factor 

Volta~e in 
Voltage 

Voltage in 
Voltage 

in the in the 
Substati'.m the llkV 

400V 
Transformer the llkV 

400V 
Transformer 

l'"ame bus bar 
bus bar 

Tap Posiricn busbar 
bus bar 

T~ Position 
(kV) (V) (kV) (V) 

Qala D.C 11. :.2 I -1 11.28 I -1 
Ghajnsielem 11. 9 429 -1 11.4 437 -1 

Palma 
Vktoria 11.37 425 -2 11.7 438 -2 Ghonq 
Vktoria 11.39 426 -2 11.72 439 -2 
Mental 
Vktoria l l.t! 1 427 ,.., 11.76 440 " 
Hospital 

-L -L. 

Victoria 1 l .t!5 428 -2 11.82 442 -2 
Fontana l l.t!.8 430 -2 11.86 444 -2 

Fontanella 
Victoria 11.54 432 -2 11.94 447 -2 

KercemRd. 
Gh~riBtH 11.54 432 -2 11.94 447 -2 

Kercem 11.59 434 -2 12.02 450 -2 
Wind Farm 

Collector 11.65 I I 12.1 ; I 
Switch-Reon: 
Kercem Tat- 11.65 436 -2 12.1 453 -2 

Taliana 
Kercem VOR 11.65 436 -2 12.1 453 -2 

Beacon 
Kercem 11 .65 436 -2 12.1 453 -2 
St.Luc-. 

Kercem San 11.64 436 -2 12.1 453 -2 
Niklaw Res. 
San Lawrenz 11.64 436 -2 12.09 453 -2 

Ta' Dbie!!i 
San Lawrenz 11.64 436 -2 12.09 453 -2 

Hotel 
San Lawrenz ll.E4 436 -2 12.09 453 -2 

Table B.3.1 - VoltS'ge magnitud!es resulting at the llkV and LV busbars for 

Scenario A in Option 3 
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A ndi es 

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

Wind Farm running at 0.95 leading Wind Farm ru•nin~ at 0.95 lagging 
oower factor oower factor 

Voltage ia 
Voltage 

Voltage in 
Vciltage 

in the i• the 
Substation the llkY 400V Transformer the llkV 

400V 
Transformer 

Name bus bar 
busbar 

Tap Position busbar 
bas bar 

Tap Pos:tion 
(kV) (V) (kV) iV) 

Qala D.C 11.13 I -1 11.27 I -1 
Ghajnsielem 11.19 429 -1 11.37 436 -1 

Palmoi 
Victoria 11.33 424 -2 11.6 434 -2 
Ghono 

Victoria 11.34 424 -2 11.62 435 -2 Mental 
Victoria 11.36 425 -2 11.65 436 -2 
Hospital 
Victoria 11.39 426 -2 11.7 438 -2 
Fontana 11.42 427 -2 11.73 439 -2 

FontaneUa 
Victoria 11.46 429 -2 11.8 442 -2 

Kercem Rd. 
Ghasri BIH 11.46 429 -2 11.8 441 -2 

Kercem 11.51 431 -2 11.86 444 -2 
Wind Farm 

Collector 11.55 I I 11.93 I I 
Switch-Room 
Kercem Iat- 11.55 432 -2 11.93 447 -2 Taljana 
Kercem VOR 11.55 432 -2 11 .93 446 -2 Beacon 

Kercem 11.55 432 -2 11 .93 446 -2 St.Lucv 
Kercem San 11.55 432 -2 11.93 446 -2 Niklaw Res. 
San Lawrenz 11.54 432 -2 11.92 446 -2 Ta' Dbie2i 
San Lawrenz 11.54 432 -2 11.92 446 -2 Hotel 
San Lawrenz 11 .54 432 -2 11.92 446 -2 

Table B.3.2 - Voltage magnitudes resulting at the llkV and LV busbars for Scenarfo 

Bin Option3 

129 



8.3.3 Steady-State Voltage Results for Scenario C in Option 3 

Wind Far:n running at 0.95 leadir:g Wind Farm running at 0.95 lagging 
power factor power factor 

Volta~e in 
Voltage 

Voltage in 
Voltage 

in the in the 
Substation the llkV 

400V 
Transformer the llkV 

4-00V 
Trnnsformer 

Name busbar 
bus bar 

Tap Position busbar 
busbar 

Tap Position 
(kV) 

(V) 
(kV) 

(V) 

OalaD.C 11.32 ; 0 11.2 I -1 I 

Ghajnsiekm 11.27 429 -1 11.2 ~ 427 -1 
Palma 

Victoria 11.18 415 -2 11 .25 418 -2 
Gltonq 

Victoria 
11.17 414 -2 11.25 417 -2 

Mental 
Victoria 

11.17 414 -2 11.26 417 -2 
Hospital 
Victoria 11.17 414 -2 11 .28 418 -2 
Fontana 

11.19 417 -2 11.31 A"l'"l ,, 
Fontane& 

"TL~ -L 

Victoria 
11.21 412 -2 11.36 417 -2 

KercemRd. 
Ghasri BlH 11.2 413 -2 1135 419 -2 

Kerct:m 11 .24 415 -2 11.42 422 -2 
Wind Farm 

Coaector 11.29 I I 11.5 I I 
Switch-Room 
Kercem Tat-

11 .29 417 -2 11.49 424 -2 
Taliana 

Kercem VOR 
11 .28 416 -2 11.49 424 -2 

Beacon 
Kercein 11.28 416 -2 ll.4S 424 -2 
St.Lu::y 

K ercem San 
11.28 415 -2 11.48 423 -2 

~iklaw Res. 
San Lawrenz 

11.27 421 -2 11.48 429 -2 
Ta' Dbiei; 

San Lawrenz 
11.27 421 -2 11.48 429 -2 

Hotel 
San l.a\'\-Tenz 11.27 421 -2 11.48 429 -2 

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

C in Option3 
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8.3.4 Steady-State Voltage Results for Scenario D in Option 3 

Voltage in the Voltage in tile 
Transformer 

Substation Name llkV busbar 400V busbar 
Tap Positien 

k 
Qala D.C 11.12 I -1 

Gha "nsielem Palma 10.94 416 -1 
Victoria Ghon 10.53 391 -2 
Victoria Mental 10.51 388 -2 

Victoria Hos ital 10.46 387 -2 
Victoria 10.42 385 -2 

Fontana Fontanella 10.38 387 -2 
Victoria Kercem 

10.33 378 -2 
Rd. 

Ghasri B/H 10.33 380 -2 
Kercem 10.31 379 -2 

Wind Farm 
Collector Switch- 10.29 I 

Room 
Kercem Tat-

10.28 378 -2 
Tal"ana 

Kercem VOR 
10.27 378 -2 

Beacon 
Kercem St.Luc · 10.28 378 -2 

Kercem San Niklaw 
10.27 377 -2 

Res. 
San Lawrenz Ta' 

10.27 383 -2 
Dbie i 

San Lawrenz Hot£:1 10.26 383 -2 
San Lawrenz 10.26 383 -2 

Table B.3.4 - Voltage magnitudes resulting at the llkV and L V busbars for Scenario 

Din Option3 
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A ndice 

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

Wind Fann running at 0.95 leading Wind Fann running at !).95 lagging 
oower factor oowerfactm-

Voltage in 
Voltage 

Voltage in 
Voltage 

in the in the 
Substation the llkV 

400V 
Transformer the llkV 401V 

Transfermer 
Name bus bar 

busbar 
Tap Position busbar 

bus bar 
Tap Position 

(kV) 
[V) 

(kV) (V) 
XewkiiaD.C 11.12 I -1 11.29 I -1 

Fontana 11.26 432 -1 11.49 430 -2 
Fontanella 

Victo1fa 11.32 434 -1 llS:' 433 -2 
KercemRd. 
Ghasri Biii 11.32 434 -1 11.5"7 433 -2 

Kercem 11.37 436 -1 11.65 436 -2 
Wind Farm 

Collec;;er 11.42 I I 11. 71 I I 
Switch-Room 
Kercem Tat-

11.42 .1'l0 1 11 ""71 438 -2 
Taliaa.a 

-.Jo -1 11. ! 1 

Kercern 11.42 438 -1 11.71 438 -2 
VORBeacon 

Kercem 
11.42 437 -1 11.71 438 -2 St.Lu.i:v 

Kercem San 11.41 437 -1 11.7 438 -2 Niklaw Res. 
San Lawrenz 11.41 437 -1 11.7 438 -2 

Ta' Dbielti 
San LaV1orenz 11.41 437 -1 11.7 438 -2 Hotel 
San Lawrenz 11.41 437 -1 11.7 438 -2 

Table B.4.1- Voltage magnitudes resulting at the llkV and LV busban for Scenario 

A in Option4 
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B.4.2 Steady-State Voltage Results for Scenario Bin Option 4 

Wind Fann running at 0.95 leading Wind Fann running at 0.95 lagging 
power factor power fa ctor 

V•ltage Voltage Voltage Voltage 

Sub5tation 
on t:'.le on the Transformer on the on the Tn:.nsformer 

1'.ame 
llkV 400V Tap Posi:ion llkV 400V Tap Position 

bas bar busbar (%) bus bar bus bar (%) 
(kV) (V) (kV) (V) 

XewkijaD.C 11. ~ 6 I 0 11.25 i -1 
Fontana 11.4 436 -1 11.35 434 -1 

Fontanella 
Vktoria 11.42 431 -1 11.4 430 -1 K ercem Rd. 

G hasri WH 11.42 432 -1 11 .39 431 -1 
Kerceot 11.46 434 -1 11.46 434 -1 

W ind Farm 
Collecto r ~ 1.5 I I 11 .52 I I 

Switch-Ro-Om 
K ercem Tat- 11.49 435 -1 11.5 436 -1 Trujana 

Kercetn 11.48 434 -1 11.5 435 -1 
VORBeacon 

Kercem 11.49 434 -1 11.5 435 -1 
St.L UCT 

Ker~m San 11.48 434 -1 11.49 434 -1 
Niklaw R es. 

San Lawrenr: 11.48 439 -1 11.49 440 -1 
Ta' Dbie!!i 

San Lawre:n r: 11.47 439 -1 11.49 440 -1 
Hotel 

San Lawrenr: 11.47 439 -1 11.49 440 -1 

Table B.4.2 - Voltage magnitudes resulting at the llkV and LV 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 llkV busbar 400V busbar Tap Position 

(kV) (V) ~o/.) 

XewkijaD.C 11.17 I +2.5 

Fonta::ia Fontanella 11.04 421 +2.5 

Victo::-~a Kerceo Rd. 10.99 414 +2.5 

Giasri B/H 10.98 415 +2.5 

Kercem 10.96 415 +2.5 

Wind Farm Co ·ector 
10.95 I 

Switch-Room 

Kercem Tat-Taljana 10.94 413 +2.5 

Kercem VOR Beacon 10.93 413 +2.5 

Kercem St.Lucy 10.93 413 +2.5 

Kercem San Niklaw 
10.93 

Res. 
412 +2.5 

San ~awrenz Ta' 
10.92 

Dbiegi 
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 llkV and LV busbars for Scenario 

C in Option4 
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C.1.1 Steady-State Voltage Results for Scenario A in Option 1 

Wind Farm running at 0.95 Wind Farm rulllling at 0.95 
lea dine: power factor la25!iJU! power factor 

Voltage Voltage Voltage Voltage 

Substation 
in the in the 

Transformer 
in the in the 

Transformer 
Name 

llkV 400V Tap Position 
llkV 400V Tap Position 

bus bar bus bar bus bar bus bar 
(kV) (V) (k\'1 (V) 

Mellieha 
11.09 I -1 11.31 I -1 D.C I 

St.Paul's 
Bay 1- 11.14 438 0 11.40 4'Y'' ,,_ I -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 
Tai- 11.23 431 -1 11.56 433 -2 

Qanfud 
Zebbiegh 
Triq ii- 11.23 431 -1 11.56 433 -2 
Bidnija 
Bidnija 

Tai-
Fraxxnu 11.23 431 -1 11.56 433 -2 
Shooting 

Club 
MgarrTa' 

11 ,23 431 -1 11.56 433 -2 
Falka 
Mgarr 
Triq ii- 11.25 431 -1 11.58 434 -2 

Harruba 
Mgarr 

11.26 432 -1 11.61 435 -2 Skorba 
Mgarr 

11.25 432 -1 11.60 434 -2 San Pietra 
Mgarr Sir 

Harry 11.25 432 -1 11.59 434 -2 
Luke 

Mgarr 
11.25 L32 -1 11.59 43~ -2 Barbara 

Mgarr I-
11.25 L31 -1 11.59 43.:::. -2 Iskorvit 

Mgarr 
11.25 431 -1 11.59 43L -2 Gne_jna 
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Bay 
Bingemma 11.31 434 -1 11 67 43" -2 PS 

Mgarr 
Haddedin 11.30 432 -1 11.67 436 -2 Strickland 

Farm 
Mgarr Ta' 11.30 433 -1 11.67 437 -2 

Mselliet 
Rabat 11.34 435 -1 11.73 439 -2 

Tas-Salib 
Dwejra 11.34 435 -1 11.73 439 -2 1'o.2 
Rabat 

Ghemieri 11.34 435 -1 11.73 439 -2 
Go merino 
Bingemma 11.34 435 -1 11.72 439 -2 Fort 
MgarrTa' 11.39 435 -1 11.72 439 -2 

Gewwa 
\Vied 11.39 435 -1 11.72 439 -2 

Gerzuma 
~garr Ta' 11.34 434 -1 11.72 438 -2 

Santi 
Rabat 

Tas-Salib 11.37 436 -1 11.77 440 -2 
TIC I 

Fiddien 11.42 438 -1 1 l.B3 £:-43 -2 
Booster 
Rabat 

Bieb ir- 11.48 430 -2 11.93 ~-47 -2 
Raw a 

Rabat I- 11.58 433 -2 12.06 452 -2 
Andri.iiet 

Wind 
Farm 11.68 I I 12.18 I I 

Collector 
, , 

Swllbn 
:\ltahleb 

\-Vied Rini 11.68 437 -2 12.18 456 -2 
Relav Stn 
Baltrija 11.67 437 -2 12.17 456 -2 
Qastan 
Baluija 

Near 11.67 437 -2 12.17 456 -2 
School I 

Mtahleb 11.68 437 -2 12.18 456 -2 
Xaghra 11.68 436 -2 12.18 455 -2 

tal-Borom 
Rabat 11.68 436 -2 12.18 455 -2 
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Ghajn it­
Tajba 

Table C.1.1 - Voltage magnitudes resulting at the llkV and LV busbars for 
Scenario A in Option 1 

C.1.2 Steady-State Voltage Results for Scenario 8 in Option 1 

Wind Farm running at 0.95 Wind Farm running at 0.95 
leadin2 power factor la22in2 power factor 

Voltage Voltage Voltage Voltage 

Substation 
in the in the 

Transformer 
in the in the 

Transformer 
Name 

llkV 400V 
Tap Position 

llkV 400V 
Tap Position 

bus bar bus bar bus bar bus bar 
(kV) (V) {k\1 (V) 

Melli eh a 11.09 I -1 11.05 I -2 
D.C 

St.Paurs 
Bay 1- 11.14 438 0 11.14 427 -1 

lmbordin 
Mgarr 

-1 San 11.20 430 -1 11.25 431 
Martin 

Zebbiegh 
-1 Fuhhar 1- 11.23 431 -1 11.30 434 

Ahmar 
Zebbiegh 

Tai- 11.23 431 -1 11.30 433 -1 
Qanfud 

Zebbiegh 
Triq il- 11.23 431 -1 11.30 433 -1 
Bidni_ia 
Bidnija 

Tai-
Fraxxnu 11.23 431 -1 113-0 433 -1 
Shooting 

Club 
Mgarr Ta' 11,23 431 -1 11.30 433 -1 

Falka 
Mgarr 
Triq il- 11.25 431 -1 11.32 434 -1 

Harruba 
Mgarr 11.26 432 -1 11.34 435 -1 
Skorba 
Mgarr 11.25 432 -1 11.34 424 -2 San Pietro 

Mgarr Sir 11.25 432 -1 1133 424 -2 
Harry 
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Luke 
Mgarr 11.25 432 -1 11.33 42L -2 Barbar a 

Mgarr I- 11.25 431 -1 11.33 42L -2 
Iskorvit 
Mg arr 

-2 Gnejna 11.25 431 -1 11.33 42L 
Bay 

Bingemma 11.31 434 -1 11.41 438 -1 PS 
Mgarr 

Haddedin 11.30 432 -1 11.41 426 -2 Strickland 
Farm 

MgarrTa' 11.30 433 -1 11.41 427 -2 
Mselliet 
Rabat 11.34 435 -1 11.47 429 -2 Tas-Salib 

Dwejra 11.34 435 -1 11.47 42~ -2 
No.2 

Rabat 
Ghemieri 11.34 435 -1 11.47 44C -1 
Gomerino 
Bingemma 11.34 435 -1 11.47 440 -1 

Fort 
l\.fgarr Ta' 11.39 435 -1 11.46 440 -1 

Gewwa 
Wied 11.39 435 -1 11.46 429 -2 

Gerzuma 
l\.lgar r Ta' 11.34 434 -1 11.46 439 -1 Santi 

Rabat 
Tas-Salib 11.37 436 -1 11.51 431 -2 

TiC 
Fiddien 11.42 438 -1 11.57 433 -2 
Booster 
Rabat 

Bieb ir- 11.48 430 -2 11.68 437 -2 
Ruwa 

Rabat I- 11.58 433 -2 11.81 442 -2 
Andrijiet 

Wind 
Farm 11.68 I 11.93 I I 

Collector 
I 

Sw/Rm 
Mtahleb 

Wied Rini 11.68 437 -2 11.93 447 -2 
Relav Stn 
Bahrija 11 .67 437 -2 11.92 446 -2 
Qastan 
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Bahrija 
Near 11.67 437 -2 11.92 446 -2 

School 

Mtahleb 11.68 437 -2 11.93 447 -2 

Xaghra 11.68 436 -2 11.93 446 -2 
tal-Borom 

Rabat 
Ghajn it- 11.68 436 -2 11.93 457 -1 

Ta_jba 
Table C.1.2 - Voltage magnitudes resulting at the llkV and LV busbars fer 
Scenario B in Option 1 

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

\\'ind Farm running at 0.95 Wind Farm ruaning at 0.95 
leadin2 power factor la22in2 power facter 

Voltage Voltage Voltage Voltage 

Substation 
in the in the 

Transformer 
in the in the 

Transformer 
Nam£: 

llkV 400V 
Tap Position 

llkV 400V 
Tap Position 

bus bar bus bar bus bar bus bar 
(kV) (V) (kV) (V) 

Mellieha 11.12 I -1 11.02 I -2 D.C 
St.Paurs 

Bay I- 11.15 438 0 11.08 436 0 
lmbordin 

Mgarr 
San 11.19 429 -1 11.16 428 -1 

Martin 
Zebbiegh 
Fuhhar I- 1121 430 -1 11.19 429 -1 
Ahmar 

Zebbiegh 
Tai- 11.21 430 -1 11.19 429 -1 

Qanfud 
Zebbiegh 
Triq ii- 11.21 430 -1 11.19 429 -1 
Bidni_ja 
Bidnija 

Tai-
Fraxxnu 11.21 430 -1 11.19 429 -1 
Shooting 

Club 
Mgarr T3' 11.21 430 -1 11-19 429 -1 Falka 

Mgarr 11.22 430 -1 11.21 430 -1 Triq ii-
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-
Harruba 
Mgarr 11.23 431 -1 1122 430 -1 Skorba 
Mg arr 11.22 430 -1 11.21 430 -1 S:an Pietro 

Mgarr Sir 
Harry 11.22 430 -1 11.21 430 -1 
Luke 

"Mg arr 11.22 430 -1 11.21 430 -1 Barbara 
l\lgarr I- 11.22 430 -1 11.21 430 -1 Iskorvit 

:'.\f garr 
Gnejna 11.21 430 -1 11.21 430 -1 

Bay 
Bingemm.a 11.26 432 -1 1127 432 -1 PS 

:\lg arr 
lladdedia 11.26 431 -1 1127 431 -1 Stricklaad 

Farm 
l\lgarr Ta' 11.26 432 -1 11.27 432 -1 

:'.\f selliet 
Rabat 11.29 433 -1 11.31 434 -1 

'fas-Salib 
Dwejra 11.29 433 -1 11.31 434 -1 

No.2 
Rabat 

Ghemieri 11.28 433 -1 11.31 434 -1 
Go merino 
Bingemma 11.28 433 -1 11.31 434 -1 Fort 
MgarrTa' 11.28 433 -1 11.31 434 -1 Gewwa 

Wied 11.28 433 -1 11.31 434 -1 Gerzuma 
Mgarr Ta' 11.28 432 -1 11.31 433 -1 

Santi 
Rabat 

Tas-Salib 11 .31 433 -1 11.34 435 -1 
TIC 

Fiddien 11 .34 435 -1 11.39 437 -1 
Booster 
Rabat 

Bieb ir- 11 .39 426 -2 11.47 429 -2 
Ruwa 

Rabat I- 11.46 429 -2 11.56 433 -2 Andrijiet 
Wind 11.53 I I L.66 I I 
Farm 
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Collector j 
Sw/Rm 

Mtahleb 
Wied Rini 11.53 432 -2 11.66 436 -2 
Relay Stn 
Bahrija 11.52 431 -2 11.64 436 -2 
Qastan 
Bahrija 

Near 11.52 431 -2 11.64 436 -2 
School 

Mtahleb 11.53 432 -2 11.65 436 -2 
Xaghra 11.53 431 -2 11.65 435 -2 

tal-Borom 
Rabat 

Ghajn it- 11.53 431 -2 11.65 435 -2 
Ta.iba 

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

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

\Vind Farm running at 0.95 Wind Farm run•ing at 0.95 
leadin2 power factor lae:filne: power factor 

Voltage Voltage Voltage Voltage 

Substation 
in the in the 

Transformer 
in the in the 

Transformer 
Name 

llkV 400V 
Tap Position 

llkV 400V 
Tap Position 

bus bar bus bar bus bar bus bar 
(kV) (V) (kV) (V) 

Mellieha 11.34 I 0 11.28 I -1 
D.C 

St.Paul's 
Bay l- i 1.31 430 -1 11.29 429 -1 

Imbordin 
Mgarr 

San 11.28 430 -1 11.30 431 -1 
Martin 

Zebbiegh 
Fuhhar I- 11.26 432 -1 11.31 433 -1 
Ahmar 

Zebbiegh 
Tai- 11.26 430 -1 11.30 432 -1 

Qanfud 
Zebbiegh 
Triq ii- 11.25 430 -1 11.30 432 -1 
Bidnija 
Bidnija 

Tai- 11.25 430 -1 11.3-0 432 -1 Fraxxnu 
Shooting 
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Oub 
Mgarr Ta' 11.25 431 -1 11.31 432 -1 

Falka 
Mg arr 
Triq i- 11.26 431 -1 11.32 433 -1 

Harruba 
Mg arr 11.26 431 -1 11.32 433 -1 
Skorba 
Mg arr 11.23 429 -1 11.29 432 -1 

San Pietru 
l\1garr Sir 

Harry 11.22 429 -1 11.29 432 -1 
Luke 

:\f garr 11.22 429 -1 11.28 432 -1 
Barbara 
l\Igarr 1- 11.22 429 -1 11.28 431 -1 Iskonit 

l\.1garr 
Gnejna 11.22 429 -1 11.28 431 -1 

Bay 
Bingemma 11.28 431 -1 11.37 434 -1 

PS 
Mg arr 

Haddedin 11.28 430 -1 11.36 434 -1 
Strickland 

Farm 
MgarrTa' 11.27 431 -1 11.36 434 -1 
~selliet 

Rabat 11.30 432 -1 11.41 436 -1 
Tas-Salib 
Dwejra 11.30 433 -1 11.41 437 -1 

No.2 
Rabat 

Ghemieri 11.30 431 -1 11.40 435 -1 
Gomerinn 
Bingemma 11.29 431 -1 11.39 435 -1 

Fort 
MgarrTa' 11.28 431 -1 11.39 435 -1 

Geww:a 
Wied 11.29 433 -1 11.39 437 -1 

Gerzuma 
MgarrTa' 11.29 430 -1 11.39 434 -1 

Santi 
Rabat 

Tas-Salib 11.32 422 -2 11.44 427 -2 
TIC 

Fiddien 11.35 424 -2 11.49 429 -2 
Booster 
Rabat 11.40 426 -2 11.58 432 -2 

Bieb ir-
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A ndice 

Ruwa 

Rabat 1-
11.47 428 -2 11.68 436 "I 

Andrijiet 
-,;., 

Wind 
Farm 

11.56 I I 11.79 I I 

Collector 
I 

Sw/Rm 
Mtahleb 

Wied Riai 11.56 431 -2 11.79 440 "I -,;_, 

Relay Stn 
Bahrija 

11.50 430 -2 11.73 438 -2 
Qastan 
Bahrija 

Near 11.50 429 -2 11.73 438 -2 
School 

Mtahleb 11.55 431 "I 11.78 439 -2 -L., 

Xaghra 
11.55 43-0 -2 11.78 438 -2 

tal-Borom 
Rabat 

Ghajn it- 11.55 430 -2 11.78 438 -2 
Tajba 

Table C.1.4 - Voltage magnitudes resulting at the llkV and LV busbars for 
Scenario D in Option 1 

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

Wind Farm running at 0.95 Wind Farm rumiing at 0.95 
I leadin2 power factor la22in2 power factor 

Voltage Voltage Voltage Voltage 

Substation 
in the in the 

Transformer 
in the in the 

Transformer 
Name 

llkV 400V 
Tap Position 

llkV 400V 
Tap Position bus bar bus bar busbar bus bar 

(kV) (V) (kV) (V) 

Melli eh a 
11.06 I -1 11.02 I -2 

D.C 
St.Paul's 

Bayl- 11.03 418 -1 11.03 418 -1 
lmbordia 

Mgarr 
San 10.99 419 -1 11.04 421 -1 

Martin 
Zebbiegh 
Fuhhar l- 10.97 420 -1 11.04 4r ;:.,j -1 
Ahmar 

Zebbiegh 
10.97 419 -1 

Tai-
11.04 4')"" ;:.,L., -1 
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Qanfud 
Zebbiegh 
Triq il- 10.96 419 -1 11.03 422 -1 
Bidnija 
Bidnija 

Tai-
Fraxxnu 10.96 4~9 -1 11.03 422 -1 
Skooting 

Club 
Mgarr Ta' 10.97 419 -1 11.04 422 -1 

Falka 
l\.1garr 
Triq ii- 10.97 419 -1 11.05 422 -1 

Harruba 
l\.Igarr 10.9'7 419 -1 11.06 423 -1 
Skorb:a 
l\.fgarr 

10.94 418 -1 11.02 421 -1 
San Pietru 
Mgarr Sir 

Harry 10.93 418 -1 11.02 422 -1 
Luke 

l\f garr 
10.93 418 -1 11.02 421 -1 

Barbara 
Mgarr I-

10.93 417 -1 11.02 421 -1 
Iskorvit 
Mgarr 
Gnejna 10.93 417 -1 11.01 421 -1 

Bay 
Bingemma 

10.99 420 -1 11.10 424 -1 
PS 

Mgarr 
Haddedin 

10.99 419 -1 L.10 423 -1 
Strickland 

Farm 
Mgarr 'Fa' 10.98 419 -1 11.09 424 -1 

Msellict 
Rabat 

11.01 421 -1 11.14 426 -1 
Tas-Salib 
Dwejra 

11.01 422 -1 11.14 427 -1 
No.2 

Rabat 
Ghemieri 11.01 42::> -1 11.14 425 -1 
Gomerino 
Bingemma 

11.0C· 42J -1 11.13 425 -1 
Fort 

.'.\lgarr Ta' 
10.9S 42) -1 11.12 425 -1 

Gewwa 
Wied 

11.0C 421 -1 11.13 426 -1 
Gerzuma 
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Mgarr Ta' 11.00 419 -1 11.13 424 -1 
Santi 
Rabat 

Tas-Salib 11.03 411 -2 11.18 417 -2 
TIC 

Fiddien 
11.06 413 -2 11.23 420 -2 

Booster 
Rabat 

Bieb ir- 11.11 415 -2 11.32 423 -2 
Ruwa 

Rabat 1-
11.18 417 -2 11.42 427 -2 

Andri.iiet 
Wind 
Farm 

11.27 I I 11.53 I I 
Collector 
Sw/Rm 
Mtahieb 

Wied Rini 11.27 421 -2 11.53 430 -2 
Relay Stn 
Bahrija 

11.21 419 -2 11.47 429 -2 
Qastan 
Bahrija 

Near 11.21 418 -2 l i.47 428 -2 
School 

Mtahleb 11.26 420 -2 1 ~.52 430 -2 
Xaghra 

11.26 419 -2 1 ~.52 429 -2 
tal-Borom 

Rabat 
Ghajn it- 11.26 419 -2 1 ~.52 429 -2 

Ta.iba 
Table C.1.5 - Voltage magnitudes resulting at the llkV and LV busbars for 
Scenario E in Option 1 

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

Voltage in the Voltage in tile 
Transformer 

Substation Name llkV busbar 400V busbar 
Tap Position 

k 
:Mellieha D.C 11.16 +2.5 

11.03 419 +2.5 
10.87 415 +2.5 
10.81 414 +2.5 
10.80 413 +2.5 
10.80 413 +2.5 

Bidni"a Tal-Frax:xnn Shootin 10.79 413 +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 

M2arr Barbara 10.72 410 +2.5 
Mgarr 1-Iskorvit 10.72 409 +2.5 

Mgarr Gne_jna Bay 10_71 409 +2.5 
Bingemma PS 10_72 410 +2.5 

Mgarr Haddedin Strickland 
10.72 409 +2.5 

Farm 
l\lgarr Ta' Mselliet 10. 71 409 +2.5 

Rabat Tas-Salib lC•.69 409 +2.5 
Dwe_ira No.2 lC..69 409 +2.5 

Rabat Ghemieri Gomerino lC.68 408 +2.5 
Bingemma Fort I lC.68 407 +2.5 

Mgarr Ta' Gewwa lC.67 407 +2.5 
\Vied Gerzuma lC.68 409 +2.5 

J\.lgarr Ta' Santi lC.68 407 +2.5 
Rabat Tas-Salib T/C lC.68 398 +5 

Fiddien Booster 10.66 398 +5 
Rabat Bieb ir-Ruwa 10.63 397 +5 

Rabat 1-Andri_iiet 10.59 395 +5 
Wind Farm Collector Sw/Rm 10.56 I I 
~ltahleb \Vied Rini Relav Stn 10.56 394 +5 

Bahri_ia Qastan 10.49 392 +5 
Bahriia Near School 10.49 391 +5 

Mtahleb 10.55 393 +5 
Xagltra tal-Borom 10.54 392 +5 

Rabat Ghajn it-Tajba 10.54 392 +5 
Table C.1.6 - Voltage magnitudes resulting at the llkV and L V bmbars for 
Scenario F in Option 1 
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C.2.1 Steady-State Voltage Results for Scenario A in Option 2 

llkV busbar of Mellieha DC llkV busbar ofMellieha DC 
regulated within the bandwidth regulated within the bandwidth 

of 11.2kV of 11.lkV 
Voltage Voltage Voltage Voltage 

Substation 
in the in the 

Transformer 
in the in the 

Transformer 
llkV 400V llkV 400V 

Name 
bus bar bus bar 

Tap Position 
bus bar bus bar 

Tap Position 

(kV) (V) (kV) (V) 
Mellieha D.C 11.31 I 0 11.02 I -1 
St.Paul's Bay 11.4C 429 -2 11.12 439 0 
1-Imbordin 
Mgarr San 11.52 433 -2 11.24 433 -1 

Martin 
Zebbiegh 
Fuhhar I- 11.58 435 -2 11.29 435 -1 
Ahmar 

Zebbiegh Tai- 11.57 435 -2 11.29 435 -1 
Qanfud 

Zebbiegh 
Triq ii- 11.57 435 -2 11.29 435 -1 
Bidni.ia 

Bidnija Tai-
Fraxxnu 11.57 435 -2 11.29 435 -1 
Shooting 

Club 
Mgarr Ta' 11.57 435 -2 11.29 424 -2 

Falka 
Mgarr Triq 1 ~ .60 436 -2 11.32 436 -1 
il-Harruba 

l\Igarr 1 ~ .62 437 -2 11.34 437 -1 
Skorba 

~garr San 11.61 43? -2 11.33 426 -2 
Pietru 

l\1garr Sir 11.61 43? -2 11.33 426 -2 
Harry Luke 

Mg arr 11.61 437 -2 11.33 426 -2 
Barbara 
Mgarrl- 11.61 437 -2 11.33 426 -2 
Iskorvit 
Mgarr 11.61 437 -2 11.33 426 -2 

Gne_ina Bay 
Bingemma PS 11.69 440 -2 11.41 429 -2 

Mg arr 
Haddedin 11.69 439 -2 11.41 428 -2 
Strickland 

Farm 
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Mgarr Ta' 
11.69 440 

Mselliet 
-2 11.41 429 -2 

Rabat Tas-
11.76 442 -2 11.48 432 ,.., 

-,z. 

Salib 
Dwejra No.2 11.76 442 -2 11.48 431 

,.., 
- ,z. 

Rabat 
Ghemieri 11.75 442 -2 11.47 431 -2 
Go merino 
Bingemma 

11.75 442 -2 11.47 431 
,.., 

-,z. 

Fort 
MgarrTa' 

11.75 442 -2 11.47 431 
,.., 

Gewwa 
-L. 

Wied 
11.75 442 -2 11.47 431 

,.., 
- .:. 

Gerzuma 
Mgarr Ta' 

11.75 441 -2 11.47 43C 
,.., 

Santi 
- .:. 

Rabat Tas-
11.80 443 -2 11.52 43~ 

,.., 

Salib T/C 
-.... 

Fiddien l _.85 446 -2 11.57 435 
,.., 

Booster 
- .:. 

RabatBieb 
1 : .84 445 -2 11.57 435 

,., 
ir-Ru"7a 

- .:. 

Rabat 1-
1 : .84 445 -2 11.56 435 

,., 
Andrij!i.et 

-L., 

Wind Farm 
Collector 1 :.85 I I 11.58 I ' I 

Sw/Rm 
Mtahlcb 

Wied Rini 1 : .83 445 -2 11 .55 434 '"; 
-.:. 

Relay Stn 
Bahrija 

11.81 444 -2 11.53 434 -. 
Qastan 

-.:. 

Bahrija Near 
11.81 444 -2 11.53 434 -

School 
-L, 

Mtahleb 11.82 445 -2 11.55 t!J4 -L 

Xaghra tal-
11.82 444 -2 11.55 LJ3 ... 

Borom 
-L 

Rabat Gllajn 
11.82 444 -2 11.54 LJ3 -2 it-Ta_iba 

Table C.kl - Voltage magnitudes resulting at the llkV and LV busbars for 
Scenario A in Option 2 
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C.2.2 Steady-State Voltage Results for Scenario Bin Option 2 

Wind Farm running at 0.95 Wmd Farm running at 0.95 
leading ower factor lagg!ng ower factor -

Voltage Voltage Voltage Voltage 

Substation 
in the in the 

Transformer 
in the in the 

Transformer 
Name 

llkV 400V 
Tap Position 

llkV 400V 
Tap Position 

bus bar bus bar bus bar busbar 
(kV) (Y) (kV) (V) 

Meiieha 
11.04 I -1 11.09 I -2 D.C I I 

St.Paul's 
Bayl- 11.13 428 -1 11.'.23 432 -1 

Imbordin 
Mgarr 

San 11.23 433 -1 11.40 439 -1 
lYlartin 

Zebbiegh 
Fuhhar I- 11.28 435 -1 11.48 432 -2 

Ah mar 
Zebbiegh 

Tai- 11.28 435 -1 11.48 431 -2 
Qanfud 

Zebbiegh 
Triq ii- 11.28 435 -1 11.48 431 -2 
Bidni.ia 
Bidnija 

Tai-
Fraxxnu 11.28 435 -1 11.48 431 -2 
Shooting 

Club 
Mgarr Ta' 

11.28 435 -1 11.48 4~2 -2 
Falka 
Mgarr 
Triq ii- 11 .31 436 -1 11.51 433 -2 

Harruba 
Mgarr 

11.33 436 -1 11.54 434 -2 
Skorba 
Mg arr 

11.32 436 -1 11.54 444 -1 
San Pietru 
Mgarr Sir 

Harry 11.32 436 -1 11.53 444 -1 
Luke 

Mg arr 
11.32 436 -1 11.53 444 -1 

Barbara 
Mgarr l-

11.32 436 -1 11.53 444 -1 
IIskorvit 
Mg arr 

11.32 436 -1 11.53 L44 -1 
Gne_jna 
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A 

Bay 
Bingemma 11.40 439 -1 11.64 438 -2 

PS 
Mgarr 

Haddedin 11.39 427 -2 11.64 437 -2 
Strickland 

Farm 
Mgarr Ta' 11.39 428 -2 11.64 438 -2 

Mselliet 
Rabat 11.46 431 -2 11.72 441 -2 

Tas-Salib 
Dwejra 11.45 431 -2 11.73 441 -2 

No.2 
Rabat 

Ghemieri 11.45 430 -2 11.72 441 -2 
Go merino 
Bingemma 11.45 430 -2 11.72 441 -2 

Fort 
Mgarr Ta' 11.45 430 -2 11.72 441 -2 

Gewwa 
Wied 11.45 430 -2 11.72 441 -2 

Gerzuma 
Mgarr Ta' 11.45 430 -2 11.72 440 -2 

Santi 
Rabat 

Tas-Salib 11.49 432 -2 11.78 443 -2 
TIC 

Fiddiea 11.55 434 -2 11.86 446 -2 Booster 
Rabat 

Bieb ir- 11.54 434 -2 11.85 445 -2 
Ruwa 

Rabat I- 11.53 434 -2 11.84 445 -2 Andrijiet 
\Vind 
Farm 

~ 1.55 I I 11.86 I I Collector 
Sw/Rm 
Mtahleb 

Wied Rini ~ 1.52 433 -2 11.83 445 -2 
Relay Stn 
Bahrija 

~ _.50 433 -2 11.81 444 -2 Qastan 
Bahrija 

Near 11.50 433 -2 11.81 444 -2 
School 

Mtahleb 11.52 433 -2 11.83 445 -2 
Xaghra 11.52 432 -2 11.83 444 -2 tal-Borom 
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Rabat 
Ghajn it- 11.52 432 -2 11.83 444 -2 

Tajba 
Table C.2.2 - Voltage magnitudes resulting at the llkV and LV bnsbars 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 
leadin2 power factor lasmin2 power f.actor 

Voltage Voltage Voltage Voltage 

Substation 
in the in the 

Transformer 
in the in the 

Transformer 
llkV 400V llkV 400V 

Name 
bus bar bus bar 

Tap Position 
bus bar bus bar 

Tap Position 

(kV) (V) (kV) (V) 

Mellieha 11.29 I 0 11.34 I -1 D.C 
St.Paul's 

Bay I- 11.30 429 -1 11.41 433 -1 
Imbordin 

Mgarr 
San 11.32 432 -1 L.50 439 -1 

Martin 
Zebbiegk 
Fuhhar 1- 11.33 424 -2 1 ~.54 432 -2 
Ahmar 

Zebbiegh 
Tai- 11.33 423 -2 1 ~.53 431 -2 

Qanfud 
Zebbiegh 
Triq il- 11.32 423 -2 11.53 430 -2 
Bidni.ia 
Bidnija 

Tai-
Fraxxnu 11.32 422 -2 11.53 430 -2 
Shooting 

Club 
:Mgarr Ta' 11.33 423 -2 11.54 431 -2 

Falk.a 
Mgarr 
Triq il- 11.34 423 -2 11.56 432 -2 

Harruba 
Mgarr 11.35 424 -2 11.58 432 -2 
Skorba 
Mg arr 11.32 422 -2 11.55 431 -2 

San Pietru 
Mgarr Sir 11.31 422 -2 11.54 431 -2 
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Harry 
Luke 

Mgarr 11.31 422 -2 11.54 431 -2 
Barbara 
Mgarr 1- 11.31 422 -2 11.54 430 -2 
Iskorvit 
Mgarr 
Gnejna 11.30 422 -2 11.54 430 -2 

Bay 
Bingemma 11.40 425 -2 11.66 435 -2 

PS 
Mgarr 

Haddedin 11.39 424 -2 11.66 434 -2 Strickland 
Farm 

MgarrTa' 11.39 425 -2 11.65 435 -2 
Mselliet 
Rabat 11.44 427 -2 11.74 438 -2 Tas-Salib 

Dwejra 11.44 428 -2 11.74 439 -2 No.2 
Rabat 

Ghemieri 11.44 426 -2 11.73 437 -2 
Go merino 
Bingemma 11.43 426 -2 11.72 437 -2 Fort 
Mgarr Ta' 11.42 426 -2 11.72 437 -2 Gewwa 

Wied 11.43 427 -2 11.72 438 -2 Gerzuma 
MgarrTa' 11.43 425 -2 11.72 436 -2 Santi 

Rabat 
Tas-Salib 11.48 428 -2 11.79 440 -2 

TIC 
Fiddien 11.52 430 -2 11.85 443 -2 Booster 
Rabat 

Bieb ir- 11.49 429 -2 11.82 442 -2 
Ruwa 

Rabat 1- 11.46 428 -2 11.79 440 -2 Andri.iiet 
Wind 
Farm 11.52 I I 11.86 I I Collector 

Sw/Rm 
Mtahleb 

Wied Rini 11.43 426 -2 11.76 439 -2 
Relay Stn 
Bahri.ia 11.37 425 -2 11. 7:J 437 -2 
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Qastan 
Bahrija 

Near 11.36 424 "') 11.70 437 -2 -.., 

Scltool 
Mtahleb 11.42 426 "') 11.75 438 -2 -.., 
Xaghra 11.42 425 "') 11.75 438 -2 tal-Borom 

-... 
Rabat 

Ghajn it- 11.41 425 "') 11.75 438 -2 -.... 
Tajba 

Table C.2.3 - Voltage magnitudes resulting at the llkV and LV busbars for 
Scenario C in Option 2 

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

Wind Farm running at 0.95 Wind Farm running at 0.95 
leadin2 power factor la22in2 power factor 

Voltage Voltage Voltage Voltage 

Substation 
in the in the 

Transformer 
in the in the 

Transformer 
Name 

llkV 400V 
Tap Position 

llkV 400V 
Tap Position 

bus bar bus bar bus bar bus bar 
(kV) (V) (kV) (V) 

Melli eh a 11.00 I -1 11.07 I -2 D.C 
St.Paul's 

Bay I- 11.01 418 -1 11.15 423 -1 
Imbordin 

Mg arr 
San 11.03 421 -1 11.24 429 -1 

Martin 
Zebbiegh 
Fuhhar I- 11.04 4_3 -2 11.28 422 -2 
Ahmar 

Zebbiegh 
Tai- 11.04 4~2 -2 11.28 421 -2 

Qanfud 
Zebbiegh 
Triq ii- 11.03 412 -2 11.27 421 -2 
Bidni.ia 
Bidnija 

Tai-
Fraxxnu 11.03 412 -2 11.27 421 -2 
Shooting 

Club 
Mgarr Ta' 11.04 412 -2 11.28 421 -2 

Falka 
Mgarr 11.05 412 -2 11.30 422 -2 
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Triq ii-
Harruba 
Mgarr 

11.06 413 -2 11.32 423 -2 
Skorba 
Mgarr 

11.03 411 -2 11.29 421 -2 
San Pietru 
Mgarr Sir 

Harry 11.02 411 -2 11.28 421 -2 
Luke 

Mgarr 
11.02 411 -2 11.28 421 -2 

Barbara 
Mgarr I-

11.02 411 -2 11.28 421 -2 
Iskorvit 
Mgarr 
Gnejna 11.01 411 -2 11.28 421 -2 

Bay 
Bingemma 

11.11 414 -2 11.41 425 -2 
PS 

Mgarr 
Haddedin 

11.10 413 -2 11.40 425 -2 
Strickland 

Farm 
Mgarr Ta' 11.10 414 -2 11.39 425 -2 

Mselliet 
Rabat 

11.16 416 -2 11.48 428 -2 
Tas-Salib 
Dwejra 

11.16 41? -2 11.48 429 -2 
No.2 

Rabat 
Ghemieri 11.15 415 -2 11.47 428 -2 
Go merino 
Bingemma 

11.14 415 -2 11.47 427 -2 
Fort 

Mgarr Ta' 11.14 415 -2 11.46 427 -2 
Gewwa 
Wied 

11.14 417 -2 11.46 429 -2 
Gerzuma 

Mgarr Ta' 
11.14 415 -2 11.47 427 -2 

Santi 
Rabat 

Tas-Salib 11.19 417 -2 11.53 430 -2 
TIC 

Fiddien 
11.23 42C -2 11 60 433 -2 

Booster 
Rabat 

Bieb ir- 11.20 418 -2 11.57 432 -2 
Ruwa 

Rabat l-
11.17 417 -2 11.54 431 -2 

Andri.iiet 
Wind 11.24 I I 11.60 I I 
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Farm 
Collector 
Sw/Rm 

Mtahleb 
Wied Rini 11.14 416 -2 11.51 430 -2 
Relay Stn 
Bahrija 11.08 414 -2 11.45 428 -2 
Qasta• 
Bahrija 

Near 11.08 413 -2 11.45 427 -2 
School 

Mtahleb 11.13 415 -2 11.50 429 -2 
Xaghra 11.13 414 -2 11.50 428 -2 tal-Borom 
Rabat 

Ghajn it- 11.13 414 -2 11.50 428 -2 
Ta.iba 

Table C.2.4 - Voltage magnitudes resulting at the llkV and L V 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 
Transformer 

Substation N aine llkV busbar the 400V 
Tap Position 

k busbar (V 
Mellieha D.C 11.16 I -1 

11.03 418 -1 
10.87 415 -1 
10.81 404 -2 
10.80 403 -2 
10.80 403 -2 

BidW.ja Tal-Fraxxnu 10.80 403 -2 
Sheotin Oub 

10.80 403 -2 
10.78 402 -2 
10.76 401 -2 
10.73 400 -2 
10.72 400 -2 
10.72 400 -2 
10.72 399 -2 
10.71 399 -2 

Bi emmaPS 10.72 400 -2 
Mgarr Haddedin Strickland 10.72 399 -2 

Farm 
M arr Ta' Mselliet 10.71 399 -2 
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A dice:. 

Rabat Tas-Salib 10.69 399 -2 
Dwejra No.2 10.69 400 -2 

Rabat Ghemieri Gomerino 10.69 398 -2 
BiD.gemma 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 1-Andri_jiet ~0.59 395 -2 

Wind Farm Collector 
~0.66 

Sw/Rm 
I I 

Mtahleb Wied Rini Relay 
~0.56 394 -2 

Stn 
Bahri.ia Qastan ~0.49 392 -2 

Bahrii_ja Near School ~0.49 391 -2 
Mtahleb i 0.55 393 -2 

Xaghra tal-Borom 10.55 392 -2 
Rabat Gha_jn it-Tajba 10.55 392 -2 

Table C.2.,5 - Voltage magnitudes resulting at the llkV and LV busbars for 
Scenario E in Option 2 
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