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Kurzfassung

Der Anteil an thermischer Stromerzeugung in Ghana betragt derzeit mehr als 70%
der gesamten installierten Leistung. Dies fuhrt zu einem erhohten Einsatz fossiler
Brennstoffe, was den Staatshaushalt angesichts des derzeitigen Anstiegs der
Stromerzeugung bastet. Um die Abh&ngigkeit des Landes von fossilen
Brennstoffen zu verringern, wird der Stromerzeugungsmix durch erneuerbare
Energien (EE) diversifiziert. Zu den laufenden Mal3hahmen gehort das nationale
Ziel, bis zum Jahr 2020 den Anteil an EE (hauptsébhfPhotovoltaik und
Windkraft) auf 10 % zu erhdhen.

Dennoch bringt dieEE-Integration neue Herausforderungen (betrieblich und
infrastrukturell) fur das ghanaische Stromnetz mit sich, fir die neuartige
Maflnahmen erforderlich sind. In dieser Arbeit wirchelauntersucht, welche
Auswirkungen die EHntegration auf das ghanaische Verbundnetz hat und
inwiefern dessen Stabilitat beeinflusst wird.

Die Analyse in dieser Arbeit beginnt mit der Entwicklung eines Modells des
ghanaischen Ubertragungsnetzes. Far diese Modell werden
Simulationsszenarien erstellt, welche verschiedenen Netzbedingungen flr drei
Jahre erfassen. Als erstes wird der aktuelle Zustand des Netzes und dessen
Bereitschaft EEErzeugung aufzunehmen anhand statische
Berechnungsmethoden bewertet.

Der Schwerpunkt dieser Dissertation ist die Untersuchung der Stabilitat des
ghanaischen Netzdsei zukinftigem Ausbader EE. Um den Einfluss auf die
Netzstabilitdt zu bewerten, werden Methodam Transienterund Spannung
Stabilitatsanalyse eingesetzt. (ferdem werden durch Optimierungsmethoden
die blindleistungsarmen Knoten im Netz festgestellt, die als Ausgangspunkte fur
die StabilitdtsverbesserungsmaflRnahmen dienen.

Die Simulationsergebnisse zeigen, dass das Zielszenario (10% EE) das grolte
Risiko fur savohl statische als auch dynamische Spannungsstabilitat darstellt. Die
Transiente Stabilitatsanalyse belegt, dass das Netz Uber das Zieljahr hinaus
instabil sein wird. Zudem weisen die Simulationsergebrdssaufhin,dass eine
Verbesserung der Systemstdhtl durch die implementierten Mal3nahmen
erreicht wird. Schlie3lich kann mit dieser Arbeit gezeigt werden, dass die

|l ntegration von EE in Ghana Atechni sct
Netzverstarkungen und betrieblichen Anderungen entspredheniitksichtigt

werden.



Abstract

Thermal power generation in Ghana constitutesr 70% of the total installed
capacity. Thigranslates into an increasese of fossil fuel, which constraithe

national budget considering the currese in electricity production.To reduce

the nationds dependence on fossil fuel
to include renewable energy (RE) sourdeSorts to achieve thisnvolved a

national target to attain 10% RE penetratjorainly PV and wind)by the yar

2020.

Despite this ambition, thRE integrationintroduces new challengegoperational
and infrastructural)n Gh a n a 6 s , toowehichwmavel keasuresre required
This researchthus analyses the impact of RE generation the national
interconnected transmission system (NI&a8y howits stability is affected.

The analysigin this dissertatiorbegins withthe development of a modef

G h a ntear@smission networksing the DIgSILENT BwerFactory simulation
tool. Simulation scenarios aceeate to capture diverse network conditiolise
different RE penetration levels, load demand and infrastructural expansion for
threeseparatg/ears.As one of themain objectivesof this researchthe current

state of the network and its readiness to acoodate generation from RS
assessedsingsteadystateanalyses

Another focus of this work is the investigatiohthe stability of the NITS with

RE. To this,transientstability analysis techniques addition to static and
dynamicvoltage stability analysis techniquase usedo evaluate thextent to

which system stability is affected liye RE generationf-urthermore, methods of
optimization are used to deterraiime reactive power deficient nodes in the NITS,

which serve as the basis for the stability exdleanent measure$.h e oO6opt i mu
penetration levedf REin the NITSconsidering voltage and loading limissalso

identified using optimization techniques.

The simulation results show that the target scenario is the most prone to both static
and dynamicsoltageinstability. The transient stability analysioweverreveals

the posttarget scenario to be unstabllte simulationsand analysisdditionally

indicate that implementing the proposed measures ineleleaince the stability

of the NITS Finally, this research shosvthat RE i nt egr ati on i s
feasiblein Ghanaas long ashe requiredhetwork reinforements anaperational
changesre accordinglyonsidered.
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1 Introduction

1.1 The Ghanaian Power System

Electricity demand growth in Ghana is projected to increase beyond the estimated
10% annuaload growth in the coming years. For instance, a coincident peak
demand of approximately 2,800 MW was recorded for the year 2019, which
represents a 12% increasethe 2018 peak demandhlue (2,500 MW)[1].
Similarly, the 2018 peak demand of 2,500 MW represented appr@tymiat 1%

and 14.2% percentage increase over the peak demands for 2017 and 2016
respectively\{2]. Power generatidrin Ghana is mainly from hydro and thermal
(crude oll, natural gas and diesel) sources, with respective percentage shares of
37.7% andb1.4% as at the end of 20[#. The generation mix at the end of the
year 2019 comprised 40.5% and 58.8% of hydro and thermal generation
respectively[4]. The remaining percentage share accounts for imports and
renewable power generation, which is currently only from photovoltaic (PV).
Based on current generation expansion plans, thermal power generation is
expected to increase to more than 66% of tlogepted total generation, while
generation from hydro and PV reduce to 33% and 0.3% from the year 2020
onwardg3].

The current thermabiased power generation in a developing country like Ghana
increases the riskof economic adversities that challenge the viability and
sustainability of local utility companies as well as general commercial operations
in the country. A report from the Ghana Energy Commission indicates that
approximately US$ 1.04 billiof2], which represents 1.6% of the 2019 national
GDP [5, 6], was the estimated annual cost of fossil fuels for thermal power
generatiorj3]. Furthermore, about 20% of the required gas and 100% of all other
fuels (light crude oil, LCO, heavy fuel oil, HFO and diesel) are impadi¢d
which increases the dependency of thermal generatidiverse external factors.
Disruptions in fuel supply either locally or from imports increase the likelihood
of power crisis, which hitherto has ha
growth. Fuel supply for thermal generation has been erraticwopeyears due

! Power generation in Ghana was hythased until 2015Due tosporadic rainfall patterns and the reduction in

the annual rainfall for hydro generatiatich led topower crisis, several thermal plants have been commissioned

into operation since 2016. Thes ul t i s t h e icawrerdén tp oomelre rgreanler ati on i n t
2The GDP for the year 2019 was US$ 67.08 Billion
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to damaged pipelines and uncleared financial agreements between trading parties
(indebtedness to fuel supplief8). This has therefore affected the reliability of
power supply and the efficiencyf the entire power system since 2011. The
availability of the hydro plants has also been lesser than expdcaedo
insufficient water levels in the water reservoifsh e dependence on
hydrological pattern results in seasonal changgsmeration such asore hydro
generationin the rainy seasoand more thermal generation in the dry season,
when there is low water for hydro generatidithoughGhanéaboasts of sufficient
installed generation, its dependence on only hydro and thermetesdg]
coupled withexisting fuel supply unreliability, which renders most of the thermal
units nonoperationa[li 3], [9] leaves only about 50% of the installed generation
available for power generatign].

Available generation in the national intero@ated transmission system (NITS)

i s thus barely enough to meet the nat
resulted in load shedding. To simultaneously deal with this problem and reduce
the nationds dependence on f o8XQwas f uel
passed I n 2011 t o govern At he deve
sustainability and adequate supply of renewable energy for generation of heat and
power and f or [10]. @He fotms of energytconsidered imthe Act
include wind, solar, hydr@less than 100 MWL11]), biomass and biog4%0].

In relation to power supply from renewable energies (RE), a national target was
set to increase the share of RE in the national energy mix to 10% of the total
installed capacity by the year 20201, 12] To achieve this target, diverse
projectssuch aghe development of gridonnected”Vs andwind farm, mini-

hydro and biefuel projects etevere proposed biyoth the government and private
investors.More spedically, the government has put placemeasures such as
tax Oholidaysboa, FeadineTariff (FOMNusthgmeRenevalyet | 0 n s
Energy Purbhase ObligationREPO), etd11] for RE projectsn orderto attract
investorsand foster the development of RE total of 785 MWPV and wind
projects §eetable 1-1) have therefore been proposed for integration into the
Ghanaian power system till the year 20ZBese will however be integrated
directly into the transmission networkuel to the limited infrastructure and
technical constraints in the distribution netiksr

The Ghanaian power system, just like any other power system, is divided into the

generation, transmission and distributeectorsmanaged by both government

and private institutions. The power sector reform, which began in the early 1980s

fostered magr transformations by removing proprietorship barriers in all sectors
2



of the power system. The power sector reform introduced and allowed the
participation of independent power produc@fP)in a sector, which hitherto

was solely owned and managed by ttate. Through this reform, power
transmission has been separated from the main power generation institution to
allow fairness and introduce competition into Grampawer markefl3, 14]

1.1.1 The Generation Sector

The fossil fuel requirements of the therrbalsed power generation in Ghana
influence the location of ththermal power stations in tinetwork Most of the
generating units are located along the coast in the south due to the proximity to
fuel sources or fuel reception points for the ease of fuel transporfa&prThe
location of the major load centres in the south also insphet placement of
generating stations in theetwork Table 1-1 provides a summary of the
generation units with their respective installed capacities, unit types, fuel used and
locations in the countryA pictorial view of the sizes and locations of the
generation units in the NITS is presentedigure 11. Two modesof operation

I combined andimple cycle operations aresed forthermalgeneration in the
NITS. The combined cycle (CQ)lants (marked with asterix* ifTable 1-1)
employ a heatecovery stem generator (HRSGp capture the exhaugas to
producesteam for power generation.

As seerfrom the table all conventional power plaakcept foithe Buigenerating
station GS) are located in the soutfihe Bui GS, which is the second largest
hydroplant is currently the only available generation in the north. This generation
unit is also goeaking plant whichmeans it is onlyoperational during the peak
period or when system demanid high. Resultingly, there 9 no available
generation in the north during the -@i¢ak periodExisting loads in the north of

the NITS arethussupplied with power from the south using long transmission
lines.More than/0% of the propose®V unitswill be located in the north due to
higher solar irradiatioandthe availability oflarge expanseof landin the north

The Volta River Authority (VRA), a statewned institution is currently the
largest poweproducerin Ghanawith 47% shareof thetotal installed capacity.
The remaining 53%of the installed capacity ismnanaged bythe Bui Power
Authority, BPA (withabout8% sharepndotherIPP.

3The share is made of approximately 52% and 48% hydro and thermal generation respectively



Tablel-1: Power Plants in the Ghanaian NITS 2, 7]

Generating Unit Installed Unit Type| Fuel Required | Location
Capacity (MW)
Akosombo GS 1,020 Hydro Water SouthEast
Bui GS 404 Hydro Water North-West
Kpong GS 160 Hydro Water SouthEast
Takoradi Thermal 330 Thermal | Oil/Natural Gas| SouthWest
PowerPlant, T4
Takoradi Thermal 340 Thermal | Oil/Natural Gas| SouthWest
Power Plant, (T2)
CENIT 110 Thermal | LCO/Natural SouthEast
Gas
Tema Thermal Plant 1 110 Thermal | Oil/Natural Gas| SouthEast
TT1PP
Tema Thermal Plant 2 80 Thermal | Oil/Natural Gas| SouthEast
TT2PP
Sunon Asogli Powe 200 Thermal | Natural Gas SouthEast
Plant (SAPP)4
Sunon Asogli Poweg 360 Thermal | Natural Gas SouthEast
Plant (SAPP) i
CENPower 330 Thermal | LCO SouthEast
Ameri 250 Thermal | Natural Gas SouthWest
KTPP 220 Thermal | Oil/DFO SouthEast
KarpoweP 470 Thermal | HFO SouthEast
Aksa 260 Thermal | HFO SouthEast
Early Power 200 Thermal | Natural Gas SouthEast
Total Generation 4844
ProposedPlants toattain the 10% RE Penetration by the year 2020
Ayitepa Wind 225 Wind Wind SouthEast
Ada Wind 50 Wind Wind SouthEast
GIC 50 PV Solar North-East
Green Electric 40 PV Solar North-East
Sankana 100 PV Solar North-West
Savanah 100 PV Solar North-East
Signik 50 PV Solar North-West
WhiteCap 100 PV Solar North-East
Windiga 20 PV Solar North-East
Ayitepa Solar 20 PV Solar SouthEast
TFI Solar 30 PV Solar SouthEast

4% Combined Cycle Plants

5: The Karpoweship was originally (and at the time of modelling) located in the seash but is currently

located in the soutlvest.




1.1.2 The Transmission Sector

Power transmission in Ghana is realized thrahgNITS (see figure 11), which
is connected to the transmission systems of the three neighbaoumngries:
Ivory Coast to the West, Burkina Faso to the North and Begonh to the East.

The NITS consists of approximately 6,500 kbh of transmission lines at three
voltage levés; 330 kV, 161 kV, and 69 K\(see figure 11). Although 161 kV is
currently the main transmission voltage in the NITS, plans are underway to make
330 kV the main transmission voltage. The existing 330 kV lines are currently
used to transport power frothe generating units in the west to the lcadtres

in the east. The 69 kV is used in the extreme east of the NITS due to the low
demand and sparse nature of the loads in that part. The 225 kV transmission lines
currently serve as the tlme between Ghaa and Ivory Coast. Interconnections
from Ghana to Togo and Burkina Faso which are currently through 161 kV
transmission lines, are being upgraded to 330 kV and 225 kV respectively under
the West African Power Pool (WAPP|16, 17] scheme. The NITS is also
equipped with 65 substations (bulk supply points, BSPs), which are used to
distribute power to local consuméig. The transformer capacity as at the end of
year 2019 amounts to approximately 9,000 MVA with a total 8ftt&nsformers

[1] at operating voltages of 330/161 kV; 161/69 kV; 161/34.5 kV; 161/11.5 kV.

The NITSischact eri sed by a | ongitudinal st
geography and landscape. Owing to the location of thermal generating units
mostly in the south and the uneven population density across the country coupled
with its longitudinal structure, largelistances are covered during power
transmission with lines longer than 80 km. The transmission capacity (line loading
limit) of suchlines (lengths between 80 km and 320 kmiyasmorelimited by

the thermal capacity but by the voltage maintenance (vottegge limits) [18].

Voltage maintenance therefore becomes very important in the efficient operation

of the Ghanaian power system, which is currently managed using diverse reactive
compensation devices.

6 A peculiar feature of the NITS is the use of 69 kV voltages in the transmission network. Theaelmes

originally intended to be 161 kV lindsutare now operated at 69 kV due to the light loadimtihe part of the

network

" The West African Power Pool (WAPP) is an institution created by 14 of the 15 member States of the ECOWAS
(Economic Community of West African States) to amalgamate the individual national power systems into a
regional power system with the aim of fosterangl easing electricity trade in the wédtican subregion.
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Reactive power compensation in the NITS thus range flassic compensation
devices such afixed capacitors and shunt reactors with tai@bacities of 310
MVAr and 230 MVAr respectivelyo FACTS deviceswhich iscurrently only a

40 MVAr Static Synchronous Compensat@TATCOM [1].

1.1.3 The Distribution Sector

Power distribution irGhanas managed by two state distribution companibe
Electricity Company of Ghan@ECG) and the Northern Electricity Distribution
Company(NEDCo i anda privateowned distribution company, the Enclave
Power Company (EPCWhich has been in operation since 2(Ja9]. ECG
operates and manages the distribution networks in nine of the 16 regions in the
county; Ashanti, Ahafo, Central, Eastern, Greater Accra, Volta, Western,
Western North and Oti Regions witmatdemand of 62.4% of the total system
peak[1l]. The distribution networks in the remaining seven regions; Bono East,
Bono Region, Upper East, North East, Upper West, hidont and Savanndh]

and the northern parts of the Ashanti, Oti, and Western North Rel@ohare
managednd operated by the NEDCo with a total demand of 178% he EPC,

with a demand of 1.5% of the total systgmeak is responsible for power
distribution in the Tema Free Zone Enclave in the Greater Accra rggids].

The remaining 28.6% accounts for power export§ago/Benin andBurkina
Faso, loads in the mines and VALE@s well as lossel]. The distribution
networkdemand accounts for about 80% of the total system defhhnd

1.1.4 Institutional Framework

Ghanaods power system comprises divers
management and ddg-day operations. Nine different institutions under the

office of the president as presented in figi¥2 are currently involved in the

power sector with functions such as policy making, planning and daily grid
operations. The institutions include the Ministry of Energy, Energy Commission,
Public Utility Regulatory Commissionndependent Power Produceigplta

River Authority, Bui Power Authority, Ghana Grid Company, Electricity
Company of Ghana and the Northern Electricity Distribution Comji2tly All
institutions are statewned except the IPPs, whidwonsist ofseveral private

owned generating companies with and without government shares.

8VALCO, the Volta Aluminium Company is a government owned aluminium smelter in Ghana with an estimated
demand of 3% of the total system demand.
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Ministry of Energy : The Ministry of Energy (MoE) is a Government of Ghana
ministry created for the sole responsibility of policy formulation, implementation,
monitoring and evaluation. It is also responsible for supexy&snd coordinating
activities in all energy subectorg22]. The MoE has an additional function of
serving as théaisonbetween the Government and people of GHahh

Energy Commission Ghanads Energy Commi ssi on
the Energy Commission Act (Act 541) is mandated with the regulation,
management, development and utilization of energy resources in the country. The
EC serves as the government advisor on energy delsdaed23] and is thus
known as t h ecalnegulaiorcandéesergy mlacyadvisor. The EC is
also responsible for issuing licenses to developers of energy in the cd@4itry

Public Utility Regulatory Commission (PURC): The PURC is aindependent
state institution that regulates utility servicasch as water andlectricity. It

provides guidelines for electricity rates and other utility chargeging and
charges in thgenerationfransmission and distribution sectar® regulatedby

the PURC.

Volta River Authority (VRA) : The Volta River Authority was instituted by the
Government of Ghana in 1961 to solely generate, transmit and distribute power
in the country. Through the power sector reform however, this mandate is now
restrictedto only power generatiof25]. Approxi mately 47%
installed generation capacity (2,260 MW) is operated by the MRA

Bui Power Authority (BPA): The BPA operatethe Bui Hydro GSpne of the
three main hydro generating stations in the coy2iy, with about 26%shareof

the total hydro generation capacity and 8% of the total installed generation
capacity The Bui hydro gnerating station is the second largest hydro generating
unit in the country.

Independent Power ProducergIPP): The power sector reform in 2005 allowed
the introduction of IPPs ta Ghan® power system. The IPPs are private owned
companies that generadad sell power to the public. About tHPPs exist in the
country, which currently only operate thermal generating unissiwmake up
about 45% of the total installed generation capacity.

Ghana Grid Company (GridCo): GridCo was established in accordance with
the requirements of the power sector reform to be an independent entity
responsible for the transmission of power in the country. The exclusive operation,
planning and management of the NITS remains the respatysibilGridCo[27].
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Electricity Company of Ghana(ECG): The ECG is an entity responsible for the
distribution of electricity to consumers in the southern electricity distribution zone
(SEDZ) of the countryl]. It i s the nationds | arges
more than 60% of the total system demand.

Northern Electricty Distribution Company (NEDCo): NEDCo was oginally
established by the VRA to distribute power in the northern regions. However,
through the power sector reform, it is now a wholly owned subsidiary of the VRA
[28]. NEDCo6s current operational area
geographic aref.,, 28] and about 7.5% of the total demdti{l

1.2Research Background

Thelongitudinal structure of Ghabapower system, the o u n tamdgcéps and
natural distribution of resources present diverse challenges, which adversely
affect power system operatiornihe longitudinal structurandthe nonuniform
distribution of load ad generationgeeFigure 1-3), creates the need for long
transmission linefrom the generation unit® the variousload centresAs the
transmission capacity sluchlong lines is nolimited by the thermal capacity of

the lines but by the voltage drop limjis8], the part of the network with the longer
transmission lines is often plagued with voltage problems such as higher voltages
in less populatecareas and low voltages in dense areas. During light load
conditions, as is the case in the n¢29|, (due tdowereconomic activies), the
capacitances on thenk increase more than the inductance resulting in high
voltages at the end of the line. This is reflected in the extreme high voltages at the
end of the long transmission lines in the nd@&B], which require additional
reactive compensation to deal with. On the other hand, thg@dast economic

and industrial activities in the south of the country have contributed to increased
loads with very high demand and utilian of the transmission lines in the south
resulting in low voltages. The high utilization in tdense parbf the network
againleads to transmission line and equipment overloads, which are recorded on
regular baseis the networkViolations of both te upper and lower voltage limits

are therefore recorded even during normal operation of the NEXiSting poor
custometend power factors and insufficient reactive power compensation
contribute to worsening the existing voltage violatifzs Maintaining voltages
within the prescribed voltage range is important in thetdajday operation of the
NITS. Figure 1-3 illustrates the location of the major loads and the generating
units in the NITS.
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Research Background

Although some measures have been put in place to m#magenstraints in the
NITS, these have not been adequate to fulfil the operational requirements
specified by the national grid code. Frequent load shedding and disconnection of
loads with longterm effects on system stability and potential sysiade
blackout are the consequences of these operational constraints, which are
regularly experienced in the NITS.
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Figure 1-3: Generation and Demand Distribution in NITS

Furthermorebased on the naturdistribution of resources Ghanahigher solar
irradiation is available in the north of the country wheredkistingdemand is
low (largest load is estimated to be only about 3% of the largest load in the NITS)
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Research Background

Despite, he availability of large expae of lands in the north mak#ése north
suitable for the installation of the PV units. The introduction of PV units in the
north thereforecreates an opportunitglso for loads in the north to be served
locally. However, with majority of the load conceated in the south (séggure

1-3), power generation from PVs in the north will require an increased percentage
of PV generated power to be transported to the ¢esdresn the south, where
demand is higherThis alters the original unidirectional powélow from the
6south to the other part s wherepowerdlown et wo
is not only from generation units in the south but also from the ndhk
bidirectional flow raises concerns on the reliability and quality of the transmiss
infrastructure especially in the northich hitherto had less and underdeveloped
transmission infrastructure

RE integration in the NITS is enabled
Sections 26 and 30 of the Aftir instancedescribe respéci vel y t he ORe
Energy Purchase Obligation, ( REPO) 6
di st r i bu t[l0]oThesenfierscaneention priority to RE generators in the
powersystem and mandate distribution utilities and bulk customers to procure a
specified percentage of RE generated energy. The fulfilment of these sections
requiresa reduction inpower generationfrom the conventional unitduring
periods of didniingtudr to Bately meentleerdemand without the

risk of overgeneration, which has detrimental effects systemstability. A

reduction inpower generationfrom the conventional unitsesults in a reduced

system inertia and the reactive power contrdoudf such units, which leads to a
decrease in the available reactive power with a subsequent effect on voltage and
transient stability.

The operational challenges introduced by the RE integration requirecaighor
investigation of their effects on system stability. This is particularly important
because the RE units will be directly connected in the transmission system, where
faults generally have greater impath&n inthe distribution systen80]. The

extent to which renewable power generation affects the grid will be evaluated in
this thesis with the aid of network simulations. The appropriate mitigation
measures, which will ensure the secure and stable operation of the NITS with a
higher share of RE will also be investigated. To this, scenarios will be developed
to consider chares in the network such as new generating units, load increase
and transmission infrastructure upgrade, etc for specific study years.
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1.3Research Questions

As part of measures to ensure the succ
this research seeks ¢valuate the impacts of the renewable power generation on

the stability of the NITSThis research worthusaims at answering the following
research questien

1. To what extent can the current power system accommodate renewable
power generation?

a. What is he operating condition of the current network?
b. What potenti al bottl enecks exi st
c. What measures can be taken to improve the identified bottlenecks?

d. What operational and structural changes are required in the network
for the RE integration?

2. How does the RE integration affect grid stability?
a. To what extent does the RE integration lead to instability?

b. What is the optimum RE penetration level requi@daintain grid
stability?

c. What measures need to be taken to enhance grid stability?

1.4Research Contributions

This research brings to | ight new evi
system. The results of the thesis provide valuaif@mation to power system
operators and stakeholders in Ghanabos

of RE in the power system. The proposed strategies for the successful grid
integration of RE in Ghana will also be beneficiary to other countridsa early
stages of the RE integration especially in the-Saharan Africa as well as
countries with comparable network features. The analyses presented in this
research offer insights into the operational changes the grid integration of RE
introducesm the Ghanaian power system. The outcome of this research also forms
part of the technical documentation of the RE integration in the NITS as part of
the RE development in Ghana. More specifically, the results of this work are
expected to provide valuabdentributions in the following aspects:
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The devel opment of a network model
which is suitable for both static and dynamic analy$tse network model

serves as a benchmark for diverse research (presently and in the future)
invol ving the modelling and anal ysi
networks with similar characteristics (longitudinal structuregvenload
distribution, limited network infrastructure, voltage issues asdin the

early stages of the RE integratiagtc.). The developed model and the
analysis carried out make this research the first of its kind in the country.

Assessment of the technical feasibility of the RE integration in the NITS.
Through various analysis, this research determines clearly wiwethet

the network is able to accommodate RE. The research also provides a
framework of measures to be taken to enhance the network for the RE
integration.The results of the researtiave alreadycontributed to the
changes in the RE project allocationsGhana.New RE capacities in
Ghana are nowprocured through renewable energy auctions and
competitive bidding programmes.

Optimization methodsare proposedor identification of theoptimal
placement and sizing of reactive power compensation devicesllbas

the optimum share of RE the network can accommodate considering the
current technical constraints such \astage limits, transmission line
loadings and power losses.

Proposal of novel measures for the improvement of system stability, which
suits he characteristics of the NITS and are tailored to fit the economic
and technical constraints in tdhanaiametwork.

1.5Thesis Outline

The

i ntroduction to the dissertation

power system with the corresponding sest The research motivation, which
highlights the research background and serves as the foundation of the research
was also presented. The research questions and scientific contribution of the thesis
conclude chapter 1. Chapter 2 presents the literagurew with a detailed current

state of the art of research and a brief research gap analysis.

The modelling of the NITS with its components is presented in chapter 3. The
wor k model iI's developed wusing real

net
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national eletricity grid code and the renewable energy-satle for NITS
connected renewable energy power plants are introduced and briefly reviewed in
this chapter to highlight the allowed limits for voltages, loadings, etc. The
development of the study scenarioatthonsider different network conditions is
also presented in this chapter.

Chapter 4 focuses on the steadgte analysis performed in this reseatabad

flow analysis is performed to identify the bottlenecks that exist in the NIM&
appropriateand prospective corrective measures for the bottlenack&sfurther
proposed The contingency analysis is subsequently carried out to ascertain the
(n-1) reliability of the network and also identify the critical transmission lines.
The efects of different combinations of RE generation (as a result of weather
changes) are further investigated in this chapter.

The stability analysis is presented in chapter 5. Voltage and transient stability
analysis are considered preceded by a brief eewrof the concept of power
system stability. B/ and QV curves are used to assess the static voltage stability
of the NITS with different RE penetration levels. The dynamic voltage stability
analysis is carried out using tird@main analysis (RMS simulanhs) for the loss

of | oad, generation and transmission |
disturbances is also investigated in the transient stability analysis. Novel measures
to enhance the stability of the NITS are discussed in chaptenesoptimum
location and sizing of FACTS devices as well as the optimunp&tetration

level are determined using the genetic algorithm method of solving optimization.
Chapter 7 concludes the dissertation with a brief summary of the research and also
highlights the limitations of the thesis. Suggestions and recommendations for
future research work, which fall within the scopelo$thesis are also presented.
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2 Research Gap Analysis

With increasing shares of RE being integrated into power systems-wioldgl
the need to addss the challenges associated with the RE integratiem
increasesDue toits complexity and comprehensiveness howettes,topic of
grid integration of REhas beennvestigatedfocussing on aspectsiuch asthe
impacts onpower system parameter@s wel as implementationstrategies for
individual countries

This chapter reviews some existilitgratureand identifies the gapn research
which will be addressed in this thesis. Aspects of the topic considered itivdude
grid integration of RE in sulBaharan Africathe methods of analysing stability
andthe effects of RE on system stabilagwell asmeasures to improve system
stability. The deductions made from the research gap anafysisummarised at
the end of the chapter

2.1Grid Integration of RE in Sub-Saharan Africa

The researches of Elombo et[8lL, 32]review the grid integration of wind energy

in Namibia. The impacts of penetration levels and the poicwhectiorof wind
generators in the stibansmission network are investigated. To thise t
characteristics of two wind generator technologies: the dii@otn synchronous
generator (DDSG) and doubfgd induction generator (DFIG) are compared to
ascertain their relative performances. The review of the wind generator
technologies reveals thRDSGs have higher voltage stability limits than DFIGs
due to their peculiar characteristics. While the DDSG is equipped with external
excitation for additional reactive power control, the DFIG generally absorbs
reactive power from the network, which rees the available reactive power and
leads to voltage instability. The use of DFIG thus creates the need for additional
reactive power compensation within the vicinity of the wind generator.
Simulation results indicate that wind generators positionedrdios®nventional
generating units have severe impacts on the transient stability of the network than
wind generators farther away. This leads to the conclusion that wind generators
farther away from conventional generating units is beneficial for thditstais

the network. The researches further investigate the impact of automatic voltage
regulators (AVRRandrecommend them for improving the transient instability that
arise from the increasing penetration levels of wind generators.
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Grid Integration of RE in SulBaharan Africa

The research of Bello et B3] reviews the planning process for RE integration

in South Africa and proposes a standardized concept for the planning, design and
operation of distribution netwvks in the country using the SMART Grid
approach. Expected planning limitations and technical issues associated with the
RE integration in the SoutAfrican network are highlighted. Violation of the
steadystate voltage limits, increased equipment thematihgs, increased faults
levels from RE generating units, rapid voltage change and transient instability are
reviewed, to which standardized approaches using smart grid are proposed.

The German experience of the grid integration of RE sources is discinsthe
research of Buchholz and SassHi@4]. The research highlights various plans to
integrate different percentages of RE in the German power system with different
timelines. The economic incentives and legalities of network connections and
operation required for the RE integratiane presented in the research. The
authors emphasize that the high financial gain derived from RE power generation
in Germany through the diverse incentives offered by the state is among the main
factors for the rapid expansion of the RE sector. Challeags&sciated with the
integration of largescale wind power in the German transmission network are
identified to be the variability of wind energy, the need for additional transmission
capacity and the behaviour of wind generators during faults. Precidbewea
forecasts and special wind energy prediction tools are proposed to help deal with
the variability of wind energy. Grid expansion, which is proposed for the
transmission system is for instance also restricted by legal difficulties and
prolonged proceges in obtaining the appropriate permissions. As solutions
currently exist for all possible challenges of the RE integration in Germany, the
authors conclude that unlimited shares of RE can be integrated as long as given
guidelines are adhered to.

The resarch of Cochran et gi35] reviews the integration of variable RZRE)

sources (solar and wind) wiifferent countries acrosthe globewith different

markets and power systems. The research summarises the approaches used in
countries like Australia, Denmark, Germany, Ireland, Spain and the United States
of America in the déctive integration oW RE sources. The research concludes

that although there is no os&efits-all approach, each of these countries has
crafted individual policies, market designs and system operations, which all
revolve around five major pointeamey system operation improvement;
developing enabling rules for system flexilyijipublic engagement; oodinated

and integrated planning and access expansion to different resources.
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Grid Integration of RE in SulBaharan Africa

In [36], Enslin investigates the impact of the grid integration of RE and proposes
a combined dbrt solution on three main levelgathering experiences from joa

utility companies and system operators in the United Statésmerica The
research confirmthat the remote locations of the renewable resountesiuce
unique challenges in the powsrstemto which additional transmission capacity

is required Challenges introduced by the RE integration could be managed with
traditional planning and operational measures as long as penetration levels remain
between 10 15%. A dramatic change in systeplanning and operation is
however required at penetration levels above 20%. Grid integration of RE at
Osubstantial 6 | evel s r e(tstate and tlyhamic con s
properties of the network with the available static and dynamic reguoiwer
compensation. Studies are thus required to analyse-thstate, shosftircuit,
transient and voltage stability, power quality and electromagnetic transiehés
network Studies and experient®wevelindicate that the availability of adequate
conventional generating units to provide balancing power and precise load
following in the power system is necessary for the successful integration of RE.
Three major planning and operational solutions proposed for the integration of
high penetration levelsf RE include a) diverse generation mix in the power
system, b) advanced transmission facilities such as flexible ac transmission
system (FACTS), higholtage directcurrent (HVDC) transmission and fast
responsive energy storage and c) demand responsmspike smart grid,
demandside management (DSM) and distributed energy storage. The research
concludes that although experiences in other parts of the world are good examples
to learn from, they may not necessarily be 100% appropriate for other ceuntrie
due to the specific grid designs and load.

2.2Methods of Improving System Stability

In the research of Essilfie et[a&l7], the use of Static VAR Compensators (SVC)

to improve the stability of the Ghanaian power system is investigated.-Small
signal stability and contingency (line and generator) analysis were carried out to
compare the behaviour and response of the SVC aad Gampensator. While

the line contingencies were performed on three major transmission lines in the
north, middle and south of the network, the generator contingencies were carried
out on generators from the three main generating stations. The contimatier

flow (CPF) method wassedto develop PV curves to assess the static voltage
stability of the network. The results indicate that a higher loadibility limit was
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Methods of Improving System Stability

achieved with the SVC in all scenarios considered. The installation of the SVCs

(at diff er ent points in the networKk) I mpr
systemand complemented one another during contingencies in the north and
south. Contingencies in the mid part of the network were found to produce a
counterreaction of the SVCs agaiossh e anot her . Some volt:
in the network also did not react to the SVC which call for further analysis as the
authors suspect the SVCs could not regulate the voltages at these points.

The effect of Static Synchronous Compensator (STATG@N the voltage
stability of the Ghanaian power system is assesg@@jnWith prior information

on the vulnerability of the northern part of the network to vetmgtability, the
proposed STATCOM was installed in the north and its effect on the overall system
stability assessed. The effect of the STATCOM on thbérteebetween Ghana and
Burkina Faso, whiclms in the north is also investigated. The northern pathe
network is identified to be voltage vulnerable due to its low load and very long
transmission lines. The behaviours of the STATCOM and fixed compensator
were compared during both line and generator contingencies. The effect of the
tuning status ofite STATCOM on its performance and the voltage stability is
investigated using ¥ curves. The results indicate that in addition to the
STATCOM controlling the voltages of busbars within its proximity better than
those far away, the voltage stability margihthe network was improved. A
loadability limit of more than 20% was achieved with the STATCOM during both
normal and contingency conditiar@n the other hana loadability limit of only

6% was achieved with the fixed compensdtornormal operatig conditiors

while voltage collapseccurredduring contingency. The proper tuning of the
STATCOM also contributed to an optimum voltage control in the network. The
authors conclude that thediee influences the loadability of the entire network
as the reeiving end of the bus has a relatively low voltage. Owing to the length
and complexity of the tiine, the voltage stabilizing effect of the STATCOM
could not be confirmed, hence the need for further investigation on tieetie

The use obower systenstabilizers PSS and AVR in improving the Chinese
power system is presented in the research of Fand3f]alAn experiment was
performed by installing PSS on some generators and it was evident that the
oscillatory stability was much improved. With the PSS in service, the theoretical
maximum power transfer of the network was obtained. Wittiee PSS however,

an AVR with a very high gain was required to keep the terminal voltage constant
and increase the transient stability in order to achieve the theoretical maximum
power transfer. As AVRs with very high gaitsnd tocause oscillations, &
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Methods of Improving System Stability

combination with PSS proves to increase the maximum power transfer and reduce
the oscillationsSimulation esults further show that in addition to increasing the
maximum power transfer, all swing modes were significantly damped with the
PSS in servicel he authors conclude that the installation of the PSS with the AVR
not only improves system stability but also results in great economic benefits to
the power system.

In [39], Qiao et al. investigate the effectd FACTS devices in &al2-bus
benchmarkpower system with a high share of wind power generation and
identifies the corresponding challengesystenoperation. Challengedentified
include voltage regulation problems, transient instability, power oscillation
damping and power flow control. Two FACT®vicesi the Static Synchronous
Compensor (STATCOM) and Static Synchronous Series Compensator (SSSC)
are proposed as solutis to the operational problems. Apart from providing
dynamic voltage and active power control, these FACTS devices relieve
transmission congestion and improve transient stability and power oscillation
damping. The voltage support provision of the STATCOMprioves the
capability of the wind farm to ride through faults, which translates into
uninterrupted system operation. The research concludes that FACTS devices are
effective in providing dynamic voltage control for wind generating units, dynamic
active pover control for transmissn lines while improving transient stabiligyd
relieving transmission congestion.

2.3Impact of RE Integration on Grid Stability

The research of Eftekharnejad et §0] studies the impact of different
penetration levels of PV otlhe steadystate voltage and transient stability of a
large interconnected transmission systéifngeneric network model, which
represents portion of the Western U.S. interconnection is used for the analysis.
While the lack of reactive power support iseoof the main issues with high PV
penetration, countries like Germany have allowed the use of distributed
generatior(DG) in voltage regulation as a means of managing the reactive power
deficit. To mitigate the voltage problems caused by the high PV nadioet
preventive measures like switching off capacitive shunts or adjusting the voltages
of conventional generating units are enforc8diulation results revealed that
voltage and frequency oscillations in the network were well damped in the case
of 20% PV penetration. The case with no PV however showed rotor instability
and poorly damped voltage oscillations. The research dranotiedusionthat
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Impact of REIntegration on Grid Stability

the grid integration of RE has both beneficial and detrimental impacts on the
steadystate and transient germance of the network. Factors such as the
penetration levels, type of disturbance, fault location systemtopology are
important factors that determine the level of impact on the network.

The impact of RE integration on voltage stability is ingegied in the research

of Toma and Gavrilagdl]. The Continuation Power Flow (CPF) method is
employed to develop-N curves to asseghe staticvoltage oflEEE 14bus test
system For the analysis, three different study cases are developed, which reflect
different wind penetration levels. Contingencies were simulated to investigate the
n-1 state of the network for the investigated study cases. Simulation results
indicate that with inreasingwind penetration, the stability limit of the network
decreased as the system lost stability at lower loading values. The stability limit
of the system under contingencies was as expected lower than in the case without
contingenciesThe researchancludes that the grid integration of R&uld have

a negative impact on the voltage stability of the netwtwkending on existing
technical constraints

The transient stability of a power syst&mple test model)ith largescale wind
power is analysed in the research of Pingping ¢#23]. The stability analysis is
carried out under two voltage control stratedieixed power factor am fixed
voltage. Singlegphaseto-ground and threphase faults are simulated in the
network, which reveal that operating the wind generators in the fixed voltage
control mode is beneficial in regulating the voltages at the stator terminals due to
the availible reactive capability. No reactive power support is provided in the
fixed power factor mode, which leads to the DFIG absorbing reactive power from
the system during fault and delaying the gasit voltage recovery. The reactive
capability of the DFIGn the fixed voltage mode showed improvement in the
fault-ride-through and transient stability characteristics. The research concludes
that the reactive power control of the DFIG can contribute to maintaining the
voltage at the wind plant during a voltaggg depending on the control mode and
as long as the DC voltage of the DFIG is within the given limits.

The research of EShimy et al[43] investigates the impacts of large scale wind
power on the transient and dynamic voltage stability of the power sysieio

the IEEE 9bus system The maximum penetration level required to ensure
stability (voltage and transient) is determined by considering different penetration
levels of wind power. The effect of a Static Var Compensator (SVC) on network
stability isalsoanalysed. The@resence of the SVC in the network resulted in a
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Impact of REIntegration on Grid Stability

prolonged settling time of the power angles, which in effect is a reduction in the
system damping. Both transient and voltage instability were observed when the
penetration level was increased beyond 77% tiuthe insufficient reactive
power in the network. The research concludes that despite the increased settling
time of the power angles, the network was found to be both voltage and transient
stable.

The research of Bueno et §4] presents an assessnt of the stability of
transmission systems with large utitégalePV units (USPVU)using a generic
model The transient and smadignal stabilityareanalysed in a network with real
loading conditions and high PV penetration levels. For the ssigalhl stability
analysis, the eigenvalues of the network are calculated to identify the critical
modes, which are used as the basis for the transient stability anahedissis of

the smallsignal stability showthat the criterigor dispatciing and comimiting
conventional generating units by USPVUs play a sigaift role in the system
behaviour. Thus, itis importanttokedy@é cr i t i cal 6 conventi o
as they can be beneficial in reducing the negative impacts of the USPR&Js.
transien stability analysis indicate that the voltage support provided by reactive
current during voltage sags in USPVUs contribute to improving the voltage
profile of the network. The faulide-through capabilies of the PV units also
decrease the effects dfet USPVUs on system stability. The research concludes
that the unit commitment and dispatch strategies as well as the protection/control
strategies are critical determinants for the (oscillatstgbility of the network.

In Shah et al[45], the impact of largscale PV integration on thstaticvoltage
stability of a subtransmission networkising the IEEE 1bus test sysim is
investigatel. The research assesses the effects of-krgke PV penetration and

the placement ahedynamic reactiveompensation deviceStatic Synchronous
Compensation (STATCOM) and Static Voltage Compensator (SVC) on voltage
stability. Three rain methodlogies Q-V Modal Analysis, Continuation Power
Flow (CPF) and the Trajectory Sensitivity Index (TSI) are used in the analysis.
TheTSlanalysis is used to determine the suitable location of the dynamic reactive
compensation devices while the\Qanalysis and CPF are used to analyse the
effects of PV penetration on different system paramet@raulation esults
indicate that the location and loading direction (conventional or realistic) of the
PV units have an i mpact i Basedlorethenet we
simulation results, the authors conclude that the location, size and the PV
integration approach (concentrated or dispersed) largely affect the static voltage
stability of the network. The power factor control mode of opeydtiePV units
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Impact of REIntegration on Grid Stability

was found to worsen the voltage instability while the voltage control mode
improved the stability in some cases. The STATCOM was found to improve the
static voltage stability marginetterand was more effective when used for short
term VAR support thawhenplaced at the weakest bus and PV generator buses.
The placement of SVC on the generator buses was found to be effective in
improving the voltage stability margithan placement on the weakest bus or
placement based on dynamic VAR support. AlthoughSRATCOM proved to

be more effective in improving the static voltage stability, both the STATCOM
and SVC were found to be beneficial to the static voltage stability based on their
locations and other network conditions.

2.4Deductions from the Literature Reviewed

Although extensive research has been carried out on the grid integrati@) of R
methods of improving system stability and the impacts of RE on grid stability,
certaingaps were identified, which will be addressed in this thesis.

Most research on the grid integration of RE extensively highlight the experiences
and measures that have contributed to the success of the RE integration in the
western / industrialised¢ounties In the case of Germany for instance, the
economic incentives and legalities of network connections, which are identified
to be the main success drivers are issues that are not yet fully addressed in Ghana.
Whil e sever al peacticesapetEengbasisedll thie practicesofall

within five main categories namely: system operation improvement, developing
enabling rules for system flexibility, public engagement, coordinated and
integrated planning and access expansion to different resources hést
practises are also applicable and required in Ghana, espdbiallyeed for
transmissiorsystemexpansiorwhich isnot only for theeffective RE integration

but also for the reliable datp-d ay oper ati on AAkhouGhtlzen a 6 s
researchemake clear that adherencethe proposed guidelines make possible
the integration of wunlimited share of
raises different sets of technical and economical questions on the RE development
as seen i46i 49], which therefore require new methodologies and approaches
specific to the needs of the Ghanaian network

In all invegigations presented so far, different penetration lemedssimulated to
analyse the effects on various network parameters. These studies conclude that
high RE penetration levels have diverse effects on system stability depending on
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the location, size and connection approach of the PV units (dispersed or
concettrated). Methodologies for analysing the steathte and dynamic
properties ofvarious networks with RE are also proposedh analysing the
impacts of the grid integration of RE on system stabfliy instance various
forms of power system stability acensidered ranging frostaticand dynamic
voltage stability to smalsignal and transient stability. Magtsearcltonsider the
different forms of stability separately or as a combination using various
technigues. Methods such as the use-df &d QV curves, continuous power
flow, VQ instability margin, et@reused in the static voltage stability analysis.
Modal analysis and time domain simulaticare also used for the smadignal

and transient stability analysi developing a methodology that addresses the
chall enges of th&heseaad @moposdhd usenf Iad flow
analysis tanitially identify the existing bottlenecks in the griio supplement

the methodologies for the stability analysis, de#f@ contingenciesvill be
simulated to evaluate tl{a-1) reliability of the network.

A few of theresearctlihat exist on networks of developing countr@esl as such

on the Ghanaian networkre presented, which propose the use of SVC and
STATCOM for imgroving system stability in Ghana. Thesearchspresent the
impacts of these FACTS devices on the stability of the Ghanaian NITS and
identify the most critical bus in the network. The analysis carried out considered
a network without RE and thus introdscéhe question on how the FACTS
devices impact the stability of the NITS with RE, which is one of the main focuses
of this thesis. The analysis in thessearchvere carried out with prior knowledge

of the wvolt ag ein thevnetiankevhich lwvéres targeted fer ahe
installation of the FACTS device. This dissertation howemsto use voltage
stability indicesand thegenetic algorithnmethod of optimizatiorio determine
the o6critical 6 bus etsalsaidedty thareacive powes si o n
deficient buses, which will serve as thy@@imum locatiorfor the FACTS devices.

The analysis presented in the reviewed literature were mainly carried out using
generic network models and data. The studies in this thesis will be performed
usinga model ofthe Ghanaiapower system with actual network data, which is
developed in close consultation with system operadtoShana Additionally,

while mostresearches perform the analysfsRE in the distribution network,
existing constraints in the Ghanaian power system require that the RE be
connected directly into the transmission network, thus requiring the modelling
and simulation of the NITSswill be addressed in this thesis.
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The trer of research examined so far indicate that a lot of investigations have
been carried out focussing artworks in industrialized countries with less focus
on developing countriesAs developing countriesre currently the emerging
economies driving globalevelopment, the power systems of such countries also
require extensive consideration, including research on the grid integration of RE.
In contrast to most literature, this theaims toconsider théRE integration in the
power system of a developinguwtry.As most developing countriesecurrently

in the initial stages of the RE integration, this reseaetks tdoridge the gap
created by the trend of researchanly developed countries. In so doirjs
research willserve as an instrumental gelothe to other countries with similar
network features or in the sarsiageof the RE integration.

Findings of the literature review indicate that there is nesinefits-all approach

for the grid integration of RE. It therefore remains the dutthefpower system
operatos to developtheir own operational policies and arrangements, which fit
the needs of theespectivecounties Even though experiences from different
countries may be goodxamples to learn from, they may not necessarily be
perfectfit solutions for other countries due to the spec#id individualgrid
designsload densitiess well aghe technical and econocal constraints
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3 Network Modelling

This chapter describes tdevelopment and modelling of the loads and generating
units such assynchronous generators and their dynamic controls, Piie
generators and the wind generating uagased in this researcBespite the use

of actual network data, the lack of detailed data of some network components
resulted in the use of a few generic models.

3.1SystemDemand

System demand of the NITS was modelled by initialtpdifying the power
factors of all loads to 0.90 (lagging), which is the required minimum specified by
Ghanaods tr ans n30k $he toad pameri fattors in thaziginal
transmission network dataried from 0.58 to 1 in different substations with 30%
of the loads having power factors lower than tlefined minimum. The low
power factor is one of the reasons the low voltages recorded at some points in
the networl{2]. To cater for the various power factor correction measures put in
place in the distribution networks (DN), a unified power factor of 0.90used

for all loads

All othercomponerg of theDN were aggregated andodelled as equivalent
loadsin the substationsEach of these loads consist of medium and low voltage
DN comprisingthe distribution voltage regulators, reactive compensation devices
anddifferent load componentsuch agighting andelectrical appliances for both
residential and commercial purposes.

Loads in the NITS are made up of approximately 66.9% residential load, 2.4%
commercial load, 22.1% industrial load and the remaining 8.6% for eX{paits
Due to he purely residential load in tiTS, motor loads which consoe about
60 to 70% of the total demard a power systenfb2], were neglected as they
make upan infinitesimalpercentage of the total load in the NITS. The loadse
thus modelled as simple static lsadvhose demand depend on the system
frequency and voltage. Due to lack of adequate information on the exact load
composition, the load modelgererepresented by constant current models, whose
demand vary proportionally with the voltag?]. To consider the demand growth
in the country, which varies annually between 9.8% and 11.5%, an average annual
growth rate of 10%wvasapplied tothe system demarfdr the different scenarios.
Figure3-1 shows a sample load profile, whichcontrast to the load profiles in
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industrialised economies like Germany is largely characterised by the lifestyle of
the Ghanaian populace (residential load) and not the industrial loads.
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Figure 3-1: Typical Load Profile in the NITS

The profilehastwo peaksa minor peakn the earlymorning around5:00° and

a major pealn theevening around9:00°. Contrary to the case industialised
countries, where most industries are active in the day and thus demand peaks
during the day, the lowestlystem demand isecorded in the Ghanaian NITS
duringdaytime

3.2Synchronous Generators

Salient pole and round rotor generators wespectivelyused for the hydro and
thermal generating unitfarameters of the synchronous generators used are
foundin Appendix A.

3.2.1 Reactive Capability Curve

The reactive capability limits of synchronous getmsaare asential in both

voltage and longerm stability studie$l8]. The limits provided by the reactive
capability curve define th®Gas reactive power provision, which is the amount of
reactive powerthe generator pducesor absork. The capability curve also
defines the range of operation of the
While a generatorod6és active power out
capability, the reactive power output is limited by #renature current, field

% That is the time when daily activities begar fmost people
10 The time when most people return from work and resnonseholdactivities
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current and endegion heatindl18]. A typical generator reactive capability curve
Is given in figure3-2.

A
QMVAT] Field current

heating limit

Rated MVA and
power factor

Overexcited

Armature current
heating limit

PIMW]_

Underexcited

(Stator) End region
heating limit

\ Steady-state

stability limit

Figure 3-2: Synchronou$senerator Reactive Capability Curve

The capability curve specifically defines the limits within which the field (rotor)
current (curve AB), armature (stator) curreiiturve BC) and the stator end
region (enekurn) (curve CD) of the generator must be operated in order not to
cause overheating of the respective windings. Based on the depiction of the
capability curve in the ) plane, the armature current limit appeassa circle
with thecentreat t he origin and the radius egq
and power factor (point B idigure 32). For a balanced design, point B represents
the intersection of the field and armature thermal limits. Additional limip®sad
by the stability limits may also be shown in the reactive capability ¢uB8jeThe
steadystate stability limit for instance is depicted with the curve beneath the end
region heating limif53] (seeFigure 3-2). The maximum power angle for a stable
generator operation as well as the maximum turbine power, which determines the
generatords real power ar ¢52lal so defi ne

Synchronous generators in the NITS were equipped with their respective
manufacturesspecific capability cures as provided by thieansmission system
operator(TSO) andbased ora fewgeneric data for the newly added generators.
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3.2.2 Dynamic Controllers of Synchronous
Generators

The dynamic controller models of the synchronous generators; exciter, turbine
governor and PSS in the network are represented by standard controller models.
These models were updated with real values to accurately represent the current
practice in Ghana.

Excitation System Models

The principal function of the SG excitation system is to provide direct current to
the generator field windings. The exciter uses the field current to control the field
voltage while performing other control and protective fundinacessary for the
efficient performance of the power system. The block diagram of the synchronous
generator excitation with its subsystems is presenteéajure 3-3.

The excitation control elementsarry out stabilizing, controlling and excitation
regulation functiong54]. Components of this block include the AC and/or DC
voltage regulator, excitation system stabilizer and transient gain reduction. The
AC voltage regulator is responsible for maintaining the generator stator voltage
while the DC regulatr maintains a constant field voltage when the ac regulator is
out of service. The automatic process of regulating system voltage results in the
name automatic voltage regulation (regulatarsAVR, which conditions the
required signal to the appropriaevél before being fed into the exciféB]. The

type of exciter and corresponding AVR are mostly defined by the generator
manufacturers. Based on generator dat
AVR typesi IEEEACS8B, EEEST1A and IEEEST4B were implemented in the
generators in the model (details can be fourié4i).

The exciter serves as the power source of the excitation system through its
provision of DC power (excitation current) to the generator field windih8ps

The exciter is often a separate DC or AC generator with its field windings in the
stator and the armature windings in the r¢5&]. The exciter is regulated by the
AVR, which is part of the excitation control elements. The generator field voltage
Erp is also produced by ¢hexciter.
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Figure 3-3: Block Diagram of a Synchronous Machine Excitation Control Sygt8nb4]

Thermal g@gnerators(gas operated)n the NITS were equipped with the
IEEEAC8Bmodel, which is a model suitalftar internal combustion engingss].

The model consists of proportionalintegratderivative (PID) controller with
separate constants for the proportional, integral and derivative gains. The
IEEEAC8B model is also used to represent static voltage regulators applied to
brushless excitation systeifigl, 57]

Generators of the crude oil operated power plants were equipped with the
IEEEST1Amodel, which is the most widely implemented excitation system type
[58]. The model represents potentsalurce controlled rectifier excitation systems
used for systems with excitation whgsawer is supplied through a transformer
from the generator terminals and is regulated by a controlled ref&ifier

The hydro generators were equipped with [BEEST4Bstatic exciter modeéi
potential or compound sourcentrolled rectifierexciter, based on industrial
experiencewhich confirms the use ditatic excitation for modern hydro units
[56]. This model has both a potential and compound source rectifier excitation
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system and is equipped with a PI (proportieingtgral) regulator blocls6, 57]
The voltage regulator of this model is digitally implemerj&ed.

Turbine Governor Models

The block diagram and basic struetaf the frequency contrél turbine governor
in a power system is presented in figeire below.

Tie line power .
Automatic < P Electrical System:
Generation Control i Loads
(AGC) P Frequency f Transmission System

-«  Other Generators

A

v
Speed ,| Turbine .| Valves or o |

Changer | Governor "l Gates » Turbine » Generator

A A

Turbine Controller /
Energy Supply System:
Steam or Water

Speed
Figure 3-4: Block Diagram for Frequency Control in Power Syst¢b& 59, 60]

The main function of the turbine governor is to control the opening and closing of
the gates or valves (for either thermal or hydro turbine) to allow more energy
supplyto regulae system frequency.hie choice ofgovernor is thus dictated by

the type ofSGbeing used, which is also dependent on the type of energy supply,
i.e., round rotorfor thermal generatsor salient pole rotofor hydro generatrs

Details of the individualised blocks can be founditerature[18, 59, 60] The
dynamics of the water flow in the penstock for hydro generation such as the water
inertia establishes the nature of the transient characteristics and influences the
requirements of the speed govarr{@8, 60] It is therefore important to select a
governor model, which considers the penstock dynamics, especially considering
the stability studieso be carried out in this research. The hydro generators in the
model were equipped with the hydro turbine goveriitY GOV) model This

model combines both mechanical and hydraulic controls and is suitable for system
planning studies with generators, wiidiave mechanical and/or hydraulic
controls [56, 61] The HYGOV model is a simplified representation of a
hydroelectric plant governor, which captures the detailed dynamics of the
penstoc56]. Research alsadicateshat the HYGOV model is among the most
commonly used hydro governors in practice.
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The thermal generatsin the NITSwere equipped with the gas turbi(@AST)
model,which is a simplified representation of gas turbines in system studies when
detailed information are not availalpgl]. The GAST model is &l for operation

near the rated spe¢s6] and consists of a simple drdégontrol, constant load

limit and three different time constants to represent the individual responses in the
turbine contro[61].

3.2.3  Wind Turbines

As wind power generation in Ghana is relatively new, theas inadequate
information? on the specifications of the wind turbines. The IEC 612D0
standard on OEl ectrical Simul ation Mo
used as a guide to select the appropriate model for use in this research.

A typical functianal block diagram of the modular structure of a wind turbine with
the individual components is shown in figur®&3The model comprises six basic
blocks: the aerodynamic, mechanical, generator system, electrical equipment and
grid protection blocks, whichre responsible for ddrent control functions

Grid
Protection
4
4
. - | Generator |_ | Electrical Grid
Aerodynamic [-4—m Mechanical |«s— System <> cquipment HVariables

A} A A} A

4 A4 4 Y

Reference

Values
—> Control

Figure 3-5: General Structure (Block Diagram) of a Wind Turbine Mdéel

Theaerodynamidlock is responsible for computing the mechanical power of the
wind turbine based on the wind energy. Inputs to this block include the pitch angle
of the rotor blade, rotor speed and wind sp&l. Three different subsystems
are located in the aerodynamic block, which are responsiblesf@atbulation of

the rotor power coefficient, aerodynamic torque anespiped ratio parameters
used to compute theirbined sechanical powel64]. Theturbine rotor (blades

of the wind turbine) form part of theeodynamic block and transforms the kinetic
energy of air into mechanical pow@&ecn[65]. The aerodynamic block is thus

11 The droop is responsible for the equal distribution of loads among the generating units.
12 Only the proposed plant sizes are currently available to the publiottdr information is confidential and
remain unpublished until the projeetecompleted.
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responsible for converting the wind power (kinetic energy) to mechanical power
[66]. The mechanical power output of the turbine depends on rotational speed

Ywrb, WINd speed/yingand bladearige b and i s expressed
guantities.

0 KON o (3.1)
Themechanicab | ock i s al s o -tkrnaoiwnd adsu et hteo O6idtrsi

(

of t he wind tur bi h6&6The primeentover cd thevindd o mp o n

turbine generatofWTG), which includes theotating massegear system and
connecting shafts (rotor and generator shafts)so located in the mechanical
block [64, 65, 68] The mechanical behaviour of therltine is represented by
torque equations and modelled using singleass or multmass (often two
mass) driverain models. The mechanical model additionally calculates the
instantaneous shaft speed of W&G [64].

The generator systenblock acts as a current regulator by injecting inverter
currents into the other blocks in response to a given current command. Inputs to
this block, which represent the simplified fast controls are commands from the
control block [67, 69] The block additionally contains a reference rotation
between the generatorjogQordinates and the grid coordinafé8]. The type of
generator model used in the wind turbine is also located in this block.

The electrical equipmenblock containsthe electrical systemis transformers,
cables, switchgear, and the respacpower electronic convertejé2, 64}

The grid protectionblock as its name suggests, provides the main protection
function for the wind turbine model. The components of this block include over
and undetvoltage andi frequency protection elements, which control various
circuit breakers in the eleatal equipmen{62, 70] Additional crowbar circuits

are available on some wind turbine models to protect the rotor circuit against very
high rotor current§64]. The protection function of the wind turbine model is
based on the fautide-through capabilities of the wind turbine generdi@y.

The grid variablescomprise the grid grameters such as active, reactive power
and power factor, etc. that are fed into the wind turbine terminals from the grid.

Thecontrol blockis responsible for controlling the pitch angle, active and reactive

power in the WTG convertdb4, 67, 69] It is connected to all blocks of the wind

turbine model except the grid protection block. Reactive power control is

achieved through the available reactp@wver control options such as voltage

regulation, referenced reactive power setpoint and power factor control. The
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model is additionally equipped with a current limiter, which prioritizes the active
and reactive power selectigp2, 67] The current limiter has voltagkependent
limits of the reactive power, which are used to limit the turbine voltage from
exceeding the maximum in an event of an increased reactive current injection
[70]. Fixedspeed wind turbine models for instance have extra Proporional
Integral (P1) controllers in the control block that are used to minimize tbheser
between the reference and the measured vigdégs

The horizontal positioned blocks; aerodynamic, mechanical, generator system and
electrical equipment indicate the flow of physical power in the wind tufbizle
Although not all blocks are available in all types of wind turbine models, the
generator sstem, electrical equipment and grid protection block are found in all
wind turbine models irrespective of the type.

Four main types of wind turbines are proposed by the IEC standard-87400
Electrical Simulation Models of Wind Turbine Moddlgl] and the Western
Electricity Coordinating Council (WEC(JY2]. The WTG typescludeType 1i

WTG with conventional induction generator; Type WTG with variable rotor
resistance induction generator; Type 3VTG with doublyffed (asynchronous)
induction geneator, DFIG and Type 4 WTG connected through full converter

unit. Types 3 and 4 possess more control features than types 1 and 2 and also have
similar control features though very different in their individual hardvié2¢

These controlfeaturesenable theypes 3 and 4 to participate in system control.

The four WTG types are additionally sdivided into seven models, which reflect

their respective differences based on additional unique features. The seven models
include: Type 1A’ without power control; Type 1B with power control; Type

2: Type 3AT without crowbat® protection; Type 3B with crowbar protection;

Type 4A1T without mechanical and aerodynamic models and Typé £Bth
mechanical and (constant) aerodynamic misi&l 62, 64, 68, 72, 73]

Type 1 wind turbines generally operate at fixed wind speeds with a very narrow
speed range above the syrmtwus speedl’he conventional induction machine

used in this type consumes reactipewer such that additional reactive
compensation devices such as shunt capacitors are needed to supply the required
reactive powe[68]. Furthermoredue to their direct connection tcetyrid, wind

speed variations are directly translated into voltage and power fluctuations at the
point of common coupling.

13 The crowbar is a circuit used to prevent overvoltages in the WTG through the use of a short circuit or a low
resistance (braking resistor) across the voltageutu
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The type 3 model, usedkIG, whose generator is connected to the grid through

a backto-back voltage source convert@?2, 64, 68] The use of the converter
makes possible the generation and consumption as well as the independent control
of active and reactive powf8], which is beneficial in the Ghanaian NITBhis
consequentlyeliminates the needor additional compensation deviceshe
variable speed windharacteristics ahe type 3 WTalso allows operation within

a wide range of rotor speeds

A two-mass model drive train is generally used in the DFIG WTG due its ability
to better mimic the dynamic characteristics of the WT4. The type 3 WTG
model has an additional control system, which regulates the active and reactive
power to ensure the maximum possible
reactive power outpul64]. Specifically,the type 3B with the crowbar protection

for preventing overvoltages was selected for use in this thesis, due to the existing
voltage issues in the NIT®etails of thetype 3B WTGmodel can be found in

the following referencelb6, 62, 64, 68, 70]

Detailed multimass models, which are approximated by at leastiass modsl

are required for analysinggh syst emés response to | ar
analysig66]. Thetwo-mass modelks used taepresenthe turbine andenerator
inertiarespectively The twemass model implemented in the DFIG WTG in this
research is described by the following equati@ds 75}

0 Q] o ey

c ’Q ‘O o‘&
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whereO is the turbine inertia constant, which comprises the inertia of the blades,
hub and lowspeed shaft; is the turbine angle speety is the wind torque,
which serves as the input mechanical torque to the wind turtdnés the shaft
torque; O is thegeneratoinertia constant, which stands for the higgeed shatft;

i is the rotor slipiY is the electromagnetic (electrical) torque; is the shaft
stiffness coefficient (torsion stiffness);  is the shaft twist (torsion) anglé;

is the damping coefficient (torsion damping) .

Neglecting the electromagnetic transients of the statosimplified transient
model of the DFIGs described by the following equations based@h 75]:
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whereO andO are the directd) and quadrature @) axis transient voltages;
is the rotor slip]  is the synchronous angle spegd;is the mutual inductance;
0 is the rotor selinductancep andu are thed andq axis rotor voltages;

“Y is the rotor circuit time constard) is the stator reactance while is the
stator transient reactanceurrentsQ andQ arethed andq axis stator currents.

Wind Park Aggregation

The wind park was created by aggregating several individual wind turbine units
to make up the required rated powafind turbine models of capacity 2 MV
were used for the wind parks inighthesis The model simplification and
aggregationwas carried outo avoid the larger computation requirements and
longer simulation times involved in the detaimodelling of the individual units
especiallyfor dynamic studieg§66, 76, 77] For the purpose athe dynamic
simulations, an aggregated wind park with approximately #23 DFIG units,
each dispatched at 1.82 MW wased in this research

3.2.4 Photovoltaic Systems

Power generation from PV units in Ghana is expected to start at 150 MW and
eventually incease to over 500 MW, which will make up more than 15% of the
total installed generation by the end of the study period. Seven out of the nine
proposed PV parks with more than 90% of the total PV generation are located in
the north of the NITS, whell@ighe voltages are often recorded he location of
these PV units thus proves to be strategic in contributing to the efficient control
of reactive power and system voltage through their reactive power provision.

PV generators are connected to the power sysiteough DGto-AC inverters

and hence do not have inertia as compared to synchronous generators. Despite the
invertersd capability to provide react
reactive capability of the inverter is restricted by its ggiand the PV unit#\

simplified functional block diagram of a PV system is present&tigare 36.

1 This is based on information from the website of the project developer, which states that the sizes of the wind
turbines being used for the project range betweed MW.
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Figure 3-6: Block Diagram of a PV Syste®6, 78, 79]

The PV array is made up of several photovoltaic cells connected in series and
parallel to obtain the required output power mtifhe array converts solar
irradiation into electrical enerdy0], which is then supplied into the inverter as
the array currentral voltage (both DC quantitieshhe array current and voltage
depend on the solar irradiance and cell temperd&ife79, 80] The inverter
converts the array current into AC and injects it into the grid in the appropriate
forms. TheMPPT (Maximum Power Point Tracking)lock is responsible for
optimizing the efficiency of the photovoltaic energy conversion.

Due to thdack of detailed information on th@odel of thePV systemsn Ghana,

a generic PV system model was used. The generic model is represented by a static
generator that mimics the grid side converter and photovoltaic cel suiable

for both static and dynamic stability analysés with the wind plants, the PV
plants were represented by aggregated PV model using the PV modules of 0.5
MVA at 0.4 kV.

3.3Single Line Diagram

The resulting simplified single line diagram (SLD) d&fetNITS with all the
modelled elements is presentedAgure 38. The external grids represent the
transmission systems of the neighbouring countries. The loads in the nasvork
previously mentionedepresenthe aggregation oindividual loads and other
elements in the distribution systehe SLD also depicts the path of power flows
between the generating units and the various loads.
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Figure 3-7: Single Line Diagram of the Ghanaian NITS
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3.4Review of theRE Grid Code

Renewable Energy Subodes (subsequently referred to as RE grid code) for the
transmission and distribution systems have been instituted to serve as foguid
the connection and dispatch wdriableRE (VRE)i n Ghan a. Ghanabo:
code, which is an addendum to the National Electricity Grid Code specifies the
technical requirements for the connection of VHi6r this research, a brief
review of the RE gd code for the transmission network is provided below.

3.4.1Range of Frequency

With a 50 Hz operational frequency 1in
O 51.25 Hz is specified for the cont.
reactive power is to bdelivered without restrictiond=requencies outside the
continuous operation range but within
< f O 51.5 Hz require that the RE uni
minutes[81].

3.4.2 Voltage Range

The range of normal operation-%/p.u. is specified as the unrestricted voltage
range of operation for the provision of active and reactive powerumo
disconnections are permitted in this range and as long as the voltage is within the
continuous voltage rangef +/-10 p.u. or within the IEC voltage limits for
continuousoperationi depending on which range is narrof@t]. Operation in

the continuous voltage range however requires that the RE units provide the
appropriate reactive power support to the grid.

3.4.3 Reactive Power Capability

RE units in the NITS are required to operate within power factors of 0.95-under
excited and 0.925 ovaxcited. The continuous variation of the power factor is
allowed within these limits as defined by the reactive capability curve (see figure
3-8) for operdions within the unrestricted voltage range. Operation outside the
unrestricted voltage range but within the continuous voltage range is permitted as
long as the reactive capability limits of the RE units are adjusted to their voltage
dependent limit$81]. RE units which operate with active power below 5% are
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not required to provide reactive power.igheactive power capability curve as
specifed in theRE grid code was implemented in the RAits in thisthesis.

12 ,
1

PP, (pu) |
0.95 , 1cosp =1 0.925
R

0.8 1
1

1
1

Under-excited 0.6 ! Over-excited
1

04 1

- L -»>
-0.45 -0.25 -0.05 0.15 0.35

Q/P, (p.u.)

Figure 3-8: Reactive Power Requirements for RE Units to be connected in th¢84[TS

3.4.4 Voltage/Reactive Power Control

RE units are required to control reactive power or voltage at the points of common
coupling (PCC) using one ohé following control schemeswltage, reactive
power and power factor control'he choice of control schesendlimits for all

grid connected generataemmain the tasks of the transmission utility opergd8y

81].

The voltage control scheme locally controls system voltage by regulating the
reactive power output of the generator to achieve the given terminal vi@dége

A thorough analysis of the three control schemes reveals that the operation of RE
units in the voltage control mode is the best way to effectively utilize both the
static and dynamic reactive power capability of the REs(42, 45, 68, 82, 83]

The other two control schemes though still in use, are generally recommended for
very strong transmission networks as they may lead to the-utilization of the

full reactive capability of the unitg6]. All generators in this thesis were thus
operated in the oOvoltage control & cont

3.4.5 Low- and High Voltage Ride Through
Capability of the RE Units

RE units are required to remain connected in the network for a speeifox
during abnormal network conditions like faults before being disconnected. This
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requirement is necessary to ensure that generation is not lost for normally cleared
faults as theearly disconnection of RE units may have negative effects on the
entire network. The specific connection times and required voltage levels are
defined by thdow voltage ride throughL{/RT) andhigh voltage ride through
(HVRT) curves in the figure belowarid connected RE shall have the operating
region as definetby the figure during faultsThe figure describes the allowed
voltage at the PCC,d¢cand thecorresponding dis/connection times

1.4 4

1.2

v, 2 HVRT
1

chin 1|
—_ 0,8
=) ~
o
3 0.6 LVRT
>n_ 0.4 /

0,2

-0,5 0 0,5 1 15 2 2,5 3 35 4 4,5
Time [s]

Figure 3-9: LVRT and HVRT Capability for RE Units in the N[8%]

The first part of theeVRT is the period between theaurrence of the fault and
its clearancgwhich generally lasts between 150 ms to 500lmthe second part
of the curvedisconnection otheRE units is not allowedrhis meanshe RE unit
shall remain connected to the gad long as theperationis within the LVRT
(lower line) and HVRT (upper lingnd the voltage is in the continuous voltage
range (between Max 1.1 p.uand Vimin, 0.9 p.J. Notwithstanding, an automatic
disconnection of the RE units is required for voltages higher thgmu..2

RE units are further required fwrovide reactive current suppogiroduce or

absorb the additionaleactive currentduring fault conditions. The reactive
current, which is to be produced at the generator terminals should be equivalent
to the change in the RE unitds ter mine

3.5 Development of Study Scenari®

The effective analysis of the netwakquires the consideration of power system
conditions that take into accounhanges inoad (local demand, import and
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export) and generation patterns (both existing and planned) in the network.
Scenarios for three different years with varying penetralgeels were thus
developed for the analysis to be performed ia thesis The most common and
simplest definition of the penetration level in literatutlee ratio of the aggregate
capacity of RE units to the installed generation capacity of the net{eek
equation)84] was used in this research.

50t Q6 i inimEs ©O WEYE Q6 Ial a6 0
Ot i O cOQXE@MR d @wRavan Qo0 w

o

The years 2017, 2020 and 2023 weaeéinedrespectively as the base case, target
and posttarget scenarioglsoreferred toasscenarios 1, 2 and Ihe network
expansion plans outlined in tlyeneration andransmission master plafl5],
[51] and the eletcicity supply plangli 3, 85]were used to develop the scenarios.

3.5.1 Scenario 1 (2017 Base Case)

Scenario 1 (S1) is tHease case scenariayhich serves as the reference scenario
for the network analysis. The scenario represents the actual network conditions
(generation, demand and existing transmission infrastruaarad the end of the
year 2017 wth aproposedRE penetration level 05%.

3.5.2 Scenario 2 (202G Target Scenario)

Scenario 2 (S2), th&arget scenariorepresents the network conditions for the
year 2020 and is the main scenario for the analysis in this research. In this
scenario, the percentage share of RE is increased to 10% to meet the given
national target. A 1% annual load growtlj86] is further considered for the local
demand, whichiesults in a increasan the demand in Shy a factor of1.33%
Exports to Burkina Faso and Togo/Benin are also increased to 150 MW and 200
MW respectivelyf85] as new 330 kV transmission lines are commissioned in that
year. Approximately 900 km of new 330 kV transmission lines are hence
introduced in S2The number of potlines in operation at the VALCO Aluminum
smelter isalso increased from one to fiy@5] in this scenaripwhich translates

into a 230 MW additional demand increase.

3.5.3 Scenario 3 (2023 Posttarget Scenario)

Scenario 3 (S3) mimics the network conditions beyond tlaeget year by
considering an RE penetration level of approximately 15%. Local demand in this
scenario is increased ly factor of1.771% while the number of potlines of
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operations at VALCO is increased to the maximum of six potlines with a demand
of 377 MW. Power exports ithis scenarias increased to a total of 500 MW
consisting of 150 MW to Mal? [85] through Burkina Faso and 350 MW to
Burkina Faso and Togo/Benin.

The 15% penetration limit set for the pdoatget year is based on results from
preliminary steaistate voltage analysis carried ouf8i], which indicdes 15%

as the maximum RE penetration level the current network can accommmdate
maintainsystem stabilityA 15% RE penetratiothusrequires the shutdown of
equivalent amount of conventional generation in the south, which adversely
affects system voltage. Maintaining system stability however requires the
compliance with the 15% limit until new transmission infrastructure are put in
place and provisions are made for additional reactive power supply in the south.

The table belowvsummaisesthe networkinfrastructuregeneration and demand
overview for thescenaris.

Table3-1: Overview of Network Infrastructure, Generation and Demand for the three
scenarios

| S1(2017) |S2(2020) S3(2023)

Transmission Lines
Number of Line 143 158 160
Operating Voltage (kV) Length (km)
330 395 1120 1364
225 205 440 440
161 5060 5090 5090
69 133 133 133
34.5 107 125 125
Transformers Capacity (MVA)
2-Winding Transformers 11,000 15,000 18,000

(138)6 (161) (173)
3-Winding Transformers 1,070 1,090 1,090

(30) (30) (30)

Power Capacity (MW)
Installed Generation 4342 5012 5012
RE Generation 240 530 785
Total Installed Generation 4580 5540 5800
Load Growth 1% 1.33% 1.77%
Exports 5 MW 350 MW 500 MW

15 From 2021 onwards
16 Represents the number of installed transformers
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3.6 Generation Scheduling

Generation scheduling in Ghamdefitte carr
generating unit§51]. Hydro generation is caidered first in the scheduling due

to the affordable costs of production and operati@ombinedcycle gas plants

are considered next, followed by the simpjele gas plants. Nonetheless, with

the integration of RE i1 n tGdregulaianssugyho wer
as trbeenevwabl e energy p 0 dconmactore to dhie | | g a
transmi ssi on an doftbde281l RE ActiB3PLOJpRE urityaset € ms €
offered connection priorities in the network. The original dispatch order is thus
altered to offer priority to RE units especially during thepdk period when,

RE generation is highest. A summary of the generation schedules for thecscena

is presented ifable 32.

Regardless of the generation dispatch, a minimum of 300 MW generation from
the west in addition to three fully loaded units at the main hydro generating station
(Akosombo), which amunts to approximtely 500 MW is always required to
maintain the system stability during normal operating condi{i®hs

176 Me-ordeat6 di spatch refers to an order of generation d
ascending order of operational costs in correlation to the amount of electricity they each generate
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Table3-2: Generation Scheduling for the Three Scenarios

Generating Unit Total Output (MW)
S1(2017) | S2(2020)| S3 (2023)
Conventional Generation
Akosombo 520 520 520
Kpong 0 120 120
Aboadze 472.5 472.5 315
CENIT 0 100 100
TT1PP 0 100 100
Asogli | 0 0 0
Asoqgli Il 157.5 0 330
Collector 0 309 220
Ameri 300 300 300
KTPP 0 200 0
Karpower 225 225 225
AKSA 0 0 370
TEI 0 0 100
Early Power 0 0 200
Total Conventional Generation 1675 2346.5 2900
PV
Ayitepa - 20 20
GIC 20 50 50
Grn Ele 20 40 40
Sankana 20 50 100
Savanah 30 50 100
Signik 20 50 50
TFI Solar - - 30
White Cap 20 50 100
Windiga 20 20 20
Total Solar Generation 150 330 510
Wind
Ayitepa Wind 90 150 225
Ada Wind - 50 50
Total Wind Generation 90 200 275
Total Generation 1915 2876.5 3685




4 SteadyState Analysis

This chapter presents details of the stestdye analysis performed on the NITS
for the three scenarios. These studies are carried out to investigate thetbate of
network and its readiness to accommodate RE.

4.1Study Assumptions

Due to data confidentiality in Ghana, not all information on the network were
made available for the researchomeassumptionsand simplificationswere
thereforemadeto enable the modelling, simulations and subsequent analysis to
be performed in this thesis

4.1.1 Study Time Period and Demand Adjustment

Based on thécus of this research on tagalysis of the impact of RE generation
the study timevas identifiedo bethe period of maximum RE generation, which
occurs during the ofpeakas explained below

The figurebelow presents the daily system demand curve for randomly selected
days in theNITS. An observation of the load curves indicatedight variation of
thedemand pattern in thdifferent seasonsainy (April, May andJune)and dry
seasos (January and February)
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Figure 4-1: Hourly System Demand in the NITS
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As seen from the figure, the demand curve consists of two system peaks; a minor
peak in the early morning houretiveen 05:00 and 06:00 and a major peak
(marked with the arrow) in the evening between 18:00 and 21:00. The main
system peak however occurs mostly at 19:00.

The time frame outside the peak period is thepefik period, which in the NITS
occurs between:@0 and 16:00 due to the low demands recorded during that time.

On the other hand, a consideration of the daily irradiation distribution in Ghana
(seeFigure 42) indicates that theolar irradiation peaks between 10:00 and 16:00
with the maximum irradiabn occurringbetween 11:00 and 14:00, whishalso

the offpeak period in the NITS
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Figure 4-2: Sample Daily Solar Irradiation of Selected Days
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The superposition of the daily demand curve with the solar irradiation curve (see
Figure 43) indicates that the maximum solar irradiation in Ghana occurs during
theoffpeak period and t huspegauksdt ipfereiso dt haes
for the amlysis in this thesis.

About eight hours of sunshine hours per day and an average solar irradiation of 4
6 kwWh/n?-day (maximum irradiation of 5.6 kWh#alay) is recorded in the north
of the country[88].
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Figure 4-3: Hourly Solar Irradiation and System Demand

To calculte he offpeak demanda parameter known asehoad factor was
defined and calculated for the NITS. The load fa¢idt) is defined as the ratio

of the average ofpeak demantb the peak demand in a specified period of time.
Load factors provide inforation on the variability of demand in a power system.
Low load factors tipically less than/5%) are indicative of a highly variable
system demand while load factors greater than 75% depict a constant system,
which is ideal for every power systd89].
I OAOATCAA

, | &M AQI&O 0AAE AA 15

Calculation of thdoad factorfor the NITS resulted in valuegithin the range of
80% and 89%, whichlsocoincide with the 84% average load factor defined by
the VRA[21]. A load factor of 85% was thus used to model the system demand
to the offpeak characteristics.

Owing to the high load factoof the NITS, the variability of the las was not
considered in the analysiall loads were assumed to be static with no motor
loads.The voltage dependency of the loads was not considered in the load flow
and other subsequemalysis.

4.1.2 Uniform Load Power Factor

Low load power factors ipartsof the NITSlead to voltage problems to which
various measures have been put in place to deal with. These measures include
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reactive compensation and power factor correction measures such as penalty
charges to customers witioor power factorgless than ®0 lagging [50]. In

taking into accountthe improvement measuteshich are mosthemployal in

the distribution networks ambt represented in tiddTS, loadsin the modelvere
assigned a power factor of 0180The 0.90 (laggingpower factor used also
complies with the minimum average power factor specified in the national grid
code (0.90 | al@gs50]nogbe GsedPb¥ all @onnkdtions in the
transmission network.

4.1.3 Load Growth in the NITS

Economic development in Ghana hasulted ina constant increase in system
demand, which translaéto an average annual demand growth rate of between
7 and 13%21, 85]. The Compound Annual Growth Rate (CAGR) was thus fixed
at10% [86, 90]to beused in the simulation®emand irthe NITS wagherefore
increased by 10% in each year till the end of the study year.

x Based on the focus of the research on the impact of RE in the NIT
study time for the analysis was determined to be thgedk period
which is also the period of maximum RE generation.

x  The load factor, which gives information on the demand variability ir
network was calculatettd be 85%in the NITS.

x The offpeak demand wasibsequentlgetermined using tHead factor.

x  The load models were assumed to have a uniform power factor of (
take into consideration thdiverse power factor correction measur
utilisedin the power system.

x Load growth inthe NITS was set at an annual rate of 10% for
simulations.

18 Based on a discussion with the Ghana Grid Company @8}id
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4.2Load Flow

Load flow analysis is performed in the power system to determine the power flow
and voltageat various busbars in the network for any given condition. Load flow
analysis forms the basis of static security analj&l$ and also constitutesn
important study fonetworkplanning, operation and expansion. The analysis of
load flow therefore serves as the starting point for further grid studies and analysis
[56] as presented herA summaryof the basic theory of labflow analysis is

given in the nexsubchapter, followed by thelentification of the bottlenecks in

the NITS and the corresponding measures to manage the bottlenecks.

4.2.1 Introduction to Basic Theory

Load flow analysis is a steadyate network analysised in power system studies

to determine the state of a power systera given steadgtate condition. Load

flow analysis involves the computation of the voltage (magnitude and angle) at
each bus as well as the power flow (active and reactive) in each line in the network
[18, 52] The magnitude and angle of the bus voltage are known as the system
state(independentyariables as their values describe the state of the system. These
state variables are further usedtalculate other system quantities such as voltage
drop, power flow and power losses, ¢52, 92]

Load flow is computedsing a set of nafinear algebraic equations that are built
usingthe generation and load data of a power system. The nodal equation of the
network used to compute the load fl@2]c o mp r i seguvalentmodels of

the transformers and transmission lines together with the numerical values of the
series impedance, Z or line admittancg5%] and is written as follows:

0O O ® 8 @
ooweid § § Y op ]
O ® & 8 & W

where the subscriptl represents the total number of nodes in the netwioris
the selfadmittanceof node i (equal tow B &, the sum of all the
admittances terminating at noded); is themutual admittancéetween nodes i
and j (equal to the negative sum of all admittance between nodes i and j).

The nodal admittance matrmxmade ofo is described by the following equation:
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® ®°— & Al-0 @ O+ 0O § £
where’O andd are the conductance and susceptance of the elément
The voltage at a given busf the system is also given as

®  WE WwsAl1O0 EOET 18

The current injection at noden the network can also be calculated as follows
using the admittance at nodgedj

O ww 0w £
n

The complex conjugate of the total power injected (peahd reactive powes

entering the network) at the nodis expressed as

7 z

0 8 o 0w T8

Substituting equations (4.3) and (4.4) into equation (4.6) and expanding into real
and imaginary parts results in the following

~

0 SWSWAT-O ODow AT S 1 &

b wsd OED dow OE:L 1 &)

h

The load flow is computed based on equations (4.7) and (4.8) to solve for the
values of thainknown bus voltages and other quantifies) , S

Iterative Methods for Solving Load Flow

The nonlineaity of load flow problemsrequires iterative techniques to solving
them. EXxisting iterative methods include the Gabeglel and NewtoiRaphson
methods, which are developed using the admittance equédiénasbove]92].
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The GaussSeidel method involves the process of solving linear algebraic
equations (in rectangular form) and is based on the expression of the bus voltage
as a function of real and reactive povi@2, 93] The GaussSeidelmethod is
simple, reliable and tolerant of poor voltage conditifr]. It howeverhas the
disadvantage of a slow convergence due to the excessive number of iterations
required[93] andthe weak diagonal dominance of the admittance m§i8x
Nonetheless, acceleration factors are used to impheveate of convergen¢#s,

93, 94] As thecomputation timancreases proportionally with the size of the
system, the method is considered highly time intensive, as much time is required
for all parameters to be solvfb].

The NewtonRaphson method involves solving equations of the voltage and line
admitance expressed in polar forn@2i 94]. The Tayl ords ser
forms the basis of th methodof solving load flowproblens [18, 93] Contrary

to the Gaus$eidel method, ik method has a good convergence (a8 but is

not suitable for lod flow problems which have initial voltagésat differ from

their actual values (flat start). Despite, the methaaldsideal for large power
systems that require accurate solutifr&.

4.2.2 Load Flow in the NITS

The NewtoRrRaphson method was used to comghteload flow in the NITS
Theresulting voltages of the busbars during the load flow is presentagure
4-4, which also showshe 5% voltage margi(0.957 1.05 p.u.)during normal
operation
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Figure 4-4: VVoltage Profile of the Busbars in the NITS
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The figure showshatthe 5%voltagemargin for normal operation was violated
on severalbusbarsThe voltages othesebusbars weréwer than the 0.95 p.u.
limit (as seen from the figurefurrently a major challenge in the NIT\oltages
on busbar# the heavily loaded arsaf the networlwere recorded to bas low
as 0.83 p.u. and 0.74 p.m. scenarios 1 and 2 respectiveljhis confirms the
prevailing voltage issues in the NITSvhich is expected tworsen withthe
increase in RE generati¢due to the reduction iconventional generatideading
to areduction in the available reactive poyvewhen no measures are taken
Existingbottlenecks in th&lITS will thusbe identifiedas follows.

4.2.3 ldentification of Existing Bottlenecks

The monitoring and identification of violatioifsf defined limitg form the main

aspect of system security assessnfig¢hl, especially as the overloads recorded

the voltage and transient stability margins, etc. form the basis for classifying a
power systenf{96]. The imits specified in the national grid code for normal
system operation are 0.95 piul . 05 p. u. for system vo
equipment loadin§ [50]. The bus voltage and equipment (transformers and
transmission lines) loading during load flow wénesmonitored to identify the
bottlenecks based on thmit violations

Equipment Overload

The transformer and transmission line loadings recorded in the three scenarios are
presentedespectivelyin Figures4-6 and4-7. Thepercentage loading shown

on they-axis andheequipmen{indicated with numberg)nthe xaxis The85%

loading thresholdor normal operatiofis also shown in the figure

19 Refers to both sheterm and longterm loadings
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Figure 4-5: Transformer Loading in the NITS for Scenarios3l

An observation of the figure indicates an increased number of transformer
overloads with increasing demand and generation from scenarios 1 to 3 (S1 to
S3). As introduced i€hapter 3.7, the future scenarios (S2 and S3) are developed
based on increasing damd and generation as well as network infrastructure. As
expected, the demand and capacity additions in these scenarios resulted in an
increased number of transformer overloads. For scenario 1, only a few
transformers were loaded above the 85% allowedingalimit. The increased
number of overloads in scenarios 2 and & clear indicationf the need fothe
transmission networ&xpansiorandreinforcement.

Theloading of theransmission lingin the NITS isalsopresented belovwVhile
no line overloadwasrecorded forscenario 1a fewoverloads were recorded in
scenarios 2 and, Barticularlyin the loaddense aresof theNITS. The increased
transmission linausage for the evacuation of larger amounts of pawe®3
resulted invery hightransmission line overloadsich asl87%.
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Figure 4-6: Transmission Line Loading in the NITS for Scenarie$1

Below is asingle line diagram3LD) of the NITs, which shows the locations of
the transmision line and transformer overloads in the network.

55



Load Flow

| North 6133 6134 BURKINA FASO
| (SONABEL)
mm_wm mm_mm mm_me “ 6132 @
@
6208 | | 6125 _u< 1 n<|m
% ﬁ R
| 6124 6273
_u<|wowo 6201 6207 6205 |1 m_mmmm mpm\m_leL _ _ |
Y _ 2 v
o+® T 6247
6165 6114 J | _@ mmS@W 6265
PV 5 > « | ﬁ PV_7
6166 | Pva PV2 East
West "u 6156 N
6119 6062 1 60616214 6068 6001 mﬁm@
T |
624 6181 —®— Y b2p1 &
| fmomp p 6071
k J@ 6054 6110
6227 6092 6241 % 6095 ﬁ ® + &
! ! _ 6078
TRy e
6050 [ [ & >——0
| ) 6106
_ 6051 &

F 6179

6141

v

6102

6105
6169

&@

Wind_2
6280 @
mm_H_.

6152

|
|
|
|
|
|
T
|
|
|
|
|
s042 “moB
6029 c160 | 6008
|
6278 6043 ] S L 5217
| | _ |_ @
8' NP N—]
_mHmo | 6037 6026 |
® & ﬁ_ 6009 AN
“ 6220
1
N—] | 42
® _ o 6252
6158 6328 |6329 — |
COTE 6172 “ @ Q 6249
D3VOIRE @ @ 6145 |
(CIE) | 6262 GS4GS5GS6
6197 A PV 9
6154 _ 6255 © l
I _ g ocsis 6186
| Sa GS10 6187
| 6144 S a
@ @m Q | © A
6033 Y VY ! ® v,
— 330k Transmission ! c315
—_— 225kV Line Overload [ ® ®
— mm‘_mx_%__ Transformer ©, ® “ Gs14 GS8 O@WN
— 35KV Overload GS11 GS3 | South

TOGO/BENIN
(CEB)

% Mmmuw

Wind_1 PV_8

Figure 4-7: Single Line Diagram of the NITS with the overloaded equipment

Sustained overloading on power system equipment leads to voltage reduction with
subsequent increase in the transformer current flow and thermal capability of
transmission linef07]. Transmission line overload for instance has the potential
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of leading to system instability as has been recorded in the past (was the cause of
the 2003 blackout in Ital{80]). The dynamics of the line loading as wedl the
loading of the transformers and cables depend not only on the load but also on the
location and size of the generator, especially as the generators largely contribute
to the increased loadin{83]. Thus the transmission line and transformer
overloads recorded in the NITS highlights the importance of planning and
coordinating the generation increase and (proposed) network expansion measures
to cater for the load growth in the differentisagos.

Voltage Violations

Several busbarin the NITS experience low voltages even during normal
operation, which isttributed tothe transfer of large amounts of povesrd the
resultingreductionin reactive power. Thenadequate reactive compensation
some parts of the network also results in poor supply volEdgehich when not
properly dealt withculminates in voltage collapg80]. High voltages are also
recorded at the end of most long transmission linasrun from the south to the
northof the NITS In addition to the voltage control functions of the synchronous
generators, divee compensation devichave been installed make up for the
reactive power imbalance and hemegulatesystem voltageThe bus voltages
recorded for the three scenarios are presentéagure 4-8 below. The figure
shows theviolation of the5% (0.95 p.u.i 1.05p.u.)voltage stability margin
(indicated with the lines) on some busbavenfor normal operation.

1 .2 I T T
I Scenario 1 M Scenario 2 Il Scenario 3

Bus Voltage (p.u.)
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200
Busbar Numbers

Figure 4-8: Bus Voltages in the NITS for Scenarios3l
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While no violation of the upper voltage lim(it.05 p.u.)was recorded, several
busbars had voltages thablatedthe 0.95 p.u. lower voltage limitransmision
networks generally have a high X/R ratio, which implies that slight changes in the
reactive power lead to significantly high changes in the voltage. Voltage
variations in transmission networks are therefore solely determined by the
reactive power flondue to their high sensitivity to voltage chang@3]. The
increased reactive power demand in the network in scendhas3esulted in

very poor bus voltages.

4.2.4 Correction Measures for theBottlenecks

The identified equipment overloads weesolvedwith a capacity upgrade, which
considers an 80¥haximum loading® The new ratings of the transmission lines
and transformers were calculated using their respective currents and voltages.

Transmission Line Uprating

Resolving transmission line overloads usually involves the construction of new
lines or increasing the current carrying capacity of existings|ir®y either
increasing the transmission voltage or rated current (thermal rafitige @ne.

The limited availability of RightOf-Way (ROW) for new transmission lines in
most networks however lead to restrictions and delays in transmission network
expansion, which mostly results in several conditions of overloading as power is
continuausly evacuated in the operation of the power sy$&&in Due to the high
population density and land scarcity parts ofthe NITS coupled with severe
transmission line overloadand the prolonged project execution timake
methods ofincreasing the line capacity usirge 61 i ne upratingé6
prefered over the construction of new transmission lines.

Traditional methods of uptiag transmission ling i.e.,, increasingthe current
carrying capacity include increasing the line voltage, number of conductors or the
thermal ratings of the lines, which in most cases require the strengthening of the
transmission line towers tof@9, 100] Uprating the transmission line by
increasng the line voltage is the most expensive option as additional electrical
isolation and infrastructures such as insulators, substation equipmemi,stice
changed to the new voltage lev@libstation equipmeriand theiinsulatior) also

need to beipgadedto the new voltage, which translates into additional d&Sis

101]. Increasing the line voltage to uprate transmission lines additionally requires

20 Although 85% is prescribed by the grid code as the load limit, a safety limit of 80%edso ensure that the
loading limit is not violated at any point.
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an increase in the conductor cr@extion, which results in double cost as against
increasing only the conductor cresscton. Ths method is also associated with
an increase in the corona effect due to the increase in the electrical fieldjavhich
minimized by bundling the conductor3.horough economic and technical
assessments atfeusrequired for this methad

The method of increasing the operating temperature of the line conductor is one
of the simplest methods currentljilised in the industry[99, 100, 102] With
operating temperature of &)the lines in the NITS cannot be increased any
further due to the increased likelihood of the occurrence of annealing at
temperatureabove90 C.-Although increasing the conductor temperature t€ 20
results in a significant increase in the rating at mimmuost and implementation

time [102], the significant sunshine in Gharimits a further increase of the
conductomperating temperature to @dncreagng the operating temperatuas

a means of uprating additionally requiresdnalysis of the impacts of annealing,

the effectiveness of the compression joints and higipésature creefd 02].

An alternative method to uprating transmissioes is to increase the thermal
properties of the lines in a process known as thermal uprating, which indirectly
increases theé i nratesdocurrent§100, 102] The choice of the appropriate
conductor or upgrading method is not always a simple task and may vary
depending on existing technical and economic constrafisisideing the
informationon the NITSavailable for this thesjghe thermal uprating method is
used to uprate the overloaded transmission sesxplained below

Thermal Uprating of Transmission Lines

The rated currents of the overloaded lines are increased to values, whtiimai
a loading level of less than 85%. The new current ratings of theatimesalculated
usingthe equatiosabelow.

5

O —— N
No JY

wherelaeq IS the rated current in kA, A is the line ampacity, also known as the
MVA rating or thermal limit andJ, is the rated voltage in kV. The li@npacity
is further calculated as follows:

Mo JY 30

0 ® T
PTTT ®
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The ampacity of the line is limited by the physical makeand the maximum
allowable sag of the cable, which are also dependent on weather conditions su
as solar irradiation, wind speed and ambient temperatur¢l @8;.104]

Based onthe 85% maximum loading specified by the grid code for normal
operation,an 809%! safety limit is used to calculate timew rated currents and
ampacitiesas follows

0
O i —_ T
" No JY B
5 2 Gy &
0 —— Mo ® C
Ty

lrated, newlS the new rated current in k#ndA.ewis the newly calculated ampacity.

The figure below presents results of load flow analysis for all three scenarios using
the updated rating®By implementingthe thermal upratingnethoddescribed
above, line overloads were cleared, as the loadings tmaimission lines were
within the 85% limit.

90 . ]
_ _ _LoadingLimit _ __~ _ _ _ _ _ _ _ _ _ _ _ _ _ _
80 - I Scenario 1 7
[ Scenario 2
70 - Il Scenario 3 |

60

50

Percentage Loading (%)

0 20 40 60 80 100 120 140 160
Transmission Line Numbers

Figure 4-9: Transmission Line Loading in the NITS with Updated Transmission Line Ratings

21 An 80% safety limit is used in this resela as a means of safeguarding the lines against possible load increase
in the near future.
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Transformer Upgrading

A processsimilar to the transmission lineipgradewas used to resolve the
transfamer overloads in the NITS. The new transformer ratings were calculated
using equationgl.13 and 4.1helow, with all parameters referred to the high
voltage side of the transformer.

0

a € dUQ ,,O—Q) T T 90

- Y &
— TR T
Vo JY

|y IS the transformer currertaeqanythe rated currerdf the transformeiSatedehy)
thetransformerated ampacity and dg) the rated voltagef the transformeall
referred to the high voltage side of the transformer.

To further engre the transformers are not loaded above the 85% limit, the
transformer loading at any given time was set to be less than 85%. New MVA
rating<? for the transformers wesgmilarly calculated using a percentage loading
of 80%:

S;

Y oq cJy JoO P U

0 1% 0]

g[°

Figure 4-10 below shows the results of load flow analysis with the updated
transformer sizes, which indicate no transformer overload for all three scenarios.

22The Srated values were selected based on the list of available transformer sizes in the NITS.
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Figure 4-10: Transformer Loading in the NITS with Updated Transformer Ratings
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4.3 Optimum RE Penetration in the NITS

This section describes the process of identifying the maximum RE penetration
that the NITS can accommodate considering violations of defined limits. The
genetic algorithm (GA) method of solving constrained and unconstrained
optimization problems is use@riginally proposed locations of tHRE unitsin

the NITS are thumaintainedvith the aim ofdeterminng the maximum sizing of

the RE units. The objective is to minimise grid losses and ensure that busbar
voltages and equipment loadings are within defined limits at all tiffiles.
decision/control variables of the optimizatiamil be the outputs ofthe RE urits,

which are their respective maximum power outpuspecifiedin the network
model

The objective function for minimizing grid losses is expressed.irv) as
Y 'O P X

The constraints based on the bus voltage and thermal ratings of the transmission
lines are given as

W W W P Y
Y Y P w
The GA startdy randomly selecting the initial values of the control variables
(outputs of RE unidswhich are within the maximum and minimum values as

shown in tablel-1. The tablgpresentshe minimum andmaximumoutputs of the
RE units aspecifiedby the Energy Comission of Ghana

Table4-1: Maximum and Minimum Values of the Decision Variables

PV Units Active Power Output, P (MW)
Minimum Maximum

Ayitepa Wind 0 225
GIC PLANT 0 50
Green Electric 0 40
Sankana 0 100
Savannah 0 100
Signik 0 50
Whitcap 0 100
Windiga 0 20
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The flow charffor the optimization process Besented ifrigure4.11below:

( Start )

y
Initial Population: Sizes o¢f
RE Units

\ 4
Run the Load Flow usin
Newton Raphson

A 4

Create new
population using
genetic operators

Calculate the Objective
Function: Power Loss

No

Are constrains satisfietk
Bus Voltages
Line Ratings

Yes

heck Cw

Criteria

Yes

Figure 4-11: Flowchart for theOptimization Algorithm to Determine the Optimum Sizes of
RE Units
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The results of the optimization are presented able 4-2 below for the three

scenariosinder consideratiom this research

Table4-2: Optimal Sizing of RE Units in the NITS

RE Unit Scenario 1 | Scenario 2| Scenario 3
Ayitepa Wind 27.68 54.84 93.05

GIC 9.15 32.40 50
Green Electric 35.10 40 40
Sankana 20.16 45.11 100
Savannah 24.81 68.65 100
Signik 28.86 37.52 50
Whitecap 13.82 47.94 100
Windiga 20 20 20

The table shows the optimal sizes for the RE units in the NITS that will not violate
the 5% voltage margin and 85% loading limit for normal operation. Comparing
the optimization results with theroposedsizesof the RE units (se&€able4-3)

indicates that most of the RE units aegther 6 o v e r ®ri undesiped
(highlighted in bold in the two tableshhis implies that thenappropriatelysized

RE units may be contributing to violations of the voltage and loading limits as
these were useags the constraints in solving the optimization.

Table4-2 further shows that, the sizesthie6 Gr e e n
unitscould be increaseid scenario without anyviolation to given constraints.
With an expansion of the network infragtture in scenario® and 3 the capacity

Table4-3: ProposedSizes of RE Units in the NITS

RE Units Scenario 1| Scenario 2| Scenario 3
Ayitepa Wind 90 150 225
GIC 20 50 50
GreenElectric 20 40 40
Sankana 20 50 100
Savanah 30 50 100
Signik 20 50 50
WhiteCap 20 50 100
Windiga 20 20 20

El ect REcO

ar

of the RE units also increase further up to their maximum outputs in scenario 3.

The

resul ts

howeyv

er I n diitcwithes the maest
oversized unit (optimum capacitf 93.05 MW as against the proposmpacity
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of 225 MW) remainsoversizedin scenario 3, where all RE units are at their

optimumcapacities

Load flow analyses were used to identify the bottlenecks in the M
which were mainly equipment overloads and voltage violations.

Transformer overloads as high B87%6 were recorded in parts of tl
network, especially forscenario 3 without any prioreinforcement
measured_oadings on the transmission lines wallevithin thedefined
limits.

Regarding the voltage violationp violation of the upper voltage lim
was recordedyhile severaviolations of the lower limit were recordec
in some case8.50 p.u..

The method of thermal uprating was usee@liminatethe transmissiol
line overloads while the transformer overloads wesmediedwith
capacity upgradedmplementing such overloads resulted in loadir
which were within the 85% limit.

The mehod of solving optimization using genetic algorithm is use
identify the maximum sizes of the RE units under the constrain
voltage and loading limits. The results of the optimization indicate
most RE unitdhave beeroversizedn scenarios 1 ah2 while being a
their optimunmcapacities in scenario Resizing these RE unit®uldlead
to asignificantimprovement in voltage violations and overloading.

4 .4|dentification of Critical Transmission Lines

Despite efforts from the Ghanaian TSO to manage existing voltage and reactive
power problems in the NITS, the location of some transmission lines and their
respective loadings increase the rigiks/oltage insability. These transmission

| i nes are ter med 6critical 6 or

Oweakéo

farthest away from the generating units in 'radial' transmission net\\dfbk$
The critical transmission lines are located in aredthe power systemwvith
reactive power deficiencig306]. Such lines are characterized by lower reactive
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power margin higher voltage change (in percentpglarger reactive power
deficiency higher voltage collapse point dmet V-Q curve as well as larger Uj

T wcomponent (higher sensitivity to reactive power). The almeationed
characteristis, which are even more pronounced during contingeaogessed to
identify the critical lines during normal operating conditioD#ferent indices
exist in literature and practice, which are used to identifgtitieal transmission
lines based odiversedata availability and efficiency/oltage stability indices
such as thé&ast Voltage Stability IndefEVSI), Line Stability Faabr (Lop) and
New Voltage Stability IndexNVSI) [106/ 109] wereexamined and used in this
research.

4.4.1 Voltage Stability Indices

Voltage stability indicegVSI) are the most common indices used to identify
critical transmission lines or weak buses in power networks. VSIs are classified
into the Jacobiatvased and systemnariablebased indices according to the input
variables for solving the equations.

The &cobianbased VSI are used in tpanningand design of power systems to

identify the voltage stability margin

They are used offline and have a high computation demand. The syataivlie

based VSI, with theirdw computation demands are used to identify the weak
areas (transmission lines and busbars) in the network during the planning, design
and operation of the power system. These VSI have the added benefit of being
used both online and offlineThe systervanablebased methods will be
subsequentlysed in this thesis.

The systenvariablebased methodss thenane indicatesuse system variables
such as admittance matrices, bus voltage, power flow, etc. They are further
classified into the bus and line indg;ecalculated respectively for busbars and
transmission lines. The indices are used to indicate the voltage stability of the
network and are formulated based on line and bus paranjti®is They also
provide information on how far a ggen is from the point of collapse. Line index
methods such as theast Voltage Stability Index (FVSI)ine Stability Factor
(Lor), and New Voltage Stability Index (NV3Nill be considered in this thesis.

The stability criteria for all threendices under consideration (FV3lge and
NVSI) i s an index value | ess than one
than one, the system is stable. The power system loses stability with eventual
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voltage collapse when the index value exceeds onendexivalue greater than
1 is therefore considered unstable, tlee closer the index value is to 1, the higher
the risk of instability.

Fast Voltage Stability Index (FVSI)

The FVSI is derived from the voltag@adraticequation at the receiving bus of a
two-bus system. It is calculated based on the reactive power flow in the lines
according to the equation below.

A FVSI value close to one is indicative of the closeness of the particular line to
instabilityt  "Ow "Y'@. This also gives amdication of hav stressed a line is
in the transmission systefhl1l].

e e X0
Ow YO——— P X
W ®

Z is the line impedancé&); is the receiving end reactive pow¥t,is the sending
end voltage aniX is the line reactance.

Line Stability Factor (L op)

The line stability factor_qp considers both active and reactive power and is more

sensitive to reactive power changes as seen in the equation below:

0] 1T — —U
W W

C2

Py

The stability criteria ist 0 P

X is the line reactanc&); is the receiving end reactive powand Vs and Ps
represenihg respectively the sending end voltage and active polilesLop is
ideal for comparison due to its sensitivity to changes in reactive gahe

New Voltage Stability Index (NVSI)

TheNVSI is suitable for online manitoring of the powe systemunder different
loading conditionsThis indexconsiders to a larger extent the reactive and active
powersand does not consider the resistance of the transmissionjllif®isThe
stability criteriaist 0 w "Y' for all transmission lines
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¢cdO U 0
0 @Yo ® W
O o

Xis the line reactanc®; andQ; the receiving end active and reactive power and
Vs, the sending end voltage.

Methodology

The process of obtaining the voltage stability indices for the transmission lines is
summarised in the flow chart beloveystem parameters such easltage,
transmissiorine impedanceand reactangehe sending and receiving end active
and reactive powareused tadentify the indices.
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Save
Network Data

l

Run Load Flow

Load flow
onvergence?

Yes

'

Record Required
Line Parameters for
Calculation

|

Evaluate Stability
Indices according to
given formulas

¥

Identify Cause of
Non-Convergence «—No
and Correct

Lines Voltage,
Impendance, Reactance,
Active and Reactive
Power

Y
Sort Each Index;
FVSI, Lop and NVSI in
descending order

s stability criteria
satisfied?

No

|

Record indices and - .
v : Critical Lines &
es corresponding . .
e respective Indices
transmission lines

Rank Index Values
»  (with Lines) in
Descending Order

Y
/ Print Results /

END

Figure 4-12: Flow Chart for Calculating the Voltage Stability Indices

Results

The transmission lines identified as critical using #tability indicesare

presented below. With stability criterionof 1 "0¢ 'Q'Q @hvalues equal to or

greater than onen any transmission lindenote increasedisks ofinstability.
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The transmigen lines with the highest index valu@sdex values closer tanity)

are thus defined as critical sincine least increase in demand may lead to
instability. In other words, these critical lines can only withstand just small
amount of load increase be#otausing voltage collapse

The figure below shows the resutif the FVSlcalculated forall transmission
lines in the NITS(for all three scenarios The results indicate only one
transmission ling€line 147)with an index value greater than(1L003) whichis
identified in scenario 3. This transmission linevhich is the tidine between
Ghana and Burkina Fasdso had the highest value snenario2, though not
greater than 1. The tlilme was commissioned scenario 2 and was thus absent

in scenario 1.The long length of the tikne (235 km) and the large amount of
power exported to Burkina Faso through the line results in very high reactive
power losses, which is reflected in the higher stability indices.
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Figure 4-13: Fast Voltage Stability Index (FVSI) for the Transmission Lines in the NITS

It is observed from the figure that th&/Sl values increased frostenarios 1 to

3 as a result of changes in the netwsurkh as increase in both active and reactive
power load The results indicatscenari® 1 and2 to bestable as no transmission
line was identified critical. The highestdexvaluesin scenaris1 and 2are 0.281
and 0.922 respectively. Althoughenario2 is stable, it has an increased risk of
instability as itdndexvalue iscloserto 1.

The results of the Line Stability Factdr,g) calculation presented figure 4-14
identified two transmissionines as the most criticah the NITS, in scenarios 2
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and 3respectivelyIndex valuegreater tharthe stability limit 1.119 and 2.327
were calculatedor the tieline in S2 and S3, which are indicative iastability.

An additional transmission line was identified criticabcenario 3with an index
valueof 1.005 L4, values calculated for the network in scenario 1 were all within
the stability limit, with the highest being 0.223.
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Figure 4-14: Line Stability Factor (Lgp) forite Transmission Lines in the NITS

Calculating the NVSKseeFigure 415) resulted in similar characteristics and
confirmedthe same transmission lines lasing the most critical asvith the
previously calculated indices FVSI andLq. The Lgp values for the critical
transmission lines in scenarios 3 were 1.056 and 2.655, while treaefoario 2

was 2.274.
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Figure 4-15. New Voltage Stabilityndex (NVSI) for the Transmission Lines in the NITS
72




Identification of Critical Transmission Lines

The commissioningof the tieline in scenario 2 influenceshe power flow
dynamics in the entire network. The high demand on the line anddteetainties

in theparameteg at the receiving end of the line (Burkina Fasmyeases its risk

of instability. Based on the very low voltage at the receiving end of tHméeit

Is confirmed that the loadability limit of the NITS is to some extent defined by
this tie-line [29, 37]

x Three different voltage stability indicésFast Voltage Stability Inde
(FVSI), Line Stability Factor l(y;) and New Voltage Stability Inde
(NVSI) were calculated for all transmission lintesidentify the critical
transmission lines necessary for gtability analysis

x Although allthree indices used in this thesis provide indication of
closeness of the network to the point of collapse, ¥8lfandL,, are
extensively based on the reactive power variation while the
considers the variation of both active and reactive power.

x  The stability criteria of less than 1 (Index < 1) for all indices was sati
in scenario 1, which indicates te&ability of the NITS in scenario (In
other words no critical transmission line in that scena8ognarios 2 an
3 had transmission lines with index values violating the stability crit
hence indicating instability or a higher risk of instability.

x The tieline between Ghana and Burkifaso (L147) was identified ¢
the most critical transmission line as it had the highest index valu
all indices.

4.5 Contingency Analysis

The anasis of a power system to determine the severity of an outage to the whole
system is known as contingency analysis. Abnormal network conditions, during
which thermal overloads and voltage violations are evident in the power system
are evaluated using congiency analysis. Typical contingencieslin® single
contingenciesr{-1 contingencies), which involve the lasssingle elemerst like
transmission line, trasformer, generator, compensator, 6].
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Contingency analysis is required for both shartl mid-term network expansion
planning and is thus considered one of the methods of predicting the condition of
the power systenjl14]. Conventional methods for performing contingency
analysis invole load flow solutions, which are required to run for each
contingency. Though results obtained from this method are accurate, the method
tends to be very slow and tedious especially for large interconnected sj&tems
115]. It isthusessential to identifand investigate only éhcontingencies, which

are very critical tsystem operation. The critical contingencies are identified in a
process known as contingency select[dd, 95, 96, 114116] The critical
transmission lines identified using the voltage stability index will form the basis
of the critcal contingencies in this thesis

4.5.1 Transmission Line Contingency

For the transmission line contingency in the NITS, contingencies were defined for
all transmission lines in order to validate the{Nreliability of the network. The
voltage violations recorded during the contingenmegcate that the loss of the
tie-line results in several violations in the netwakd thus poses tighest risk

to the network.
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Figure 4-16: Voltage Violations during Contingency on the-Liae
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The national grid code specifies 1[4.@. and 0.90 p.u. as the voltage lin{it®%
voltage stability marginduring contingencies in the NITf0]. The voltage
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stability margins arenarked with broken fiesin the figure. Thdigure shows that

a contingency on the tiene results inseveral violations oboth the upperand
lower voltage limit. Although system operations were maintained even with this
contingency, several lines were overloaded (in additm numerousvoltage
violations) causing the NITS to be vulnerablesystem failure in the event of
other faults

Another important aspect here is that due to the large amount of power exported
through the tidine, this contingency leads ta greater change in the power flow,
with corresponding grid losse$able 44 compares the grid losses before and
after theconingencyon the tieline.

Table4-4: Comparisorof Grid Lossedefore and afteContingency on the Teine

Grid Losses Scenario 2 Scenario 3
PreCont  PostContingency PreContingency PostCont
P (MW) 141.05 114.94 191.71 237.10

Q (MVAr) 128.08 -210.71 396.87 -553.74

Although grid losses generally increase with the contingency, a direct correlation
between the contingey and lossesould notbe establishetbr the active power

loss in scenario seeTable 44) as other factors like generation, load pattern and
network topology, etalsoinfluence thegrid losses

4.5.2 Transformer Contingency

The transfomer contingency was carried out by defining contingencies for all
transformers in theNITS. Prior to the transformer contingencies, remedial
measures for the transmission line contingencies wemementedin the
network. No violations were recordéat scenarios 1 and 3 with one overloading
recorcedin scenario 2. The overloadénsformeis locatedat the receiving end

of the tieline to Togoand carries approximately 64% of the export deméhéd
appropriate remedial measures wiarplemented, which in addition to enhancing
system reliability also improved voltages at the substations

4.5.3 Renewable Generation Contingency

The concept of renewable generation contingency introduceddpesents the
variability in RE generation thatawy arise from the cloud cover on the PV units.
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To simulate the effestof cloud cover on P\generation the outputs of the PV
units were reduced to 1%84117i 120] of the makmum output. An experiment
carried out i118] reveals that theuput of the PV measuséess than 25% of
the rated poweon very cloudy days.

Furthermore, the weather northern Ghanacan bevery drywith increased dust
accumulation especiallyin the harmattait period which occursduringthe dry
seasorj121]. The location of the PV units in the north thus expadsesV units

to dust, whose accumulation on the PV modukben not cleaned on regular
basis leads to longerm reduction of the output power. The reduction in output
power due to dust accumulatican beas low as 10% of the rated powéd.8]
anddepending on the weather and other fagtmay lead to the loss of 18% and
78% of the output for monocrystalline and polycrystallmodulegespectively
over a oneyear period118].

The global slar irradiation Ec made of two main components; the direct and
diffuse irradiation122, 123] is expressed by the following equation:

Op O O j 8T

The direct componenEg;: is more pronounced on a sunny day while the diffuse
componentEgi is prominenton a cloudy or dusty day, when the direct poment

is reducedAn index known ashe clearness indeKg is introduced to describe

the relationship between the hourly and daily extraterrestrial irradiance (AMO)
and the integrated energy density gathered from a horiiontabunted
pyranometef118]. It is used to express the ratio of the measured radiations and
the energy density for extraterrestrial solar radiation in one day. The clearness
index, Kg is directly related to the daily energy output of the PV units as shown
in the formula, withH being the global horizontal radiation arth, the extra
terrestrial global radiation.
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2 Thick layered clouds reduce the PV output by abou®®®, hence 15% output being the average of 10 and
20%.

“Har mattan is fda v e rogheasterly winddon the WesteAfrisah eomst, yccuaing from
December to Februaby https://en.oxforddictionaries.com/definition/harmattan
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lpis the solar constant equal to 0.0082 Midnm.

A Kg value of 1 represents a very clear atmosphere, while a value of zero
represents a cloudy atmosphere. TypkGavalues are in the range of 0.68.72
undercloudless conditions but reduces in the presence of c|tdd$ The lower
clearress index recorded on cloudy days is as a result of the large amount of
diffuse irradiation in the solar irradiation during cloud cover. On a very sunny day
however, the direct irradiation becomes greater than the diffuse irradiation, which
is about 1620%[125].

The reduced direct component on cloudy dagsls to reduceBV output, which
is simulated by scaling down th#&V/ generatiorto 15% of the maximuroutput
Three different combinations of wind aR¥ generationsre thusnvestigated to
determinghe contingency with thevorstimpacts on th&lITS. Theinvestigated
RE contingenciesnclude:

1 15% PV + 100% Windeffects of dust and cloud cover on the PV units
with full wind generation)

1 15% PV + 0% Windéffects of dust and cloud cover on the PV units with
no wind generation

1 100% PV + 0% Wind (mximum PV generation with n@ind generatioh

The outputs of thé€V units and wind generators under these contingencies are
summarised in the¢able below Details of the gneration schedules for the
contingencies are provided in appendix C.

Table4-5: RE PowerGeneration during the RE Contingency

RE

. : RE Power Generation (MW)
Contingencies

S1(2017) S2 (2020) S3 (2023)
PV Wind PV Wind PV Wind
15% PV + 100%
V\?inii 00% ) as085 | 90 | 495(330)| 200 |765(510) 275
15% PV + 0%
vfml 0% 22 150) | 0(90)| 49.5 (330)| 0(200) | 76.5 (510)] 0 (275)
[0) 0,
\1/\%?]: PV+0% 15 0(90)| 330 0(200) | 510 0 (275

25 The figures in bracket indicate the available maximum generation before the reduction.
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15% PV + 100% Wind

The 85% reduction in PV generation translates latge power deficit in the
NITS, whichis balanced with the appropriate amount of conventional generation.

This conthgencyled toviolationsof the lower voltage limit (10% voltage stability
margin) for contingencieg50]. Voltage variation during this contingency was
highest in S3, with voltages ranging between 0.54 p.u. and W3 few
equipment overloads weralso recorded in scenario 3, making it the worst
scenaridlargest voltage variation, highesuipment overload and branch flow)
for this contingency

15% PV + 0% Wind

In the absence of wind generatiothis contingency represents the least RE
generation in the NITS. Thentingency alters the direction of power flow, which
introduces newiolations in voltage and loading limitSurthermore, the NITS is
operated with reduced operating reserve during this contingency

Similar to the previous contingency, the 10% stability margin was violated in this
contingency, with voltages ranging beeme0.58 p.u. to 1.13 p.u. Equipment
overloads recorded during this contingency worsened from S1 through to S3.
Only one overload was recorded in S1 while three and seven violations were
respectively recorded iscenarios 2 and. Conditions in the networwere again
worst in Scenario3 (highest number of equipment overloads and worst voltage
violations) during this contingency

100% PV + 0% Wind

Unlike the other contingencieshere violations of théower and upper voltage
limits were recordedonly violations of the lower limi{0.90 p.u.)was recorded

for this contingeng. The number of equipment overloads recorded during this
contingency was lower than in the other contingencies. While no overload was
recorded irscenario 1scenarios 3 an2 hadrespetively one and two overloads.

It can beconcluded that this contingency is less critical than the other RE
contingencies, which have lesser RE power generation with more equipment
overloads and larger voltage variations.
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Figure 417 presents aummaryof the voltageaangesduring the contingencies
Details to the equipment loadings recorded in the contingencies are provided
appendix C.

15%PV + 100% Wind

15%PV + 0%Wind

1.2

Scenario 1 Scenario 2 Scenario 3 Scenario 1 Scenario 2 Scenario 3

- 100%PV + 0% Wind

Scenario 1 Scenario 2 Scenario 3

Figure 4-17: Voltage Variations during the REoGtingencies

x Analysis of the line antingencyin the NITSindicate that scenario 3
the most critical during the transmission line contingency.

x A contingency on the tibne between Ghana and Burkina F
introduced the worst voltage violations and is thus the most cr
transmission line, whichakes the NITS vulnerable to other faults.

x Scenario3 wasgreatlyaffected by the effespf the dust and cloud cov
assimulated withthe RE contingencyl he highest number adquipment
overload and voltage wlations were recordeduring contingenies
with reduced PV generatiol%% PV + 100% Windind 15%PV +0%
Wind). The contingency with 6100%
overloads and no violations of the upper voltage |ithitis having the
least impact in the NITS.
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x Based on the results of tHRE contingency, it can be concluded ti
reduced PV generation arigifrom cloud cover and dust have a gre:
Impact on the bus voltages. The absence of wind generation in the
had less impact on the bus voltagesrtly as a result of thieacation of
the wind units in the netwkr
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5 Stability Analysis of the NITS with RE Units

Having ascertained the readiness of the NITS to accommodate RE generation in
the previous chaptethis chapterpresentshe stability analysis of the NITS with
different percentages of RE. The mainjectivewill be to evaluate the extent to
which RE generation in the NITS affect system stability. Both static and dynamic
stability analysis techniques are used for the etialua

5.1Classification of Power System Stability

Power system stability is defined as the ability of a power system, for a given
initial operating condition, to return to an equilibrium operating state after being
subjected to a disturban{¥26]. The complex processes that make up a power
system depend on different operating conditions and network topoletyiesmd

hence result irdifferent forms of system instability. The ndnearity of the

power system makes the dynamic performance dependent on the response rates
and characteristics of various devices in the netyitk As instabilty depends

on several factors and takes different forms, it is important to appropriately
classify the different forms of stability. The phenomenon of power system
stability is thus categorized based on the size of disturbance, devicessproce
and time span to be considered in assessing the stability, the physical nature of
the resulting mode of instability and the most suitable method for calculating and
predicting the stability18, 126, 127]Owing to the increased use of converter
interfacedgeneration (CIG), ive main forms of stability phenomena are
identified The forms of stability whiclncludevoltage, rotor angldrequency
converterdriven and resonancstability are based on the parameter mostly
affected by the disturbancA pictorial description of th stability phenomenon,

with the corresponding stdmategories is given in the figure below
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|Power System Stability‘

L. v v v A
o Converter- Rotor Angle Voltage Frequency
jescpances ol driven Stability Stability Stability Stability
Y Y . A Y Y A v
Electrical| [Torsional fRast lel) Small- {7 heient| | Large- S]]
Interaction | [Interaction| |Disturbance Disturbance| |[Disturbance

Short Long || Short Long
Term Term || Term Term

Figure 5-1: Classification of Power System Stabili126, 127]

5.1.1 Voltage Stabllity

Voltage stability refers to the ability of the power system to maintain steady
acceptable voltages at all buses in the power system under normal operating
conditions and after a disturbandéltage instability involves the progressive
increase or decrease in voltages at some buses. The main cause of voltage
instability is the power systemoO0s i nat
result ofload demandncreaseand change in system conditions, ¢i@, 126,

127]. Voltage stabily is classified into smalland largedisturbance voltage
stability based on the systembs abil
disturbanceglike small changes in loajler large disturbancdske transmission

system faults, loss of generation aoohtingenciek[18, 126, 127] Voltage

stability may span a few seconds to tens of minutes resulting in eithetestmort

or longterm stability. Shorterm voltage stability involves the dynamics of fast
acting load components and is usually analysed within a few seconds with the
appropriate differential equations, making it similar to rotor amgleonverter

driven stability (slow interactiontype) analysis[126, 127] Longterm voltage

stability on the other hand involves slower acting equipment such asatgne
current limiters and taphanging transformers. The analysis span several minutes
requiring longtermsimulations forthe analyss of system dynamic performance

[126, 127]

5.1.2 Rotor Angle Stability

Rotor angle stability describethe ability of interconnected synchronous
machinesin a power system to remain iand regainsynchronism after a
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Classification of Power System Stability

disturbancgl8, 126, 127] The resulting instability is characterised by increasing
angular swings of generators, which may lead to the loss of synchrfiiin
For small disturbances such as small variations in loads andration, the
stability (known as smaldisturbance or smaslignal stability)is analysed using
linearised system equations. Lagjsturbance or transient stability involves
large excursions of generator rotor angles and is influenced by thinaan
power angle relationshid8], [126]. Only transient stability will be considered in
thisthesis

5.1.3 Frequency Stability

Frequency stability is the ability of the power system to maintain the frequency
within an acceptable range after a disturbance, which results in acagnitad

and generation imbalandé8], [126]. Frequency instability may lead to the
overloading of trasmission lines, switchingff generators with subsequent
splitting of the system into subsystems. Frequency stability analysis will however
not be considered within the scope of this thesis.

5.1.4 Converter-driven Stability

Converterdriven stability refers tohie stability phenomenorarising from the
increased use of convertieterfacegenerators (CIG) in the power systg7].
Owing to the wide time scale associated with the control of CIG (predominantly
voltagesource converters, VS)scillations over a wide range of frequeraoy
experienced which leads to two forms of convedigven stability:slow and fast
interactions.The fastinteraction stability deals with stability problems arising
from the fast dynamic interactions of control systems of power electbasied
systems like HVDC, FACTS devices with fassponse components and CIG.
Slow dynamic interactions of the control systems of power electioased
devices with slowesponse componentiassily the slowinteraction stability

5.1.5 Resonance Stability

Resonance stability describes the subsynchronous resonance (SSR) of both
electrical and electrmechanical resonan{&27].The subsynchronous resonance

is exhibited either due to a resonance between sermmpensation and the
electrical characteristics of tlgeneratofpurely electrical resonance) or due to a
resonance betweaeriescompensation and the mechanical torsional frequencies
of the turbinegenerator shaft. The occurrence of the-faions of resonance

results in the sulblassification in the electrical andrsional stability.
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5.2 Dynamics of Synchronous Machine Rotor

Power systems rely on synchronous machines for the generation of electrical
power,as the adequate system operation dependsl @ynchronous machines
remaining in synchronism. System stability is thus affected by the dynamics of
synchronous generator rotor angles and the pawgle relationshipg18].
Analysing the stability of a power system therefoequires the consideration of

the synchronous machine rotor dynamics as presented below.

5.2.1 Swing Equation

The swing equation forms part of the equations of motion of a synchronous
machine. The main equation that describes rotor motion is given by tloequet, t
which causes either acceleration or deceleration and is given as:

vy oy 0%
whereT,i s t he accel er Bisithamecharocal grsleaft torgue N L m,

i n NLT sandhe el ectromagnetic torque 1in

The motion of the synchronous machine rotor is governed by an equation based
on the principleof dynamics that the accelerating torque is the product of the
moment of inertiaf the rotor and its angular acceleratj68] given as
"Y IIY IIY ’ ’Q -
U=
Qo
whereJi s the total mo me n t of i’ndgisthe a o f

angular displacement of the rotor with respect to the stationary axis in mechanical
radians (rad) antis the time in seconds (s).

vg,

The machine is saiw be working at synchronous speed or (in synchronisim) if
= 0, i.e.,, Ty = Te. The rotor angular displacement measured with respect to a
reference axis which rotates at synchronous speed is given as

— 1 D T 8]

where¥sm IS the synchronous speed of the machine in mechanical radians per
second and, is the angular displacement of the rotor in mechanical madigh
respect tadhe synchraously rotating reference axis.

Thefirst and seconderivative of equation 5.3 above are given as
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o a )
Q0 | Q0 v
Q— O .
®» v

Substitutng equation 5.5 in equation 5.2 results in
Q]
o
Recalling that poweiR) is the product of the torqué&)(and the angular velocity
(), introducing a new denotation for the rotor angular velocity (tefeguation
5.6) results in the following equation

o

Q0
. Qf . x
- U U V) U

0 -5 &
where P,, P and R are the accelerating, mechanical and electrical power
respectively. The coefficierdt % is the angular monmtum of the rotor, which at
synchronous speed is denoted My the inertia constant of the machirihe
resuling equation 3 is further normalised in terms tfeunit inertia constart,
defined as the stored kinetic energy at synchronous sheieléd by the rated
apparent power of the gelatar, Syacn[18, 92]as expressed in equation 5.10

v oYy Y V&

] L

<2

3} ,Qél 5 4 5 &)
0] 'EI‘) 9] 9] U U
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(@) EY— EY Ufﬁ) Tt

Substituting equation 5.9 into equation 5.8 yields
COQ] 0 0 U

1 ™ Y Y

Rewriting equation 5.11 and expressing in per unit (for unit consistency) results
in

¢'0Q] »
T u U ) UP C

LB p
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Dynamics of Synchronous Machine Rotor

Equation 5.12 is known as the swing equation of the machine due to its
representation of rotor angle swings during disturbarjt8 It is also a
fundamental equation in &ty studies that governs the rotational dynamics of

a synchronous machir@2].

5.2.2 Power-Angle Equation

The powerangle equation is a useful expression tihedcribes the relationship
between the output power of a machine and its rotor &b2#}. It is a nonlinear
relationship, which is esseal in sysem stability analysi§l8]. The relationship

is illustrated usinghe two-machine system below. The synchronous generator,
GS is assumed to be connected to a motor (large load), M through a transmission
line with inductive reactanc, and negligible resistance and capacitance.

Machine 1 Machine 2

Line

Eg Em Er Ewm

Figure 5-2: Single Line Diagram and Model of the Two Machine Sy$i&in

The power transferred from the generator to the motor is a function of the angular
separation between the two machines and is given by
5 22 6gd 0B o
0] —
()
whereXt = Xg + X_ + Xu

Equation 5.13 is known as the powvargle equation, which is a sinusoidal
relationship, implying no power transfer at angle zero. Increasing the andts resu

in a corresponding increase in power transfer till the maximum power is reached
at angle 90°. A further increase in the angle beyond this point results in a decrease
in the power transfer. The maximum power is thus directly proportional to the
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internalvoltages of the two machines and indirectly proportional to the collective
reactanceywhich isthe reactance of the transmission line and the machines.

5.2.3 Equal Area Ciriterion

The equal area criterion for stability is a graphical appr¢seh figures-3) useal

in analysing the stability of the two machine sys{é&8], [93]. For this analsis,

a threephase shottircuit fault is assumed to occur at a bus, which is cleared after
a certainperiodwithout disconnecting the transmission equipment.

A
P

P,- prefault

P, - postfaull

P, - during
fault

»
>

4 7
Figure 5-3: EqualArea Criterion of a Power Syem[18, 93, 97]

Asthepower angle increases from steadystate operatingointpast 90to 180,
system voltage rapidly decreaséspower angle of 180indicates the power
system has lost synchronism and a total colléyseccured Reference cabe
madeto [18, 93, 97]for details to theequalarea criterion.

5.3Voltage Stability Analysisof the NITS

Voltage stability analysis has become an essential part of the routine planning and
operation of a power systeifihe analyss ofvoltage stability igperformedusing

static and dynamic stabilitgnalysis methods. Conventional load flow methods
and algebraic equations are used in static analysis whiledtmain simulations

are used to solve ndmear equations of the system in dynamic analfi2$].

Using both voltage stability methods is essential in identifying the right balance
between the static and dynamic reactive power sources as the dynamic reactive
sources have the capability of acting teed the risk of voltage collapse in
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instance where the static reactive sources are not fast enough to int¢i@&je
The use of both methoddditionally provides an overall and accurate assessment
of the voltage stabilitpf theentiresystemaspresentedbelow.

5.3.1 Static Voltage Stability Analysis P-V Curves

Steadystate voltage stability analysis utilizes power flow equations to identify
the equilibrium points of theetwork It is the most common means of assessing
the satic voltage stabilityf106], which alsoprovides additional information on
the sensitivities and the degree of instability.

As part of the main instruments for analysing static voltage stabilityc&rves
use load flows to determine the maximum power that can be transmitted to a
chosen load or group of loadsigure 54 present dypical RV curve, which

provides informationon the voltage variation (decreases) with changes in active
power transfer.

.

3

Voltage (V)

» Knee Point
Critical Voltage P

ECriticaI Power
: /Transhir

Active Power (MW)

Figure 5-4: Typical RV Curve of a Power Systdi8, 106]

The RV curves also known as nose curves are used to identify the static stability
margin of a part of or the entire power system. The curves are obtained by
incrementally varying the power flow to a bus and recording the corresponding
bus voltage until the load flonogs not convergl06]. This point is known as

t he -phhnaed ofritidallpeaverdransfer)eeyond which any further
increase in power results in voltage reductiim.e  6fkmieret 6 of t he
serves as thdéoundary between the stable and unstable operating regions.
Operating points above the knpeint represent the stable region while points
beneath the knegoint are the unstable operating points. The critical bus in the
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network, whichis most vulnerable to voltage instabilisyalso identified with the
P-V curves.

The critical power transfernis used as an indicator indlstatic voltage stability
analysisusing RV curves This is defined as the maximum power transfer in the
network,beyond which an increase in power leads to voltage instaliatger
critical power transfey are indicative of atablenetwork P-V curves developed
for the critical buses in the NITS for all scenarios are shovigure 5-5 below.
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Figure 5-5: P-V Curves of the Critical Bus in the NITQ\l Scenarios

The figure shows an improvement in the load transfer capability of the NITS
across the scenarios despite the reduction in the bus voltage of the asglzal.b
Critical power transfers of 1,991 MW, 3,014 MW and 4,068 MW were recorded
respectively for the three scenari os,
instability increased with a potential voltage collapse. Although increasing critical
power transfer is indicative of an improved voltage stability of the NITS, the
actual point of instability of the network could be hidden by the installation of
additional shunt capacitof87] as was done in these scenariOperating the

power system near the critical demand thus leads to a decrease in system voltage
even with asmall increase in demand.

Although the loading lim&in the NITS improvedgrid lossesand line charging
(charging currentdncreasedssea in Table5-1.
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Table5-1: Summary Static Voltage Stability dalysis using P/ Curves

Scenarios  Critical Power Grid Losses Line Charging
Transfer (MW) P (MW) Q (MVAr) (MVAr)
S1 1,991 86.50 68.48 -677.09
S2 3,014 179.79 519.59 -1,017.27
S3 4,068 303.13 1,536.42 -1,028.42

The increasindine charging are indicative of increasitrgnsmission lossas
the NITS as the loadabilitpf the NITS mproves

5.3.2 Static Voltage Stability Analysis: QV Curves

Q-V curves aralsoused in voltage stability analysis to determine the sensitivity
and varation of bus voltageaused by changes feactive powe(injection and
absorption. The curves are developed for the critical buses in the ne{@dfk

and are used to identify their respective reactive power margins to voltage stability
[106, 130] i.e.the amount of reactive power required to maintain the bus voltage
at thespecifiedlevel. Below is a typical €/ curve which shows the reactive
power margin (RPM) andosepoint. Operation to the right of theosepoint
represents stable operation as increase in reactive power results in a corresponding
increase in voltage. Operation tioe left of thenosepoint represents unstable
operation as voltage reduces with incnegseactive powefl18, 130] Thenose

point, which represents the minimum reactive power required for stable operation
also indicates the voltage stability limit of the network.
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Figure 5-6: Typical QV Curve[131]

\/

The reactive power margin (RPM) is used as an indicator in the static voltage
analysis using € curves.The RPM is defined as the amount of reactive power
required (or available) to maintain voltage stability in the netwtirks the
negative value of the reactive power output atrtbsepoint [LO6]. A positive
RPM valueis thusindicative of a stable system while a negative RPM indicates
an unstable systend system with thenosepoint above the horizontal axis is
reactive power deficient and may require additional reactive powmiaiotain
system security and reliability order toprevent voltage collapse. On the other
hand, if thenosepoint is below the horizontal axis, the system $@wereactive
powermargin(equal the distance to the axiBlonetheless, aystemwith some
margin may still be reactive power deficiemmtepending on the desired margin
[131] set by the system operatdihe nosepoint, which is the minimum point of
the QV curve (where dQ/dV = 0) is also known as the critical point.

Figure 57 shows th&)-V curves developed for the critical buses in the NITS
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Figure 5-7: Q-V Curves of the Critical Bus in the NIT\l Scenarios

RPM values of 65.43 MVAr, 57.50 MVAr and 13.45 MVAr were recorded
respectively foscenariosl, 2 and 3Adequateeactive powemarginis however
required toaccount for variations in network conditionBhe figue shows a
reduction in the RPM, whicis indicaive of an increased risk of voltage collapse
in the NITSin thelatterscenariosThe bugarin scenario 3 with the lowest RPM
is considered the weakest amongst the criticabdmssThe correspondingritical
voltagess presented in the table adldovs:

Table5-2: Summary Static Voltage Stability Analysis using\QCurves
Scenarios Critical Voltage  Reactive Power

(p.u.) (MVAr)
S1 0.528 -65.43
S2 0.502 -57.50
S3 0.704 -13.45

As lowervoltages are indicative of the reactive power need of the network, the
table shows that even with the existing RPM in the NFE®&( tofigure 57), the
NITS is still reactive power deficient.

5.3.3 Dynamic Voltage Stability Analysis

Dynamic voltage stabiljt analysis is a time&lomain analysis used to show the
trajectory and behaviour of thmowersystem after a disturbance. Disturbances
such adoss of generators and transmission lines as well as system lilaeilts
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shortcircuits are used to assess the vgéastability of the network. Dynamic
voltage stability analysis reveals the transient and/or-teng stability of the
network and isperformedwithin a few seconds to tens of minutes to allow
adequate time for the reaction of the necessary controllesyisem is thus
considered stable if the tirdmain simulations reach an equilibrium after the
disturbance (postontingency after a finite time period)32].

In this thesis, thedynamic voltage stability of the NITS wasvaluatedby
simulating the loss of loadnd transmission lines andhvestigating their
respective effectsThe duration and amplitude of the oscillatimere used as
indicatorsfor the stability analysisThe duration of oscillation describes the
length of time between the periods the fault occurred and when the voltage or
rotor speed is daped (begins to settle into steady state). The amplitude of
oscillation also describes the largest magnitude attained during the oscillation.

The stability criteion for this indicator ighatthe longer the rotor speed/voltage
oscillates around the steadtate value during a disturbance, the more unstable
the system is. Larger oscillation amplitudes (larger deviations from the steady
state value) are also indicative of instability. These imply that a system is
considered stable when the steatigte valués reached in a shorter time or when
the deviation of the oscillation from the steadgite value is the least.

Loss of Load

To simulate the effects of the loss of load on the voltage stability of the Nig'S,
ten largest loadmaking a total of abolB60 MW (single largest load beingld

MW) were taken out of service at time = 1 s during a simulation period of 15 s.
The figure shows a snippet of the NITS with the locations of five of the largest
loads in the network.
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Figure 5-8: Overview of the Five Largest Loads in the NITS

Figures 5-9 to 512 show the resulting bus voltages and generator frequency
during the loss of the largesingleload(load 1 inFigure 58) in the NITS
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Figure 5-9: Bus Voltage of Load Bus during Loss of Load
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Figure 5-10: Bus Voltage of 161 kV Connectedthe LoadBuses during Loss of Load

The sudden loss of load in thetworkresults in the shoiterm ovefproduction

of power from the generators, which lead to a temporary rise in generator speed
and system voltage. The generator excitation reacts within a few seconds
following the loss to restore the voltage by regulating tekl fcurrent to its
excitation systemlhegenerator excitation responded to the change in vattage
decreamg its excitation current to stabilize the voltage. The voltage incrisase
then sensed by the AVR, whicbausesa reduction in the excitation wabe
(current) in an attempt to restore the voltage to the initial value. The decrease in
excitation current in response to the voltage increase from the load loss was
sustained throughout the simulation period as long as the voltage was higher than
the intial voltage.

The figure indicates a newscillatory profile inscenario 1, whilghe voltages in
scenarios 2 and 3 are oscillatory with lower amplitude as was shown with the
steady state analysis in chapteDe to the size of the loads lost, the busba
voltages inscenarios 2 and 3 kept oscillating after the voltage rise and did not
settle to steadgtate within the 15 s simulation period. IncreasedoRietration

in these scenarios also led to a reduction in system inertia, which accounts for the
oscilatory voltage profiles. The reduced inertia thus makes the network prone to
instability as seen from the inability of the bus voltages to attain stetady

within the simulation period.The resultingfrequency of the generators as
follows:

95



Voltage Stability Analysis of the NITS

50 1 Frequency Akosombol
. ‘ |
< ——Scenario +—Scenario 2— Scenario 3
N 50.0
<
o 50
8 —\___———
F~49.9 i

49.9 : ‘ ‘ ‘

0 2.5 5 .7.5 10 12.5 15
Time (s)
50.1 Frequency Akosombo2
. ‘ ‘

/1\75().0 ——Scenario —Scenario 2= Scenario 3 |
T
o 50 -
2 ——
499 i

49.9 ! | I | B

0 2.5 5 7.5 10 12.5 15
Time (s)

Figure 5-11: Frequency of Slack Generator during Loss of Load

Figure 511 shows that the behaviour of the slack generator in response to the load

loss was poor inscenario 2. As previously seesgenario 2 has the least
conventionalgenerationto RE generatin ratio, translating into a reduced
response from the convigonal generation units during system faults. Due to the

reduced number of conventional generating units in this scenario, the slack
frequency increased to approximately 50.1 Hz to accommodate the frequency

excursios in the network. The corresponding dreency profile of the generator
connected to the load bus is presented in figut@.5This generator was not in
operation in scenario 1 and thtre frequency profile will be shown for only
scenarios 2 and 3.
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Figure 5-12: Frequency of Generator connected to the Load Bus during Loss of Load

The figure shows oscillatory frequency profiles in both scenarios with a higher
frequency amplitude irscenario 3 due to the load sizZdotwithstanding, the
frequency magi n f or nor mal operation in the
not violated in any of the scenarios.

Transmission Line Loss

A threephase shottircuit fault on the critical transmission lines cleared after 150
ms (by isolating the lingwas used tsimulate the line loss the NITS. The
simulated shortircuit fault occurredat 1 sfor a simulation period of 15 Sample
results of sbawvoltages angeneratorotor angls examined during the line loss
are presentedas follows. The critical transission line was not imperation in
scenario 1, hence results farenarios 2 and 3 will be presented.
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Figure 5-13: Voltage Profile at the Sending End of the Line during a Transmission Line Loss

Following the line outage, adjacent transmission lines became overloaded, which
increased the reactive power losses, leading to a sudden reduction of voltage. In
response to this, the generator excitasigmalledan increase in the field current,
which led to a temporary increase in reactive power to support the system voltage.
This however is not sustained for a long period as the generator protective systems
like the overexcitation limiters act to force the generators back within their limits,
especidl to prevent an overproduction of the field (excitationjrent wherihe
voltage is extremely low. While the generatmreaseseactive power production

to restore the voltage, additional reactive power flows through the generator
transformers, which increases the line loss and leads to a reduction in voltage,
hence the unequal pfault and posfault (steadystate) voltages.The
corresponding rotor angles of selected generators in response to the loss of the
critical line is shown irFigure 514.
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Figure 5-14: Rotor Angle of Selected

Generators during the Transmission Line Loss

The figure showsthe rotor angle of the generator with respect to the local

reference generator. It is observed
3 deviated more from the reference

that the rotor angles of generaéoenario
generator th&enario 2. The rotor angles

oscillated shoty after thefault, but the oscillation gadlamped and finally settle
to steadystatewithin the 15 s simulation perio@he behaviour of the PV units

in response to the transmission li

ne loss was also investigetedresulting

reactive power profilesfd®V unitsin the vicinity of the critical transmission line

is presented ifrigure 515.
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The figure confirms theesponse of the PV unitiuring the lossof the critical
transmissiorine in the NITS. The increasl values in scena 3 is associated
with the larger amount of power transmitt@acreased power exponyith that
transmission line.

5.4Transient Stability Analysis

Transient stability is the ability of the power system to maintain synchronism
during large disturbances, duas equipment and line outages, bus faults and
cloud cover in case of PV generation. The time frame of interesh is fdllowing

a disturbance, which might be extended @20 s depending on the system [18].
The severity of transient instability depgksnonnetwork properties (such as the
size of existing generators and available system inertia) and the nature (type,
duration and location) of the disturban@ée reduction in system inertithue to
increagdPV generationn the NITS makes thetor angle stability analysistal

in the operation of the network.

The transient stability of the NITS was investigated by applying a-fiirase
shortcircuit fault tothe criticaltransmission linesThe shorcircuit fault, which
occurred at 1 svas cleared after 150 ms for a simulation duration of 15 s. In
addition to the critical clearing ti{€CT), themaximum deviation of rotor speed
(similar to theamplitude ofoscillation but specifically for roteangle)will be
usedas indicatordor theassessent

The CCT is defined for a given fault as the maximum fault clearing time within
which the system remains transient stable. For a power system to remain stable,
the given fault must be cleared or isolated from the systeninvitle CCT. A
system is considered unstable if for a given fault, the fault clearing time is longer
than the CCT.The maximum deviation of rotor speed descrilies largest
deviationof the rotor speed during or after fadllarger deviationgor a given
clearing time indicates a lower stability margin.

For the transient stability analysis in the NITS, a fault clearing time of 150 ms
was used, which implies that for the network to be transient stable, all faults must
be cleared within the fault clearing time. The resulting CCT for the NITS is
summarised in tablg-3 as follows:
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Table5-3: Critical Clearing Times of the Scenarios
Scenarios  Critical Clearing Time (CCT)

S1 0.377
S2 0.124
S3 0.132

In addition to several transmission line overloads recqrtleel least CCT
recorded foscenario vas 0.377 9.124 s foscenario 2nd 0.132 s fascenario

3. It is concluded thatcenarios 2 & &re transient instable for the given lines as
the CCTs are lesser than the 150 ms fault clearing time used. Baghd on
calculated CCTsscenario 1s considered transient stable as its least CCT is the
longestamong the other scenarid@ample profiles of the generatmtor angle

are shownn figures5-16 and 517.
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Figure 5-17: Generator Excitation Voltage durirg ThreePhase ShofCircuit Fault

Figure 516 shows an osddtory rotor angle profile, which gets damped in
scenario 3. This is as a result of the increased number of conventional generating
units inscenario 3, which contribute to a higher system inertsg@mario 3With

a good amount of inertia in the netwptke network is sustained during faults.
With reduced inertia however, the same fault becomes critical as system
frequency drops below the 49.5 Hz band before the primary frequency control
fully sets in.

x Thevoltage andransient stality of the NITShavebeenanalysed using
P-V and QV curves (for static voltage stability) and tirdemain
simulations (for dynamic voltage and transient stability).

x The critical power transfarsed as indicator in the analy$§isV curve)
increased fromscenario 1 toscenario 3 which is indicative of an
improvemenbf the loadability margin and thstaticvoltagestability in
the NITS. The enhancedstatic voltage stability could however devi:
from the reality as the real point of instability may be altered by
installation of reactive compensatidevices Despite the improvemet
in the loading limits, grid losses and line charging increased

x  The static voltage analysis usititge QV curvesshowed a reduction i
the reactive power margin (RPM) over the years. The NITS in scen
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was identified as the most vulnerable to voltage instability as a |
RPM is indicative of an increased risk of voltage collapg$es implies
that the reactie power demand of the NITS should be balance
demand increases over the years.

The dynamic voltage stability of the NITS was assessed by simu
the loss of loadand transmission line. The loss of load in the NI
revealedscanarios 2 and 8o haveoscillatoryvoltage profiles during the
loss of load which is attributed tohe reduction in system inertia due
the increased RRenetration The reduced inertia especially in scen:
2 (least system inertia) resulted in higher frequency amplitude of the
generator during the load loss.

The rotor angles of generators in scenario 3 deviated more fror
reference generator than in scen2 during theéransmission line loss

The transient stability of the NITS was analysed using the critical cle
time (CCT)andthe maximundeviation ofrotor speed for a threghase
shortcircuit fault. CCTs of 0.377 s, 0.124 s and 0.132 s were dedk
respectively forscenarios 1, 2 and ®nly the CCT forscenario lwas
higher than the 150 ms fault clearing time used for the simulation, m
scenario 2 and Bansient instable.

Based on the network development plans and infrastructural ch
associated with the RE integration in the NI$&nario 2s estimated tc
be the most vulnerable scenario. This is dutstiargest inertia deficit a
a result othe lower number of carentionalgeneratorgroviding inertia
in the network.
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6 Stability Enhancement Measures

Results ofthe sthility analysis, which identify different forms of instability for
different conditions in the NITS confirm that a power system may be stable for a
particular disturbance but unstable for the oiewas presented [h26]. Based

on this, itbecome§ i mpr act i c al and uneconomical
stabl e for ever Yyl26p With segabds tdhe slabilgytamalydisa n ¢ e €
presented in the previous chaptaethodgor enhancinghe voltage and transient
stability in the NITS will be discussed here. As no one stability improvement
measure is adequate for the netwdrls necessary to recommeadombination

of different methods for effectively maintainitige stablity of the network under
different conditionsTaking into consideration existirigchnical and economic
constraints in th&ITS, only measures thare economial androbustand are
suitable forGhan® setworkwill be considered.

6.1Power System Stabilizes

The power system stabilizer (PSS) is a supplementary control and protective
feature of the excitation system which usesiliary stabilizing signalgn its
controk[18, 52] It supplies additional input signals such as frequency, power and
shaft spee@b7] to the regulator to improve oscillation damping so as to emhanc
the dynamicperformanceof the network. The auxiliary signals are used to
produce a damping torque in phase with the rotor speed deviation (oscillations),
which are added to the generator rotor. The BBS8provides supplementary
control toboththe aubmatic voltage regulator (AVRandthe turbinegovernor

of the generating unit52]. A signal sensor, low and high-pass filtes, phase
compensation, gain and limitearm the main components of the PSS

Input Output

Signal | signal Sensor and Signal Washout Phase ) - Signal
—> ) . . ! Gain Limiter —
q Low-pass Filter High-pass Filter Compensation Vpss

Figure 6-1: Major Components of the Power System Stabilizer 54

The input signal to the PSS could be #uotive power output of the genetat

generator output frequency or rotor (shaft) speed devifgRin[54]. The output
signalwhich is fed into the AVR as thauxiliary signalis the Vpss A block
diagram with the transfer functions of the individual blocks is shoviAigure 6-

2 below
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Figure 6-2: Functional Block Diagram of thBower SysterStabilizer[18, 52, 133]

Thesignal sensor blockalso a firstorder lowpass filter is used to filter the input
signal to the PSS.

The signal washout blocks a highpass filter which eliminates low frequencies

in the signals, allowing the PSS to respond to the appropriate changesalt ha
time constanilyw, whichis required tdbe long enough (betweers and 20s) to

allow the signaldo pass through unchanged. A washout time constant of 10s is
however considered for an optimal improvement in system stafif@$]. T,

values should however not be extremely long to cause undesirable excursions of
the generator voltage during islandii§].

The phase compensation circuiisually made foa phasdead compensation is
used to compensate for the lag betweengieratorelectrical torque and the
exciter inpuff18, 133] Two or more firstorder blocks are often used in practice
for the appropriate compensatiofthaugh a first order blocks sometimesise.

The gain block which comprises the stabilizer gain determines the amount of
damping to be produced by the H38, 133] The gain of the PSS ranges between

1 and 50[134] and should be set to a value that corresponds to the maximum
damping, although sometimes limited by other consideralik8is

The limiter proportionally reduces the output signahen the prescribed
magnitude is exceed¢d?].

Although the use of the PSS in enhancingeysstability has been proven to be

a costeffective method52], few generators in the NITS are equipped with PSS,
most ofwhich arecurrently not in use. Despite, based on the objective of this
thesis all generatorsvill be equipped with the STAB2A PSS modelevaluate

their impacts on system stabilitthe STAB2A moel is a power sensitive
stabilizer, which produces a supplementary signal by introducing a-lgsmke

into a signal, which is proportional to the power output measured at the generator
terminals[56]. This model is a duahput stabilizewhich derives the stabilizing
signal using a combination of the power and speed. Details of the STAB2A PSS
model can be found ifb4, 57]
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With the PSS in operation, a thrpkase shottircuit fault on the critical line was
simulated at time t = 1s for a period of 15 s.

The resulting rotor angle of a sample generator is presenkéguires 6-3 and6-
4.
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Figure 6-3: Generator Rotor Angle with PSS

—_
OO

The generator rotor angle during a thpdase fault is as follows:
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Figure 6-4: Generator RotoAngle during a Thre®hase ShofCircuit Fault - with PSS
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The figure shows that the generator rotor angle swings are well damped by the
PSS in operation, which is also evident from the reduced settling times of the rotor
angles A comparison of the settigntimes with and without the use of the PSS is
summarised in the table below:

106



Power System Stabilizers

Table6-1: Comparison of Settling Times With and Without PSS

Scenarios Settling Times(s)
Without PSS With PSS
S1 11.46 8.78
S2 10.78 7.21
S3 13.42 8.21

6.2 FACTS Devices

Flexible AC transmission system (FACTS) devices are among the main devices
used in enhancing power system stability (damping power oscillation and
improving transient stability) in addition to their major function of controlling the
flow of power in a powesystem[74, 135] FACTS devices are mainly power
electronic based and static devices that offer additional control of certain power
system paramters[135]. FACTS devices are grouped into the series connected,
shunt connected, combined serseses and combined shuseries devices.
Examples of the FACTS devices include among others the Static Var
Compensator (SVC), Thyristor Controlled Series Compensator (TCSC), Static
synchronous Compensator (STATCOM), StatiSynchronous Series
Compensator (S&3 and Unified Power Flow Controller (UPFC). FACTS
devices provide fast active and reactive power compensation in the pateen sy
and are thus used to provide voltage support, control power flow and inttrease
transient stability and oscillation dampgim the networf39]. The STATCOM

and SVC whoserimarymode ofvoltagecontrolare at the (criticallpusesn the
network will beconsidered furthan thisthesis Although FACTS devices can be
capital intensive, their capital investment and operating costs (maintenance and
losses) areftenoffset by the benefits they off§t35]. The optimumacation of

the FACTS devices in the power system is very essential in the efficient utilization
of particularly the existing netwof9]. The genetic algorithm method of solving
optimizationwill be used to determine the most reactive power deficient nodes in
the NITS The definednodeswill serve asthe basis for the placement of the
FACTS devices in the network.

6.2.1 Static Var Compensator (SVC)

The SVC is a shurtonnected FACTS device, which works as a static generator
or absorber whose output is varied to control specific system parafi8jeighe
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absence of rotating main parts and inertia in the SVCrasults t he t er m
[18, 135]in its name. SVCs have fast pemises (within 2B cycles), which enable

the fast control of reactive powgk35, 136] It is used to control voltage either
directly at the connected busbar or at a remote busbar. An aggregation of SVCs
and mechanich} switched reactors or capacitors whose output is coordinated is
known as a static var system (S{83]. The schematic diagram of a typical SVS

Is shown inFigure 65.
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| é
Izl é Transformer PT

LV bus
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() ()
Filter
S= thyristor or mechanically controlled switch

Figure 6-5: Schematic Diagram of a Static Var System (§48]

The capacitors in the SVS may be turned on or off in response to changes in
reactive power demand based on the loading condition in the network. The
thyristorcontrolled reactor (TCR) has the function of filo@ing the reetive

power produced by the S$37]. Several basic types of SVC exissaturated
reactor (SR), thyristecontrolled reactor (TCR), thyristewitched capacitor
(TSC) and thyristeswitched reactor (TSR), etc. which are combined differently
to form various compensation configurations used in the transmission network
[18]. Detailson theworking principle of tie SVC can be found ii8, 135 137].

6.2.2 Static Synchronous Compensator

The static synchronous compensator (STATCOM), also known as the improved
SVC is a FACTS device, which utilizes a voltagmurce(VSC) or currentsource
converter ¢ften aVSC) to provide shuntampensatiori39, 52, 59, 138]The
STATCOM is widely used for providing both steasiiate and transient voltage
control at different points in the power system. The schematic of a typical
STATCOM is shown irFigure 66.
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busbar

AVR

b

Figure 6-6: Schematic of a STATCOM based on a Voltage Source Conjatdr38]

The VSC has only a capacitor on its DC sitleeVSC seen in the schematic uses

a pulsewidth modulaion (PWM) controller with two control parameters m and

Y, for the magni AQ vwkagesespdctivehhThesA/R e f t he
included in the STATCOM teompensate the reactive power in the netwiisk

aimis to act on theontrol parameters (m and)o ensure an accurate change in
reactive powerThe compensator acts like a capacitor and sup@ative power
whenV,.>V; (in that case thicleadsV;). The compensator behaves like a reactor

and absorbs reactive power when whgsy< V; in which casd.:lags behind/)).

The AC voltage and current are defined by the following equations:

®w a@ Aifo @Airo 0]
o @ @
= TQ(’A‘) (p&

As a voltage regulator in transmission networks, an additional PSS is required to
effectively damp power oscillatiorjS2]. The STATCOM has been proven to be
more effectivdprovides better response)ow voltages thaits static counterpart

the SVC[74].

6.2.30ptimum Location and Size of FACTS Devices

Similar to the optimization problem presented in secli@ this section aims at
identifyingthe best five locations for reacticempensatin devices(in this case

the FACTS devicesh the NITS and their respective sizes. The genetic algorithm
(GA) method of solving constrained and unconstrained optimization problems is
used. The obpive is to minimise grid losses and ensure that busbar voltages and
equipment loadings are within defined limits at all timElse decision/control
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variables of the optimization are the MVAr outputs and locations of the FACTS
devices.

The objective functin for minimizinggrid lossesis expresset (6.3) as

Y "Odn 0:5)
The constraintdased on the bus voltage and thermal ratingseofrmsmission
lines are given as

ooy o

The GA starts by randomly selecting the initial values of the control variables
(MVAr output) which are within the maximum and minimumue@sas shown in
Table 62. The table shows the possible maximum sizes of reactive power
compensation in the NITS based@rh a nnetivark databasé&.he locations of

the devices are limited to only the 161 kV and 69 kV busbars in the NITS.

Table6-2: Sizes of Reactive Power Compensation Devices in the NITS
Reactive Power Devices Reactive Power, Q (MVAr)

Minimum Maximum
1 0 30
2 0 30
3 0 30
4 0 30
5 0 30

A Newton Raphson load flow isarried outto determine the totaystemloss

which is followed by a thoroughcheck of the optimization constraintdus
voltages andransmission line ratingsd ensure that they are all within the grid
code stipulated raye. The process is repeated until all constraints are met and a
minimum value of the gridlosses is obtained.The optimization process is
described by thow chartpresentedn Figure 6-7.
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Figure 6-7: Flowchart for the Optimization Algorithm

Sample esults of theptimizationfor scenario is presenteds follows:Results
for Scenarios 2 and 3 are provided in ta@&0in appendixE.
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Table6-3: Reactive Power Deficient Buses in the NiTSgenario 1
Scenario 1 (S1)

Simulation 1 Simulation 2
Bus ID Size (MVAr) Bus ID Size (MVAr)
Q1 1201 0.67 1003 24.52
Q2 1309 0.13 1007 5.45
Q3 1066 23.75 1309 5.08
Q4 1077 25.90 1042 0.61
Q5 1004 28.33 1004 28.03

The table providethe fivemost reactive power deficient busbars in the NITS and
theamount of reactive power required to maintain bus voltages and transmission
line loadings within the given limits. These busbars will subsequently be the
locations of the FACTS devices in the NI'Ehsbar 1004@5 in Figure 6-8) will
bethenceconsideredince it is also the busbar with the largest livaithe NITS.

777777777777777777 t—————
LEGEND East

330 kV

— 225kV

— 161 kV

69.5 kV

34.5kV

Q Def. Nodes

al Lome

Figure 6-8: Reactive Power Deficient Busbars in the NITS

Four of the five reactive power deficient buses are located in the seethqure
6-8), with only one in the north. Thigptimization result€onfirms the voltage
vulnerability of the busbars in the south of the NITS.

6.2.4 FACTS Devices inthe NITS

This section presents the effects of installing FACTS devices in the NITS. The
characteristic feature of the SVC for instance (which allows the capacitors to be

112



FACTSDevices

turned on anoff the capacitor in response to reactive power changes) makes the
SVC appropriat for use in the NITS.

SVC

With the FACTS devices in place, static voltage stability analysis usvguitl
Q-V curves was performed to verify the effecfsthe FACTS devices the
network.The followingfiguresshowthe RV and QV curveswith and witout
the SVC.
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Figure 6-9: P-V Curves for with and without SVVQ\Il Scenarios
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Figure 6-10: Q-V Curves for with and without S\VV@&Il Scenarios
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Thecritical power transfey increaseavith the SVC in the NIT&nd were better
than in the case without the SVC ($égure 6-9). This confirms the function of
the SVC in improving the power transfer capability of the netwdhe QV
curves with the SVC shoedbetter RPM than without the SV®@!ith the SVC in
the NITS, the networkcould withstandhigher loading and maintain system
operation aevenlower voltagesas seen in the summaryiable 64.

Table6-4: Summary Static Voltage Stability Analysis usiRgv andQ-V Curveswith SVC
Scenarios  Critical Power Critical Voltage  Reactive Power

Transfer (MW) (p.u.) (MVA)
S1 2,013 0.483 -76.21
S2 3,036 0.486 -58.68
S3 4,082 0.694 -16.73

Theinstallationof the SVC in the NITS increased the loadability of the network,
which confirms the results in the researcii3adf. Given thisthe implementation

of SVC offers he possibility to utilize more of the available power capacity and
sustain stable operation evdriaver voltages.

The impact of the SVC on the dynamic voltage stability was assessed using the
loss of load and transmission lifgimilar to the case withh SVC) Sample
results of thebudar voltage and generator rotor angle for the load loss are
presented ifrigures6-11 to 613.
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Figure 6-11. Busbar Voltages during Loss of Loadith SVC
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The figure shows oscillatolyus voltages scenarios 2 andahd a well damped
voltage profilein scenario 1The voltage of the busbaloser tathe SVC(busbar
New Tema)showed improved oscillation damping, which also confirms the
importance of the optimum location of the SVC in providing an effective
oscillation dampingThe corresponding generator frequency profiles are shown
below:

50.1 | \
—Scenario 1
Scenario 2
—Scenario 3
50.05 - =

Frequency (Hz)
D
(e]

49.95

0 2.5 5 7.5 10 12.5 15
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Figure 6-12: Generator Frequency (Slack Gen) during Loss of Loaith SVC

49.9 ‘ '

Figure 6-13: Generator Frequency (Closer Gen) during Loss of Loatith SVC

Figure 612 reveals a weldamped frequency oscillatioas the slaclduring the
loss of load with the SV@&an without the SVOwhich wasnore oscillatorywith
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