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Abstract

Lesotho is confronted with huge challenge of low electricity access, with 63.9 % of the population
lacking access to electricity. Lack of electricity impedes both economic and social development
However, Lesotho has abundant renewable energy resources that can be exploited through large
integration of renewable energy sources. The inherent variability and uncertainty of renewable
energy sources (sold&V and wind) creates both operational anémpiing challenges for the
power system. This results in the reluctance of the power system operators integlatgey

scale renewables to the national grid due to the power system stability problems. The
characteristics of the intermittent renewable engrgyenerators mandates that careful grid

impact studies be performed in ensuring that the power grid is operated stably.

Thethesis focuss on the impacof the Intermittent Renewald Energy GeneratorsREGspn

the powerstability of Lesotho electrical igr considering both solar photovoltaic (PV) and wind
generation at H&Ramarothole and Letsengggectively. The integration oREGs involves both
steady state and dynamic analysis of the electrical network. To this aim, the thesis assesses the
impact of he REGs on the stability dfesotho electricahetwork at transmission leveln
addition, maximum allowable penetration legelwere determined at the point of

interconnection

Load flow simulations were performed to assess the steady state perforn@rtbe electrical
network. Furthermorethe transient analysigwasperformed by applying the-Bhase short circuit

at the critical points of the network and observing how voltage, frequency and rotor angle
stability were affected and evaluated against gddde of Lesotho. Theimulations were
performed using DigSILENT PowerFacgoffware, which was used to model the electrical
network of LesothoThe maximum allowable penetrations for solaasabout 19% at substation

at Ramarotholewhile for the windt was fourd to be 27 at Letseng substatiomhe simulations
revealed tha increased penetration of theREGged to grid instability. Foall the simulations,

frequency stability was observexkcept for the penetration of 381W for solar farmThe voltag



violations at the Tlokoeng substation of 1.0p11. resultedfrom penetration limitof 52 MW
capacity ofthe wind farm at Letsenglhe solar penetratiofimit resulted from the rotor angle

instability asncreased penetration resulted in large rotor dmgscillations
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1 Introduction

1.1 Background

Advocacy for sustainable economic development coupled with the need for environmental
conservationhasresulted inaccelerated integration of renewable energy resources to the power
grids. Amongst the renewable energy resources solar and wind genets®iaken the lead

with the world wide capacitpf 398 GW for solar photovoltaic (PV) and 546 GWiatiin 2017

[1]. Improved technology and mass deployment of bottasend wind plants hasrought their

per unit cost downmaking them to be competitive with conventional power plaft$, [2].
Increased and successful integration of both wind and solar energy poses an inevitable challenge

to power system operats and planners.

The power generated by Intermittent Renewable Energy GeneratBEQ$ (solar or wind)) is
variable and not deterministic over thamge of timescales. This mak&EIGs different from the
conventional power (fossil fuels) which are dispetble. Successfultegration of REGs studies

and experiencesnto the electrical grid revealshat there is the need for fast balancing
generators, accurate short and long term weather forecasting and flexible md&efd]. These
changes require comprehensive anadysince the issues relating tBEGs integration into the

grid could be multifaceted and span different disciplinBlse European Union (EU) has pledged

to reach 20 % renewable energy penetoat by 2020 and 27 % by 2030 while Denmark pledged
50 % penetration by 2020 and 100% by 20&5@[7]. United States of America (USA) has set a
target of 27 % renewable energy by 2030 while states like New Jersey and California set the target
of renewable penetration of 50 % by 20[8). Continual integration of renewable energy sources
(RES) will displace conventional power plants and impose both technical and economic

challenges to the power grids.

Firstly,for successful integration oREGs the transmission network needs to be ugedaas the

solar/wind farms are usually in remote areas or at places with low population density. The



construction of long transmission lines could be costly and take long time to construct hence
investment in transmission expansion. In addition, poor @ofiramework makes it hard to

provide decisive direction on transmission network expansions and capacity.

The second challengelating to the integration of REGs is the flexibility of the power grid to
maintain the loadgeneration balance under differémgeneration conditiong9]. The variability

and uncertainty of the RES pose the main challenge to flexibility of the power grid aseRES a
constantly changing hence variable power generation. The variable power generation may result
in loadgenerationimbalance, whichmay compomise the stability of power grid. Aie load

generation imbalance mighte mitigated by fast spinning and balanchegerves.

Thirdly, IREGsffect power grid dynamics differently from the conventional power plants when
subjected to disturbances (electrical faults) as they exhibit different electrical characteristics. The
use of power electronics converters resultsacceptable grid connection using the low voltage
ride through capbility. Studies revealed thaREGs penetration level of more than 30 % is
possible without compromising the transient stability of the power sys{8m|[10]. But REGs
(wind and solar) have low short circuit ratio and contribute minimally to the power system
synchronous inertia as they are build using power electrofitsUnder higp IREGslow short
circuit ratio could resultin both frequency and voltagenstability, whichmay cause large

generators to triphencelead tocomplete system shutdown.

Lastly the issue of integratindREGs relates to the power market context. The new power market
needs to be designed such that it ensuresiopim scheduling of theREGs and conventional
power plants[11]. Optimum scheduling results in improved market efficiency and increased
power system reliability. Integral to the new power market is acaregnewable energy
forecasting as it provides efficient commitment and dispatching of the conventional power
plants. In addition, accurate forecasting of renewable energy generation improves the economics

of the power system.



1.2 Problem Statement

The peak load demand of Lesotho has been continually increasing yet its generation capacity has
remained stagnant. In 2018016 the peak load demand was 153 MW, 2@047 was 161.91

MW and the 20172018 was 166.91 MW12]c¢[14]. The generation capacity of Lesothash
remainedstagnantat 74.46 MW of which 72 MW is generated from Muela Hydro Power Station
and the rest is generated from the small hydropower plants across the co[iity[16] The

vast majority of the electricity is imported from South Africa and Mozambique. Most of the
households (64 % in 2014) rely on tiiemassas the source of energy for the daily energy needs

[6]. Biomass is considered unhealthy and environmentaiahdoug17]. The electrification rate

in rural areas bLesotho was 5.5 % while for the urban areas was 72 % in[28]L5

Lesotho has abundant Renewalilaergy Sources (RES) that barexploited to meet its energy
needs. Lesotho has unexploited wind energy cdpaufi 758 MW, 70 MW solar energy at -Ha
Ramarothole, 1334 MW pumped storage at Monontsa and 361 MW of hydro res{il8te
Further studies done by Mplolo et al suggest that the wind resource at Letsehgrae and
Masitise are 5.97 m/s and 4.93 m/s at 10 m above grdad, [21] Taele et al also argues that
Lesotho has an average horizontal glbbadiation of 5.5 7.2 kWh/n¥ which he claims to be

good for the erection of solar farm power plajg2].

In order for Lesotho to exploit its renewable resources, it has launched gaoheonnected and
off-grid solutions. In the Grid Develogmt Plan (20172036)Lesotho hasllocated M 150 million

per annum of which 80 % of it was budgeted for the grid expansion and 20 % of it would be
allocated for offgrid solutions[23]. Figurel.1 displays the present and the future electricity
transmission and distribution for Lesothunder the stateowned Lesotho Electricity Company

(LEC)
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Also, the Lesotho Country Action Agenda stipulated tlestho is aiming to haveé75 MW of
renewablesby 2030[24]. For the offgrid solutions Lesotho had finished the feasibility study on
mini-grids and energy centers for the districtsof Thaba S = a2 {1 K20t 25 | yR
These mingrids will serve as the pilot projects for the further development of the-grids in
Lesotho. In January 2019 Government of Lesotho (GoL) had launchealltfeg consultancy on

the Renewable Energy Grid Integration Study toestigate the impact of Intermittent
Renewables Energy GeneratorKRHEIGs) resources on the national gfitb]. The African

Dewlopment Bank (fOB) funds the initiative

Electricity access dresotho is around 36.1 % of which more than 50 % of it is impl@T¢[28].

The low electrification rate restrains the social and the economic development. The increasing
demand is met with the increased importetectricity, whichcompromises lte energy security

of Lesotho and result in the uncontrolled costly energy tariffs. Electricity access in Lesotho is
mainly achieved through grid extensiowhich calls for more power plants to be build.
Exploitation of the renewable energy sources remairesonly option for Lesotho to increase its
electricity accesss Lesotho lacks fossil fuelBhe vast majority of the imported electricity is

generated from coal in South Africa, which is environmentally hazardous and not sustainable.

4



Lack of technical veareness and relevant renewable energy grid impact studies inhibit the
employed oflargescaleintegration of renewable emgy sources (wind and sol&V). Utility

scale integration of the renewables has been the success for most countries where relevant
rigorous grid impact studies are conduc{@®], [30] The impact of utility scale renewables (wind

and solar) have not been investigated in Lesotho.

In response to the electricity challenges of Lesotho, the research project aims to assess the
technical impact of the IREGs on the Lesotho National grid. The emphasis will be on dynamic
voltage, frequencyand rotor angle stability as the penetrations of the renewables increase. In
addition, the steadystate voltage response of the will be analyzed. The study also acts as both
informative research document on system operators and the policy makers ireeaioag) the
electricity access. The research presents the practical andreagydology, whicleffectively
demonstrate the dynamical behavior of Lesotho National grid due to the integration of the utility
scale solar and wind power plants. The methodolaggd has the advantage over the energy
methods that use the energy functions that require the detailed mathematical system definitions

andassociated operating conditioi31].

1.3 Goals

The government of Lesotho has embarked on some tivia to promote and integrateREGs

into the main grid. This initiative will result in increased access to electricity and reduce the
dependence of Lesotho on imported electricity. The possible dowrmdithe initiative is that the
IREGs results in gridstability and may require new network caogdrations for them to be
accommodated. Based on this context the report analyses grid impzEfctREGs on Lesotho

electricity transmission network. The objectives of the project are to:

1 Simulate the power systemerformance and stability due taREGs integration to the
national grid.
1 Assess the maximum allowabRHBGs penetrations to Lesotho national electricity grid

1 Assess the impacts dREGs on grid stability and security of supply



1.4 Structure of the Thesis

The thesis hadbeen structured into fie chapters. Chapter 1 discussélde background
information pertaining the integratiorREGdIt briefly discussethe challenges thatasults from

the integration of REGs into the grid. Then the energy staititesothowasbriefly explained,
from which the problem statement is formulated and clear objectives of the thesismeuiThe
next chapter dealghe literature review. In chapter,2he overview of power stability is detailed
providing the necessary definitions pbwer system stabilitand major causes of power system
stability were discussedin addition, the stability assessment methods were briefigcussed
The following sections in chapter 2 explained the solar PV and the wind generation technologies
focusirg on how they generate electricity and the underlying fundamental equations for both
technobgies wereexplained.Having defined power system stability fundamentals and the
generating technology for theREGs, the methodology for carrying grid impact &sidvas

formulated and the results obtained discussed and major conclusions drawn.

2 Literature Review

2.1 Overview of Power System Stability

Since the invention of the electric power system bgomas Edison, power systerhave
continually evolved into compleand essential drivesof society development. The primary task

of the power system is to deliver the electric egye to the customers reliablywithin the
acceptable quality (voltage and frequency) and in an economic mgBagrPower systems are
operated over the interconnected transmission network, which links generators to the loads over
the vast geographical area spanning countries and regions in form of power pools. vie po
systems operators are faced with challenge to constantly know how the secdetiynés the
potential of the power system to survive disturbances without compromising customer sefvice
electrical power networksaries The power security problem ix&cerbated by the integration

of variable renewable energy sources, whaie preferred sources to meet the growing load



demand globally. To ensure secure operation of the power system the electrical network must

be continually evaluated such thgg3]:

i.  the security of the present state of the power system is known
ii.  how the security is affected if the power system is operated under different operating
conditions and configurations.
iii. what remedial actions need to be conducted to ensure the power system is operated

within acceptable limits.

To ensure securitythe power sysgm must be operated undestable conditions. Power system

a0l oAftAdGe A& RSFTAYSR o0& theability/oflthD elektrictpowirifor tBe2 N S
given operating condition, to regain a state of operating equilibrium after being subjectikd to
physical disturbance, with the system variables being bounded such that the entire system remain
intacté [34]. As depicted ifrigure2.1, the power system stability can be classified into rotor angle

stabilty, frequency stability and voltage stability.

Power System
Stability
Rotor Angle Frequency Voltage
Stability Stability Stability
Small-Disturbance Transient _Large- ~Small-
Angle Stability Stability Disturbance Disturbance
Voltage Stability Voltage Stability
| T | I
| | I
Short Term Short Term Long Term
Short Term Long Term

Figure2.1 Classification of Power Syst&tability Adopted from [29]




2.1.1 Rotor angle stability

The rotor angle stability analysis focuses on the ability of the synchronous machine within the
power system network to remain synchronized under normal operating conditions and after
being subjectedo the perturbation[34], [35] The rotor angle stability depends on the balance
between the electromagnetic torque and mechanical torque of the power system. If the
electromagnetic and mechanical torques are not aljinstability may occur due to the angular
swings of some of the generators which may result in loss of synchronism with other generators
[36]. Understeady statethe synchronous speed and the rotor speed of the machines are equal

and the power system is operd at the nominal frequency.

When there is no load connected to the output terminals of the generator, the stator and the
rotor magnetic fields are aligned and there is no power delivered from the generator. If the load
is gradually increased, the anghld & SLJI- N} G A2y 2F GKS &adlFd2NJ I yR
torgue and the electrical power is delivered to the load. The power transferred to the power

system (load). by the generator is given by:

0o 22 oai W
8 8
where! is the rotor anglekis the electromagnetic force (emf) developed from the synchronous
machine, Xis generator reactange%qis the equivalent reactance of the transmission lared
V. and M are the voltages at the power system and generator terminals respectively. The single
line diagram for the equivalemtetwork and a plot of how the power varies witbtor angle is

given inFigure2.2 and Figure2.3 respectively
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Figure2.2 Equivalent Netwrk of Single | Figure2.3 Power angle relation to real pows
Machine Infinite BusSystem. Adopted from adopted from [31]

[31]

From equation 1 anéigure2.3it is shown that as is increased so does the power delivered to

the load up to the point where the -Jwhere maximunP:is reached. As A & AY ONBI &SR
- the power delivered tolie load decreases and this leads to instab[#y]. In addition, from

equation 1 if Xeq is high the power delivered to the power system is reduced. HighheXults

from long or weakly connected transmission lines.

The rotorangle can be used to characterize the stability of the power systemtbatthe steady

state gability of the power system is attainefor ! UT i mtand unstable fof GT i T [35],

[38]. As depicted ifrigure2.3 small increase in P is migy the increase in the rotor angle. On the
other hand, if the increase in load results in the decrease in generator power the electrical
network experiences some instability. If the netk is operated such thht 61. g Tithe power

flows in the electrical network are altered. The alteration of the over flow in the electrical
network may lead to loss of generation or line disconnection resulting in voltage variations which

may cause theystem blackouts and damage the power system equipment.

Long transmission lines in weakly connected electrical networks between the generating units

and loads cause rotor angle instability. Also poorly coordinated voltage regulators, loss of major



loads orgenerators results in rotor angle oscillations that needs to be dampezkiyuio avoid
instability. The change in electromechanical torgD€: due to the disturbance is given EB5]:

Y6 6Y 6 Dw )
such thatd ¥ defines the synchronizing torque white Dwrepresent damping torque where

0 andO are the synchronizing torque and dampitagque coefficientrespectively.

The change in rotor angle and speed are represented/byand Dw respectively. Lack of
synchronizing torque results in aperiodic or nonoscillatory instability while lack of damping
torque results in oscillatory instab¥itFigure2.4 shows how the rotor angle stability is affected

by different combinations od andd 8

Stable Instable
Non-oscillatory instability

Ad AS

o " ) "t
Positive Cg Positive Cp Negative Cgs Positive Cp

Oscillatory instability

AdS AS

o %t o i
Positive Cs; Positive Cp Negative Cs; Positive Cp
Figure2.4 Power system response to small disturbance. Adopted from [31]

The synchronizing torque ensures that the rotor speed is maintained to the nominal speed by
applying torque on the shaft of the synchronous mach[B8&], [39] The rotor torque is
maintained by the excitation system, speed governor system and some generator control loops.
The damping torque reduces the oscillations of the rotor by providing damping thrthegh

damping windingf the generator which is relatively smg8b]. For meaningful detailshe rotor
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angle stability is classified as sndiiturbance (smalsignal stability) and largdisturbance rotor

angle stability (transient stability).

2.1.1.1 SmalDisturbance rotor angle stability

Small angle rotor angle stability focuses on the ability of the power system to maintain
synchronism after small perturbations resulting from load and generation imba[@4¢eSmaH
signal stability deals with the electromechanical dynamic effects of theep@ystem under
which the system equations can be linearized around equilibrium point without significant errors
after being subjected to small disturband@%], [36] The small disturbance stability occurs due

to lack of damping oscillations. Accurate evaluation of the sdistlurbancedepends on the
initial conditions prior to the disturbance, electrical network configioatand control systems

of the power system (excitation, power system stabilizers and voltage and frequency control

systems).

To solve stability problems relating to small signal particularly damping oscillations, modal

analysis is performed on the powsystem of interest. The modal analysis involves:

i.  Formulation of the dynamic matrix for the power system linearized near operating
point of the power system.

ii. eigenvalues determination of the dynamic matrix (stable conditions are indicated by
negative real prts of the eigenvalues otherwise the system is unstable)

iii.  characterization of the power system based on the eigenvdlels [41]

The main insthility problems encountered by power systems in relation to the ssighal

stability are summezed in Bble 1below

Tablel: Smalisignal stability issues

Instability problem Description

Local Plan{ Results from some group of the generating ur
Oscillations oscillating against the rest of the power system. ]

automatic voltage regulators (AVR) in wea

11



connected networks coulde the cause of sucl
oscillations. Power system stabilizers (PSS)
employed to povide adequate damping to eliminal

local plant oscillations.

Inter area model Mainly results from geographically isolatf

oscillations generators swinging against each other in
interconnected power system.

Control mode| Results from porly configured control system

oscillations within the power system (speed governors, Stz
VAr Compensators (SVC) or the field exciters).

Torsional modeg Results from abrupt changes from changes either

oscillations power grid or the mechanical machinery withihe

power plants.

2.1.1.2 Large Disturbance Rotor Angle Stability (Transient Stability

Transient stability referso the potential of the power system to maintain synchronism after
being subjected to large disturband@sl]. Under large disturbancéie power system equations
canno longer be linearized. The power system analysis for the large disturbance of the rotor is
carried out using the Differential Algebraic Equations (DAE). Large rotor angle instability results

from loss of major load, generatoos transmission lineFigure2.5 typifies rotor angle stability

after the major disturbancexperienced by the generator.

12



Rotor angle (rad)

Time (s)

Figure2.5 Power system response to large disturbance. Adopted from [30]

Case 1 indicateshe stable condition after the major disturbance where the rotor angle
oscillations reduce to stable state as the time progresses. Botls @aard 3 indicatthe unstable

case after the perturbation where ca® showshe first swinginstability while case 3 shovise
sustained critical stability and finally some instability after some few oscillations. The cause of

the instability could be the loss of dampingsynchronizing torque.

2.1.2 Voltage Stability

Voltage stability defines the power systé€nha@bility to maintain bus voltages within the
acceptable operational limits after being subjected to disturbance and in normal opef8dfn

[39]. Power system experiences voltage instability due to the sudden increase in the load, long
weakly connected transmission lines, or low generation capacity but the main cause of voltage
instability is the lack of the power system to supply reactive pdd2Jc[44]. Voltage instability

could be mitigated by empliing reactive power compensating devices such as shunt capacitors,

13



SVC, and uret load tap changinULTC) transformer.  Voltage stability is mainly classified as

large-disturbance and smatlisturbance voltage stability.

Smalldisturbance voltage stality deals with power system potential to maintain voltage buses

at nominal value due to small changes such as gradual increase or decrease of the load demand
[45]. On the other hand, largdisturbance stability deals it ability of the power system to
maintain voltage buses after being subjected to system faults such asflosgjor generator,

major load, or transmission line. In addition, voltage stability could be classified in terms of the
time duration as shorterm and longterm voltage stability. Shoitierm voltage instability results

from inductive loads such as motors and air conditioners while-teng voltage stabilityresults

from voltage control equipment such as generator cegcitation limiters and taghanging

transformers while close to the loaf46].

Critical value

y NN

0 !

Figure2.7 Current, Voltageand Power relation at
the load. Adopted from [31]

Figure2.6 SMIB representation of the
power system. Adopted from [31]
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To gain comprehensive insigimto the voltage stability problemFigure2.6 shows the power
system consisting of the single generator, transmission line and a load, which is normally Single
Machine Infinite Bs System (SMIBfigure2.7 shows the plot relating received real powep)P
and reactive power (§), and voltage across the load>JM-romFigure2.6 the current, voltage,

power and maximum power at the loadrminalare given by the following equations:

0O
0
D o« ox o ©)
WP ¢ oy ATTO e &
o H'O *
. o e o @
WP ¢ oy ATTO e &
- . (oY) .
6 p ¢ @ yATIO 0 ©
w AT+O w AT+O

(6)

Ca

cop ATIO - TOwé il « Ic

If&d H, o  and there is no current flowing through the circuit but @s decreases)
increases rapidly and slows down as it approaches the maximum value at On the other
hand "Oapproaches the maximum value whichthe short circuit O) while w decreases
exponentially. For the given value Of there exist two operatig points on either side of

the 0 . The left side operating zone corresponds to the high voltage value and low current
and is considered stable operating zone while tightizone is characterized by high current and

low voltage and is considered unstalps], [42]

Assuming the reactance of the transmission line (X>>R) where R is the resistance of the

transmission therw couldbe written as:
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® O QB (7)

Such thattomplex power (S) absorbed by the load is given as

Q o s L s
= CwAl O QO OE-l @ 8)
From equatiorB8
- Cw , . .
0 —— O E-l (9a)
W
. ®w Ow ..
0 — —AIO (9b)
@ @

Equations 9a andBdefine the power flow equations of the lossless transmission network and
provide the good approximation for the real network as R << X for the transmission p&jles

Eliminatinge from the 9a and B leads to:

@ c¢WO® O0Ow OO Tt (10)

Solving equatioriOfor w indicates how the reactive power and active power relates to voltage
stability at the terminal connected to the load. Plotting,(¥, and Q) in (V, P, @pace results

in the graph depicted ifrigure2.8.
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Geometrical locus

of the critical points

Domain of existence

of the solutions

Figure2.8 P, Q and V plot for SMIB power system. Adopted from [3

From the plot inFigure2.8 the locusof (critical points) of the marks the maximum permissible
complex power $nay) that could be transferred between the generator and the lagithout

losing stability Equally spprojecting the critical points to the-B plane gives permissible and
maximum reactive and active power that could be sustained by the power system without losing

voltage stability.

FromFigure2.9 and Figure2.10two famous curves namely-R curves and the @ curves can be
constructed and play pivat role in voltge stability analysis. Figurea&lepicts the voltage
stability limits and te maximum active power that coultk transferred byhe power system. In

addition, figure ® shows the €/ curve indicating the minimum reactive power requirememt t

maintain voltage stability. For the-Q curve stability is realized Wh(I:n UT 0 micritically

stablewheﬁ UT 0 mtand unstable Wheh DT o 1 [36], [47]
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active power limits if voltage stability is reactive power limits if voltage stability is
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2.1.2.1 Assessment method for the voltage stability

Voltage stability assessment methods generally classified o static (steadystate) methods

and dynamic methods. Static methods are based on load flow equations and assess voltage
stability based on the capacity of the power system to transfer the power under nominal
conditions and faulted operating conditiofé4]. Static methods provide the good results and

are less computationally intensive than the dynamic methods. Dynamic methodisased on

the Algebraic Differential Equations (ADE) and can capture both linear and nonlinear dynamics
of the power system. Dynamic methods need detailed models of the electrical network elements
to assess voltage stability hence they are more computatipivaensive than the static methods

[48], [49] In addition, dynamic methods are not normallsed in voltage stability assessment, as
they do not eveal stability levelFigure2.11 shows the voltage stability methods and their

subdivisions.
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Static methods I | Dynamic methods I

Linearized DAE Modified load flow DAE Dynamic Model
L mathematical model x= Xy
[Ax] = [Al[AX] 0 = gx.yu)
Modal analvsis | Existence of steady-state | Integration methods:
of the - solutions = trapeze method
state matrix [A] Continuation power flow * Runge—Kutta method
Bifurcation analysis — = predictor—corector method

|| Sensitivities analysis + variable step method

Identifying the Global methods:
point of collapse » bifurcations analysis
» chaos theory

Smallest singular value
of the
Jacobian matrix

Modal analysis of
reduced Jacobian [J,]

Large-perturbations stability

Small-perturbations stability

Transient Long term

Figure2.11 Voltage Stability Assessment Methods

Amongst the static method®-Vand QV curves are the most common voltage stability methods.
The static methods can further be classified into the loadvflmethods and steadgtate
methods. The load flow methods evaluate the maximum real and reactive power capacity of the
power system under converyy load flow conditiond36]. The load flow methods assess
performance index (PI) of the power system such that the/gr system is voltage stable when

Pl is less or equal to the threshold value (TH) and unstable otherwise. The steady state stability
evaluates the stability of the power system by assessing the ststatly dynamic equations
around equilibrium. Fundameat to the steadystate stability analysis is the sensitivity matrix (S)
which is formed from the linearized equations or the Jacobian mg&fjc[52]. The sensitivity

matrix reveals certain properties of the power system such that:
{ v 2y neonBi SADE & 6iEARG & Q
{ e dbs RévRLI ARG BE & 0IGARD & Q
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where 4 | is the group of matrixes with propert (determinant ofthe |, positive matrix,

diagonal matrix).

2.1.3 Frequency Stability

Frequency stability defines ability of the powsystemto maintain the nominal operating
frequency after the system is subjected to the severe unbalance between generation and load
[34]. The imbalance between the generation and load results in frequency deviation, which could
cause the synchronougenerator angular speed variations rotor angle instability. The change in
angular frequency causes the imbalance between the electromechanical torque and mechanical
torque. Frequency instability can be classified into frequency disturbances that resmitgHe
mid-term and longterm situations. Midterm frequency instability could be caused by lack of
genegating resources and may resuitthe islanded electrical power systeifa3]. The longerm
frequency instability may result from synchronous machine control systems (turbine governing
system, failure of the protection system) malfunction{b@)]. If the frequencynstability occurs

it can be controlled under different levels namely the primary control, secondary control and
tertiary control. Primary controltabilizes the frequency within seconds while the secondary
control automatically stabilizes frequency by balancing the generation and consumption. The

third level frequency controls the power system by providing some reserves or load shedding.

2.1.3.1 Frequency 8sponse of the power system
To gain better grasp of the frequency stability the simplified model for the swing equation with
governor droop is developed andan be extended to multiple interconnected area. The

electromechanical generator model could be repented by[35]:

C
CA

cO— O] 6 )
o

11
a5 || (11)
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such that H is the inertia of the machirie, andd represent the mechanical and electric torque
respectively. D is the damping of the machineand] are angular speed and rotor angle
respectively. The governors droop (R) defines the frequehepge of the generatofrom no

load to full load and is given by:

Y e (12

such thatY"Qis the change in frequency adD is the change in active power. For generators
with different drooping governors connected to the power system, they respond differently to

the change in load. The change in real power for two connected generators can be given as:

Y0 Yo (13a)
vy

e YO

o (13b)

LF GKS 3ISYSNIG2NE FINBE 2LISNIGSR Ay GKS Aaz2O0KNER
against each other in trying to control the system frequef4]. For multiple generators that
participate in frequency control connected to the power system automatic generation control

(AGC) is employed to ensure that frequency stability is maintained.

For the twoarea network shown ifrigure2.12 the change in frequency due to the load increase

can be written as:

Figure2.12 Load effect on two area network
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For the load increas¥) in area 1the change ipower couldbe written as:
Yo YooY Yy Qo (14a)
and in area 2

YO YO Y'QO (14b)

The change in mechanical power can be written as:

N AL 15a
0 ¥ (15a)
o YQ
i — 1
M v (15D)
Eliminatingyd andY0  from 14 using 15esults
Va p ) /A /A
YQ v O Yo Yo (16a)
And
o P o
yoo 0o ¥ (16b)
From 16the change in frequency is given
o Yo Yo
, , 17
p w © p w O I f
also
Yoo Py © A
Y0 Y T (18)
p. 0 p. 0 I I

Y
wherei 1 andi > represent the frequency composite of area 1 and areafpoectively.From
equations (14-18) [35] the increase in load results in the drop in frequenEgr large systems
with large number ofsynchronous machas, their inertia is high and they need substantial

change in active power for the frequency to change.
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For utility scalentegration of solaPV and wind, the conventional power plants play the pivotal
role in maintaining operational limitand stabilityof the power system as the renewables
generation power varies. The impact of solar and wind farms on the power systahikty have
been largelyinvestigated AnayalLara et al investigated the interaction of windfarms with the
power systencomparing Fixed Speed Induction Generators wind turbines and the Doubly Fed
Induction Generators wind turbing85]. The study was done on the simplified United Kingdom
(UK) electrical network. Anayaara et al found the integration of FSIGs comprise the power
system transient stabty more compared to the DFIGs following the system faults. The transient
stability of the Danish electrical networttue toincreasedutility scale wind power generation
was performed by the Liu et f86]. Liu et al found that the increasing penetrations of the wind
power in the Danish network results ireduced Critical Clearing Time (CCT) thus compromising
the transient stability of the Danish electrical gfieb]. This study further concluded that the
Danish elecical network can accommodate abo60 % of the wind power with the dvdic
countries disconnected56]. Munkhchuluum et al performed the transient stability on the
Reliability and Voltage Stability Test (RVS) system due to high penetration eP¥ofsower
plants and argues that increased penetration of the solar PV system resultsuiceettansient
stability[57]. In[57] the authors also pointed that the when faults are applied at less critical buses

the transient stability of the system was improved.

The impact of the solaPV on the voltage stability for the Canadian electrical network was
conducted by Tamimi et al whe they showed the voltage stability of the network was reduced
due to the increased penetrations of sola power plant$s58]. Further impact studies for the
solarPV on voltage stability eve performed by were performed ifb9], [60] indicating that
displacement of synchronous generators with the sét& plants leds to reduced voltage
stability. The impact of mulierminal High Voltage Direct Current (HVDC) windfarms on voltage
stability on the Netherlands electrical gndas performedby Ndreko et aindicating that the
voltage stability is dependent on thiault location [61]. Further studies on the 118us test
system revaled thatincreased penetrations of the wind farms worsens the voltage stafsily

On the other hand, Vittel et al demonstrated that integration of wind power improved the
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voltage stability{63], while Sajadi et al found that it reduces the line loadings hence improving

the transient voltage stabilitj64].

The intrinsic variability of the IREGs results in contineakgation loadmbalance, whictposes

some frequency stability challenges in the electrical network. The frequency response due to
faults on the Western Interconnectiof65] and Eastern Interconnectiofo6] suggest that the
integration of the wind power generation improves the transient frequency stability of the
network. Similar studies performed on the New England test system for the wind penetration of
40 % reveal that the frequency stétyi is dependent on the fault locatidé7]. This study further
suggests thiathe areas with low inertia weraffected most following the fault. However, Vittel

et al argues thiathe increased penetration of the DFIGs wind farms worsen the transient
frequency stability if the conventional power plants are display@8]. The research ark
performed by Alguthami et al on the 38us test system point out that the sol&V generation

of around 20 % results in frequency instability when the network is faulted and due to the
temperature and irradiance variatior69]® ¢ KS { 2dziK ! dza iNJ ft Al Q& FNB
increased solaPV integration demonstrated that the trip from sol@V plants rendersetwork

into frequency instabilityf70]. For the power, system with high penetration of RES the power
system inertia is low and load fluctuations may lead to the frequency instdl@ilify[72] Several
studies[73]¢[75] suggest that the use of energy storage systems reduce frequency fluctuations.
Furthermore, Morren et al argues that the blades of the wind turbine could be used to increase

the inertia of the wind turbine hence improve the wind powermlaertia.

The studies reviewed in the above literature are mostly done in the developed countries where
electricity access in already high. As such the integration of the renewables in this countries aims
to displace the conventional power plan@sainly coal}58], [68] In the case of Lesotho, the
study wishes to asseghe impact of the both solar and wind to the existing generation capacity.
Also some of the studies were conducted on the test systems or reduced the reduced electrical
models which may not accurately capture the dynamic behavior of the syém[67], [69]

For this researchvork, the impact of the renewables was done on the detailed electrical Lesotho
network. Unlike the studies ifb6], [58] where they considered either voltage or frequency or

rotor angle stability, this study examines the all stability phenomenon considering their relations
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asthe penetrations are levels are ireased. Additionally, the study considers the steady state

voltage as the renewables vary.

Despite Lesotho having the low electricity access of 36.1 % and good renewable energy resources
in form of solarPV and wind power generation, the impact of theireigtation to the grid has

not been investigated rigorously. As the first step towards thegrdgon of the wind power to
Lesothogrid Mathaba et al performed the resource assessment at Let$2@f From the
researchwork, it was demonstrated that the bannual availability wind power generation would

be 82.8 £ 6.7 %. The studlgorevealed that the wind power is mostly available during the August
and lowest in Marcii20]. The comparative study done by Mpholo et al found that the availability

of wind power for Masitise was 80 + 10 % while that for Sani was 75 +[24]%-rom both

studies it was found that Letseng and Sani fall under class 4 and class 3 category respectively
which make them suitable for grid integrati@0], [21] Masitise falls under class 2 category and

is suitable for the stand alone systerfZd]. The grid impact studs for both Letseng and Sani

had not been done. For this research woltlketseng washosenfor the grid impact studies due

to its close proximity to the grid. Taele et al state that Lesotho has good solar resource averaging
daily radiation of & 7 kWh/n? and the sunshine hours of 10¢2.3.8 hours which is good for the

large integration of solaPV plantg§22]. Further studies done byaele et al suggest that the use

of solar energy technologies in the rural areas will increase the energy access in J&sgtho
Though the deployment of standalone aplenergy technologies will definitely increase
electricity access, the study does not cater for the fact that the dl@ttraccess in Lesotho is
mostlydonethrough grid extensioand more than 50 % of the electricity is imporiétence this

study focugs on the impact of utility scale soiRV on the stability of Lesotho National grid

Understanding both solar and wind technology remain crucial in the integration studies.

2.2 Solar PV Technology

Among the solabased renewables the solar PV ranks the fose to its simplicity, low
maintenance and high reliabilitf77]. In addition to these advantages, the improvement in

technology and economics of scale had reduittee cost of PV systems. One of the reasons that
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has led to the massive utilization of the PV systems is the climate change as the PV systems are
pollution freeand renewable These advantages had resulted into PV systems being employed in
large gridconnected systems making PV systems play the pivotal role in the power generation as
opposedto the traditionalstand-alone systemsThe largescale integration of gridonnected PV
systems results in new challenges in management and operation of the mystms due to

the intermittence and variability PV power plarji&8]. Hene, for successful integration of the

PV systems accurate modeling of the PV systems and its power conditioning systems needs to be
fully understoodin orderto design and assess performance of PV systems on thd-gildre to
successful assessment of tR/ systems may led to grid instability hence compromising the

power system reliability, securityf supply and the power quality of the utility grid.

2.2.1 Photovoltaic Generator Model

At the heart of the PV generator is the solar cell build from tH¢ fanction, which uses the
photovoltaic effect to convert the solar radiation into DC current. The soddiris usually
modelled based on the single diode lumped circuit model which predicts and characterizes the
power production from the solar cells. Tistngle diode model is depicted Figure2.13 and
consists of current source ( converts light to current), diode representing #dgunction, and

series and paralleksistors that represent the resistive l09&9)].

Ry
NNN—e +
—_—
el
I v D g Ry v
- . —
Figure2.13 PV cell generator equivalent circuit
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The photovoltaic solar cells are connected together to form modules, and the modules are
connected together to form the PV arrays, which are connected together to provide thegdqui
power output of the PV system. The equivalent circuit for the solar module is constructed by

connecting a number of solar cells in parallel)@hd in series (N as displayed ifrigure2.14

below.

Np Ns
A~ NPRS
. ’ 2 ANN—e +
. e
1,
N 1Y ¥ .
Np Ipy, '\r'_g< _,'; Rp Vi
-1 | l o
Figure2.14 Generalized PV cell generator equivalent circuit

Mathematically the power from the solar cetan be derived using equation .19

© 00O 00 Qoo%p— 2 ﬂ p U—ﬁ ﬂ (19
w U U Y U U
where:
Table2 PV model parameters
Parameter| Description
Ia Current Output from PV array (A)
Va Voltage Output from P¥rray (V)
lph Solar cell photovoltaic current (A)
Irs Reverse current of the solar cell (A)
A Ideality factor of the solar cell
Rs Series Intrinsic Resistanae (
Re Parallel Intrinsic Resistanoe (
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Vrh Thermal cell Voltage (V= kTdq)
k Boltzmann Constant (1.3806528 J/K)
Tc Solar Cell Operation Temperature (K)
q Electron Charge (1.60228 Cb)

To find the aitput power from the equation 1%, ks Rs R, andA must be known and referred

G2 a aFADS LI NLIWBX BSASENIKSY OSSYFTNKE2NI Y2RSTE £
parameters, the solar isolation and temperature conditions largely influence the electrical
performance of the PV generator. PV modulenui@ctures normally provide the five parameters

under the known test @nditions such as the Standar@sk Conditions (STC) (solar radiation of

1000 W/n, solar cell temperature of 2%C, and air mass of 1.5) and undésminal Operating

Cell Temperature (NOT) (solar radiation of 800 W#ysolar cell temperature of 28C and wind

speed of 1 m/s]80]¢[82]. However, the operating conditions under which the PV generators
operate are different from the STC hence real performance of the PV system under real

conditions remain an interest.

Under the eal operating conditions, the photocurrent is related to the incident radiation (G) and

solar cell temperature ¢J by equatior20:
0 Q000 | ooy “O"O 20)
Such that:

Table3 Parameters forph Equation

Parameter| Description

fam Air mass which describes the solar radiation path through

atmosphere to the absorbing array

fia Angle of incidence of the solar radiation on the absorbing array
Isc Short circuit current aof the solar cell at STC

Misc Solar cell temperature coefficient

Gr Solar Radiation at STC (1000 \&Yym
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The air mass describ¢he path taken by the radiation beam before reaching the earth as it
passes through the atmosphere relative to the direct platingth [83]. The air mass accounts for

the solar radiation that attenuated through the atmosphere by scattering and atmospheric
absorption. The air mass can be computed from zenith angle which dependehe location

of the place and time. The angle of incident functifg) @ccounts for the optical effects of the
solar radiation as absorbed and reflected by the PV array in generation electrical energy. The
reflected and absorbed radiation largely dejyokon the angle of incident, which defines the angle
between solar radiation beam and the normal to the PV array surface. Detailed mathematical
equations describing the incident angle on PV array surface at any given orientation and time can
be found in réerenceg84], [85]

In addition to the incident angle and air mass, the performance the PV generator is distinguished
by the IV characteristics, whickare dependent on the cell temperature and the incident
radiation. The opertircuit voltage (¥Q of the solar cell varies thi temperature and solar

radiation according equation 21
W w p Y Y f (21
wherew is open circuit voltage at STIC; andt are the temperature and voltage correction

factors that are determined empirically.

Based on instantaneous values and 'O the solar cell current and voltage can be known
hence the output power of the module or PV array. Tvedurves showingow PV power varies

with irradiance and temperature are shownhigure2.15 andFigure2.16 respectively.

29



s | 1000 W/m?>
S 3.5 f1--- 800 W/m?
[ T 3 ||-- 600 wW/m? .
el 200 W/m?>
5 |- R S 2.5
= 1000 W/m? : B : 1
N I : L F e
3 H-- 600 W/m? : i 1.5
5 L 200 W/m?> i W 1 -'"_. 1i
Al | W os oA
o £ o ' ' i
(8] 0.2 0.4 0.6 (8] 0.2 0.4 0.6
vey (V) vey (V)
Figure2.151-V indicating how ¥, irvand Ry vary with irradiance under constant
temperature[86]
; 5 g
. -25°C |, g
e i e --0°c |
4-- 25°Cc | N
= = : r- 48
= i = 'o’
= 4r & :
5 2r T
25|
N e
- 25°C /«
s0°C | : H
0 1 1 i 0 H i H I
0 0.2 04 0.6 0.2 0.4 0.6
vpy (V) vpy (V)
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2.2.2 PV Power Conditioning

The power from the PV array is not compatible with the grid power since the PV array produces
the DC voltage. For the PV aragwer, to be compatible with the grid electricityadditional
circuitryis required so that the PV power synchronizes with the utility grid. AdditiqriayPV
power depends on the atmospheric conditions that are constantly changing hence some
conditioning cicuitry. To reduce the power variability to the grid from the PV system, maximum
power point tracking (MPPT) technique is employed and integrated into the power conditioning

system. The main function of the power conditioning systeto igject the power o the utility

without violating the power quality standards and grid code.
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The power conditioning circuitry can be classified into three categories depending on the number
of power stages employedrigure2.17, Figure2.18, and Figure2.19 displaythree different

power conditioning configurations namely single stage, dual stage and multistage topologies
[87].
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Figure2.17 Single Stage Inverter Topold@y]
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Figure2.18 Dual StagdnverterTopology[{87]
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Figure2.19 Multi StagelnverterTopology[87]

For the single stage topology both MPPT and inverter loops are performed in single stage, while

the dual stage configuration utilizes the IDC converter which acts as the interface between the
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PV array and the inverter. For the dual stage topology, théBMandles the MMPT while the
inverter deals DC/AC conversion. Lastly for the multistage topology th®@Converter
implements MPPT for each PV array string and theADCconverter handleshe DGAC
conversion. The duatage and multi stage topologies are normally employed ingpithected

PV systems as they provide better control strategies of both voltage, reactive and damping

oscillations.

Figure2.20 depicts the detailed model for the grAcbnnected PV system showing the details of
major block cormponents[79]. The PV panels amnnected in series and in parallel to produce

the DCvoltage that is feed DOC converter then to the utility grid through the step

transformer.
DC-DC Boost Three-Phase Three-Level Electric Utility Grid
Convarter Voltage Source Inverter
: ’ Step-Up PCC
Line Filtar Coupling

Transformer

Le

Lrz |
T

J

Co |+ I
TM{}DM = e

U I:N4:Ye)

Figure2.20 Detailed 3Phase grid connected PV Sys{@8i

The DEC power conditioning (PSide Converter (PVSC)) is commonly implemehyddGDC
topologies such as the buck, boostidi-boost and the futbridge DEDC converters. The PVSC
keeps the input voltage to the DAC inverter constant as the PV array voltage varies with the
atmospheric conditions. The voltage at the-BC inverter is kept constant by the switching
power devica (a rectifier diode and the power transistor) and the smoothing devices in form of
the capacitor (€) and the inductor ). The duty circle of the switching devices is continually
varied such that the input voltage to the inverter is kept near the MPRIeudifferent loading

and atmospheric conditions.
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The DEAC inverter (Grid Side Converter (GSC)) transforms the DC power from PVSC to the AC
grid compatible power. GSC is normally implemented ushigidtje for the singleohase grid
connected to the P\gystems and voltage source inverter for the thygease connedbns. The

GSC is builusing power transistors and switched diodes. Using the sinusoidal pulse width
modulation (SPWM) the GSC synthesis the sinusoidal voltage from different input voltadss lev
[88]. The ouput of the GSC is filtered to eliminate harmonics from the SPWM and then stepped

up through the transformer to the point of common coupling (PCC). The filtering circuitry must
be designed such that the total harmonic distortigreiss than 5 %. The governimgthematical

equationsfor the inverter are described in referencgg9], [90]

2.2.3 PV Generator Controls

The controls employed on largeeale gridconnected PV systems are classified into three control
levels namely external, middlend the interral control as showmiFigure2.21. The external
control determines both reactive and active power injected into the utility grid by theyB¥ém

[87]. The control is achieved through tame and active power control loopBhe voltage control

loop employs the voltagdroop strategy, which modulateshé reactive component of the
voltage, source inverter (VSI) usigdn maintaining the voltage at the point of common coupling
(PCCJ88]. For the stable and fast response of the reactive power loop the proportiatedral,

(P1) controller isused. The active power control loop matches the active power injected to the
grid with the active power extracted from the PV array. This is accomplished by the MPPT
strategy, which controls the input voltage of the inverter by adjusting the duty cifdleecoDCG

DC converter. The MPPT can be implemented using the fuzzy or neural networks algorithms, but

perturb and observe algorithm is normally employed.
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Figure2.21 Control Levels of-Bhase grid connected PV Sys{&

The middle levetontrol dynamically tracks the output reference valuesand iar) from the
external evel control[87]. The reference values are tracked by employing the current control of
the inverter insynchronousotating dq frame [91]. The PI controllers are used to decouple the
DGCside of the inverter and the A€ide if the inverter such that there is some power balance
from the AC and DC side of the inverter. The internal level control generates the switching signals
for the voltage source inverter insulatedate bipolar transistor (IGBT) based on the pulse width
modulation. The output of the VSI produces thepBasevoltage, whichis synchronized to the

utility grid power by the Phase Locked Loop (PLL).

2.3 Wind Technology

Increasedpower generation from wind resource nexgtates accurate modelling of the wind
variability forevaluation of the power systems performance analydibekinetic energy from
blowing wind is captured by the rotor blades and then convettethechanical eargy through
the rotating blades The rotor blades drive the rotor of the generator, which converts the

mechanical energy to the electrioahergy, whichs fed to the electrical gridFigure2.22 briefly
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illustratesthe conversionprocess ofhow the wind turbine converts the energy from wind to

electrical energy

Rotor
blades
— Generator
- Mechanical Connection
— drive train interface
| e
| ——
Flow energy X
of the air | . Electrical
! ! network
= — ! — — i
Kinetic Mechanical | Mechanical Electrical |
energy energy ! energy energy !
Conversion Transformation Conversion Transformation
Figure2.22 Main Components of wind turbired their components

The power of the blowing airgssng through the perpendicular area fswept by the rotor
blades)is expressed by equation 2¢hile the power capturd by therotor blades of thewind

turbineis given by equation 2[92].
5o (22)

T ﬁig”ébb 23

From equation 22" represens the air density, W represent the wind speed and, @ the
performance coefficient, which is the function of baihA LJ a LJISSR NI (A2 <
The power curve relates theutput power of the turbine to wird speed as depicted iRigure
2.23.
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Figure2.23 Typical power curve for the wiridrbine

At low wind speeds beneath cirt, wind turbine does not generate power but as the wind speed
increases aboveut-in, the generated power sharply increasas to the rated power where the
output levelsremain constantas the wind speed increaseAt cut-out, the generated power
shuts down toprotect the wind turbine from ditraction. Furthermore,the wind turbine power
output could becontrolled by adjusting theotor blades pitch anglélhe output power regulation
of thefixedspeedwind turbineis attained using the stall mechanism to control the output power
and the \ariablespeed wind turbinesuise dynamic pitching mechanism to control the output

power.

2.3.1 FixedSpeed Wind Turbines

Fixed windspeed wind turbines represents early technology of the wind turbines that are based
on the fixed speed generator§he induction generator (Squirrel cage or Wound rotor) is
normally used for the fixed wind speed turbines where the rotor speednstant in spitef the

wind speed. For the fixed wirspeed turbinesthe power grid frequency determines thretor
speedand thestator side of the generator is directly connected to the electrical power network.
This configuration results in simpl@hust and cheap wind turbines baauses increased power
system instability as the variation in the wind speed results in rotor speed fluctuations, which

causes active power, reactive power and voltage fluctuatidrtbepoint of interconnection b
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the wind farm[93], [94] Furthermore,the increased active power production results in huge
reactive power absorption from the electricgtid, whichfurther results in increased voltage
instability [36]. In addition,the induction generator requiresome external reactive power to
start running[36]. Due to these problems, the fixezspbeed wind turbines are no longer used in
wind farms and the variable wind speed turbines were constructed to overcome the

disadvantages of thexed-speed wind

2.3.2 VariableSpeed Wind Turbines

The improved technology in generator and power electronics interfacing circuits had led to the
establishment of therariablespeedwind turbines Variablespeed windurbines aredesigned to
capture maximm power fromawide range of the wind speed usitige improved aerodynamics
mechanismsThe main converter technology employed f@riablespeed wind turbiness the
partialscale converter based atoubly fed induction generator (DFIG) and the-&dalewind
turbine converter (FSWjTbased on either induction or synchronous generd83]. Asopposed

to the fixedspeed wind turbingthe rotational speed of the rotor varies relative to the wind
speed and rotor speed is decoupled from the grid frequency througtpéngal-scale converter

for DFIG$95]. The decoupled rotor speed and grid frequency results in almost constant torque
hence reduced fluctuations of active, reactive power and frequenahefelectrical network
employing variablespeed wind turbine§94]. For the FSW/both the rotor and stator speed are
decoupled from the grid frequency through the baokback converteresulting in fullcontrol

on the active, reactive and voltage contréh addition, FSW&Tare less susceptible to the grid
faults and can provide reactive power to the grithr the FSWS[ depending on the generator
type employed the gearbox might be eliminated hence reduce size of theind turbine.
Nonethelessthe useof power electronicconverters results in increased power losses and
induces some harmonics to the power griMoreover, cost of the full converter wind turbines
remairsthe challenge for their full adaptatio.he windturbinesconfigurations can furthebe

basedon the control speed and power control strategies based on the generator type.
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2.3.3 Wind Turbine€onfigurations

The wnd turbines configurations can beassified mainly into four categoriesamely Typel,
Type I, Type lland Type IVFigure2.24 displays the schematics of tlgeenerator technologies

for the main wind turbine configurations.

Gearbox  Soft starting device ﬁ

Gear@— 53 GD—) Grid Gearbox | Soft starting device
Cage :m-_ Gear| @ E GD » Grid

asynchronous Windin 11
: g
generator Capcitor bank induction IS5
generator Capcitor bank

Type |: Ked-Speed
P P Type Il : Finite variable Speed

Partial capacity converter v
B Gear Pox Full capacity converter
Gear box o ~ 7 .
:Gear: { Ll GD » Grid
Gear| @ » Grid | i ===
Windi Permanent magnet synchronous generator
inding .
induction winding rotor synchronous generator
generator cage asynchronous generator
Type Ill: Limited Variable with DFIG Type IV: Variable Speed with full convertor

Figure2.24 : Wind turbine generator systef®s]

Type I(Fixed speedis based on the squirrel cage wound rotorinduction generator, whichs
connected to the grid via the steyp transformer.For the smoth connection to the grigType |
utilizes the softstarter and the capacitor bank for reactive power compensatitimsexhibits

the samedisadvantagess the fixedspeed wind turbines.

Type ll(Limited \ariable Speed with Variable Resistancekses the wound rotor induction

generator and controls the rotor speed using the variable resistor known as the OptiSlip or
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FlexiSIid93]. Same as the Type | wind turbjrigype Il still uses the sedtarter to suppress the
inrush currents and uses the capacitor bank for reactive power compensation. The use of OptiSlip
or FlexiSlip allows the variation of the rotor speed to about 1Mé6l® % respective[36]. Type

Il generators still have poor active and reactive power control with limited rotor speed range.

Type Il (Variable Speed with Partdale Frequency Converteufilizes the wound rotor
induction generator based on the doubly feduction generator (DFIG) principles. Contrary to
Typel and Type Jlwind turbines whichuse soft-starter and capacitor banks for smooth
connection to the grid and reactive power compensation, Type Il is equipped with partial
frequency converter capablaf better reactivecompensatiorand smooth connection to the grid
[97]. The use of the partial frequency converter results in bettechyonous speed range 640

% to 30 %93]. The downside of the Type Ill is some additional protection needed to isolate grid
faults. Inaddition,the use of slipings between the generator and the rotor results in increased

maintenance due to wear and tear.

Type IV (Variable Speed and falle Frequency Converteiy based on the wound rotor
synchronous generator (WRSG) or the permanent magnet synchronous generator (FRISG).
Type I\Vthe generator is connected to the electrical grid using thedadle frequency converter.
Thisresultsin the better control of the synchronous speg@dompared to Type IIhence full
control of active, reactive and voltage on the point of comnsonpling. For Type Jthe geabox

is notamust as the generator could be driven diredtlgm drive train Inaceased use of power

electronics implies increased power losses and complex designed with high cost.

2.3.4 Wind TurbineGeneratoModelling

To further gainfundamental understanding of the wind turbines, both mathematical models of
the electrical and mechanicalind turbine needs to be understood for effective grid integration
studies.Wasynczuk et ahnd Anderson et ghioneered the modelling of the wind thines in
trying to understand behavior of the wind generators due to wind variatems their stability

[98], [99] Figure2.25displays the basic components on the wind turbine model.
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Figure2.25 Block diagram for the wind turbine model [31]

The WindSpeedVodel:represents the wind speed based on the historical measurements for the
proposed wind farm site. The wind speed historical dataulations are limited to the historical
recorded wind speed, henanalytical nethods are employed to model the wind spefgd0].
Commonly used equation for the analyticahdimodel is given in equation 2dhere Wy (t) is

the wind speed at particular time andv(t), Mur (t), Myg (t), Mut (t) are average wind speed, ramp
component of the wad speed, gust component of the wind speed, and turbulence component

of the wind speed respective[99].

Do OO &6 & O @ o (24)

The Wind Turbine Rotor Modekpresens the power that can be extracted from the kinetic
energy of the wind through the rotor blades. The output from the rottades is given as in
equation 23 The air density and area swept by the rotor blades are considered constant while

the performance oefficient varies and is dependent on pitch anglend the tip speed ratis:

Wind Turbine Drive Train Modé modelled by the multmass system described by the angular
position, amgular velocity and the inertiafdhe rotating bodiesThe mass objestare connected
to each other through the damping coefficient and some spring constants as depictee two

mass system ifigure2.26.
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Figure2.26 Two-Mass Drive Traif86]

J represents the inertia for the rotating blades due to pitch and the drive train (hub, low speed
shaft, and rotating parts of the gearbox connected to kspeed shaftwhile the inertia for the
generator rotor, highspeed shaft and thgearbox parts connected to high speed shaft are
represented by theglIn addition,the . { and. grepresent the angulavelocities for the turbine
FYR GKS ISy SNI (2 N yNgdahols Qrbine@isifgénEratad iothidg &nd K

give the mutual damping and the shaft stiffnessspectively. The setfamping for the
aerodynamic of the turbine blades is given asid the seidamping for the generator is given

as . Theequation describing thewo-mass model of the wind turbine can be giverj28], [94],
[101];

o

Om 0 v — — O 7] ]

CHe 0 0T — P
Q— Q—
- — 25
as | Tag | (25)
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where 0 and 6 denote aerodynamic torque developed from the turbine blade and
electromagnetic torge developed from the generatofhe inertia constargtfor wind turbine
and the generator araepresented as Hand H respectively. Under the assumption that
velocities of the generator rotor and turbirspeedsareequal,the two-mass equatios of motion

could be reducedd:

Q
0 0 22—0 6 6 (26)

The Generator Modeis modelled depending on the type of the generator being used. The
generator model follows the typical model of the induction generator Tgpe I¢ Il and
synchronous generator for the Type IV wind turbines. For the edkpace the detailed models
and equations describing thgeenerator models are not discussed but can be foumeferences
[35], [93], [102], [103]

TheElectrical Network Modefepresens the electrical components to wch thewind turbine
or wind farmis connected. Theseomponents range from the transmission lines, transformers,

other generators and the electrical loads served with some electrical energy.

2.3.5 Wind Power Plant Model

The windpower plant model remains pvotal in grid studies for wind farmsSeveral studies
discussed the early aggregation of the constant wind turbjh84]¢[106]. Castroet al discussed
the singular perturbation approach in reducing the wind farmmdel, whichonly simplifies the
individual wind turbines based on power systems dynamics. Furthermostdnes performed
by Castro et al and Akhmatov et al the wind farm was aggregated basdéuaeadndividual

summation of wind turbinessuch that the total rated power"Y , total compensating

capacitance® and the total mechanical power are givas [105], [106]:

"y YNNG 8N ; 0 : 27)
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where"Y, 6 , andd j represent individual rated power, compensating capacitor and mechanical

power of theith wind turbine respectively.

Themore detailed model wagproposed by Muljadi et dby taking into consideration the wind
farm layoutwhere each windurbine is connected to thetep-up transformer which connects to
the string of other wind turbineghen the group of strings connected to point of interconnection
(POD[107]. Muljadi and Ellis furtheperformed the validation of the developed model against
the real field meastements based on Type Il wind turbing€98]. From the validation results,
they found that Type Ill adequately represented the wind farm except for the wind farm
constructed fom 2 wind turbines.Figure2.27 and Figure2.28 displays the modern wind farm

configuration and it®quivalent singlemachine representation.
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conmnection —_—
to the grid Collector Systerm
/ Statior
Interconnectiomn o=

Transmission Line i

Individual WTiGs

Feeders and Laterals (owverhead
andror undergrowurnd)

Figure2.27 Modern wind farm configuration
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Figure2.28 Single line equivalence of the wind farm
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Due the increasedheed of standardizedvind, farm models Western Electricity Commission
Council (WECC) in corporation with the IEEE Working Group on Dynamic Performance of Wind
PowerGeneration launchethe task brce to develop generic models for wind farms based on

all types of wind turbines. Ellis etddveloped the models and their technical specificatifi¥o].

The modelsdeveloped by WECC are widelyedsn commercialsoftwaressuch asDigSILENT
Power, Powerworldand Positivesequence LoaBlow PSLEPourbeik et al presented the recent

development and the limitations of the models developed by WECQ].
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3 Methodology

The increased large renewable power plant integration to the utility grid affect the power
dynamis of the power systems. As th®EGs penetration increasélse grid stability may
improve or be compromised, hence carbdsessment of the impact oREGs on the utility grid
must be performed. The stly evaluates the impact of th®@EGs (Wind and Solar PV) integration
on the stability of Lesotho electric network. The study focuses on the voltage, frequency and
rotor angle stility. In addition, the maximum allowable penetration othe REGs was
determined.The study considered both the dynamic and the steady state performance of LEC
network. The dynamic analysis was performed by applying3tpbase short circuit faultso
suitable bus bar(stressed)of the electrical netwdk such that the chosen locatiagesults in the
maximum electrical systeminstability. The stressed point was chosen based on the critical
clearing time (CCT) criteriofihe critical clearing time definesdHongest time the generator
remains synchronizedfter being disturbed39]. After the fault wasapplied the time-domain
responses of voltage, frequency and rotor angle were evaluated against the grid code of Lesotho
to ensure that grid code is observed before and after the fault conditidhe steady state
performance wagvaludaed by analyzing the hourly voltage performance against the grid code
of LesothoThe steady state analysisasbased on the hourly load from 2018he load flow and

stability simulations were performed using the DigSILENT software.

3.1 SysterrModelling andConfiguration

The study was carriedut based on the computer model of the Lesotho Electridigtwork,

which was supplied by the Lesotho Electricity Company (LEC) and then modelled using the
DigSILENT software. LEC is the sole transmission and distrilmgeyator in Lesotho. LEC
electrical network consists of hydropower generating unit with capacity of 72 MW, 2 MW of the
hybrid system of diesel and mihydro at Mantsonyane and the external grid from the
neighbaing SouthAfrican power grid.The eletrical transmission network iguilt from

interconnected substations with the voltage levels of 132 kV, 88 kV, 66 kV and 33 kV. The
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distribution networkis built from 22 kV and 11 kV voltalgzels. The endiser voltagdevels are
constituted by 380 V and 2440. Figure3.1 shows the electrical network model over which the
impact of the intermittent renewables sources will be integrated and evaluated nfodel was

built using DigSILENT software. DigSILEMNE computeraided software suitable for analyzing
electrical transmission, distribution and industrial networks. In addition, DigSILENT can model

and analyze electrical networks with variable reneveadahergy generators.

Figure3.1 LEC DigSILENT Network Model

The external grid acts as the reference machine and balances the load deficit not supplied by
hydro powerplants in Lesotho. The study considers the integration of wind and solar farm power
plants at Letseng and Hgamarothole respectively. The places were identified to have good wind
and solar resources. The traest and penetration studiesvere performed for three different

cases namely:
i. Solar PV Generation only
il. Wind Generation only and

iii. Hybrid (Solar and Wind Generation)
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3.1.1 Transformer modelling

The transformers weremodelled fran the real data provided by LEC and the transformer

parameters were captured into DIgSILENT as showigure3.2.

2-Wi;1ding Transformer Type - Equipment Type Library\Transformers\2-Windings\Khukhune 20MVA 88/33kV Trf.TypTr2 ? X
Nane
Load Flow Technology [ Three Phase Transfomer | Cancel
VOE/EC Shot Qrcut Rated Power W MVA
Complete Short-Circuit Nominal Frequency Eo— Hz
ANSI ShortCircutt Rated Vokage Vector Group
IEC 61363 HV-Side [ kv HV-Side [ ~]
LV-Side B kv LV-Sde 0 ~]
T Posttive Sequence Impedance
EMT-Simulation Short Grcut Votage tk l_759— 3 B | Phase Shift [1— *30deg
:r:e;n«:/Power Qualty SHC Vokage (Reluk) ukr I[)Si 2 Nans YNd1
Zero Sequence Impedance i]
Reliabilty Short-Circutt Voltage uk0 '5.4515 %
SHCVokage (RefukO)uklr [0.03 %
Description
Figure3.2 Transformer Modelling in DigSILENT

The transformers were modelled using thgBase winding transformer model. The transformer
data such as the transformer rating, vector group, voltage tap and the zero crossing sequence

short circuit settings were capturadto DigSILENT LEC model
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3.1.2 Load Mvdelling

The load was modelled using the static load model which does not model the voltage dependency

of the load. Tk voltage dependent load modelled as:

~ ~
g g

U v

e €€

(28)

(29)

where P and Q represent the active and the reactive power respectivebndPQ represent

reference active and reactive power respectively.

The voltage ¥ represent the nominal voltage at the load terminals while V represent the

instantaneous voltage. The exponent a and b hold values 0, 1, 2 representing the constant power,

current and impedance respectivgb4]. For the study the catant power model which assumes

0 for exponent a and b was usdelgure3.3 shows how the load parameters were captured into

DigSILENT.

Basic Data
Load Fow

Complete Short-Circuit

RMS-Simulation
EMT-Simulation
Hamonics/Power Quality
Optimal Power Flow
State Estimation
Reliability

Generation Adequacy
Description

General Load - Grid\Ha Lejone\General Load(1).EimLod

General | Advanced |

Input Mode IS. cos(phi) _'J

Balanced/Unbalanced IBalanced ZI
Operating Point Actual Values
Apparent Power 1.744 MVA 2.0056 MVA
Power Factor 098 [ind. ~] 0.98
Voltage ,17 pu.
Scaling Factor W 1.15
[V Adjusted by Load Scaling Zone Scaling Factor 1

Figure3.3 Load Modelling In DigSILENT
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§
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o
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3.1.3 Transmission LirModelling

The transmission lines were modelled based on the lumped parameter line model. Basic data
such as the number of parallel lines, line length and voltage rating of the lines were inputted into
LEC DigSILENT model. The data for the transmission parametergra@ded by LEE€igure3.4

indicate how the tansmission line parameters wei@aptured into LEC electrical DigSILENT

model.
Line Type - Equipment Type Library\Lines\132kV Wolf.TypLne ? X
= o
Load Flow Rated Vokage 132 kV Cancel
VDE/IEC Short-Crout Rated Curent  [0.48 kA
Complete Short-Circuit Nominal Frequency [507 Hz
NS hon e Cable / OHL Ovehead Lne _v]
System Type AC v] Phases 3 |= Number of Neutrals | 0 v]
DC Short-Circuit
RMS-Seradation Parameters per Length 1,2-Sequence Parameters per Length Zero Sequence
AC-Resistance R'(20'C) 10.188 Ohm/km AC-Resistance R0’ 047 Ohm/km
EMT-Simulation
Hamonics/Power Qualty L4 - L4
Reactance X' 0.418 Ohm/km Reactance X0’ 1473 Ohm/km
Protection

Figure3.4 Transmission Line Modelling in DigSILENT

3.1.4 Hydro Power Generator Modelling

Synchronous Machine Type - Equipment Type Library\Generators\Muela Gen.TypSym

? X
Basic Data Synchronous Reactances
Load Flow xd I‘I.88 pu. C |
VDE/IEC Short-Circuit xq |1.0T9 pu.

Complete Short-Circuit

Reactive Power Limits

-
ANSI Short-Circuit Minimum Value I.[]_p_s pu. _I
IEC 61363
Maximum Value |0.25 Pu.
RMS-Simulation Zero Sequence Data Negutive Sequnce Data
EMT-Simuiation Reactancex0 [052938  pu. Reactancex2  [0.247 .

Hammonics/Power Qualty Resistance r0) |D 00529 pu. Resistance r2 0.00265 pu.

Protection

Figure3.5 Hydro Power Generator Modelling in DiIgSILENT
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The hydro power station was modelled using the synchronous generdtbe machine
parameters such the power rating, stator resistance, synchronous reactance antheaient

reactance were captured as shownHigure3.5.

3.1.5 Intermittent Renewable Energy GeneratoRE{S)

Solar PV farm was modeleding the DigSILENT aggregated model with the capacity of 0.5 MW
and the power factor of 0.95. The 0.5 MW solar PV system were connected in parallel to model
the required solar PV capacity undeonsideration Figure3.6 depicts the main block diagram

showing how the PV panel model is constructed.
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Figure3.6 Block Diagram of the PV Generator in DigSILENT

The model consists of four main blocks namely the photovoltaielifdCcontroller and the
inverter blocks. The inverter is modsdl as the static generat@nd interfaces with the grid. The
photovoltaic nodel represent the number PV modules connected in parallel and in series to form

the solar PV array. The Bi6k implements the maximum power point tracking (MPPT) algorithm.
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The controller maintains the control for the PV system ensuring that the voliagepower at

the point of interconnect is maintained.

The wind farm was modelled from the 2MW DFIG DigSILENT model with the power factor of 0.9.
The 2 MW DFIG were connected in parallel to model the desired wind farm capagiiye3.7

depictsthe wind model with its functional block diagram
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Figure3.7 Block Diagram of the DFIG in DigSILENT

The wind turbine generator model comprises of the wind model, mechanical model (rotor, shaft
and gear box)), the generator model and the controls (PQ control, frequency control, ect). The
rotor blades transform wind speed to the mechanical power that drithes shaft which is

connected to the generator via the gear box. The generator is modelled as the doubly feed
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induction generator (DFIG) while the controls ensure that the wind turbine operates within safety

limits.

Figure3.8 and Figure3.9 presentthe simplified grid for the proposed sites where the solar PV
farm and the wind farm will be integrated the grid andwith the neighboringsubstations. The
proposed site for e solar farm and wind farm areaRarothole and Letseng respectively. The
neighboringsubstations serve as the important points to cimes as they are closed to thREGs
hence affected more by theREGdantegration The other point that was considered isthe

hydropower substdbn as it is the main synchronous generator for thec&ieal network.

Maphohloane | Thlokoeng + Mokhotlong
Mazenod T
= ] Mafeteng Erotee] —Jp»  Letseng Wind Farm

77 N
Ramarothole (PCC) ?f \I
Khukhune
- NS
) —_— Thabana-Morena
l Matelile ’
LEC Grid Letseng (PCC)

— Ramarothole Solar Farm
—
Mahlasela

Figure3.8 Simplified Grid for PV Integratior Figure3.9 Simplified Grid for Wind
Integration

3.2 DynamicStability Studies

The stabilitystudies were conducted by performing the load flow under different penetration
levels of thescenarios presentedh section 31. For eacltase,the penetration levels were
increased until grid codevasviolated. In addition to the load flownalysis the retwork was
scanned for most stressqubint with the least criticatlearing time since it results in the worst

system stability after the fault-Bhase short circuit was applied to it. Critical clearing time mainly
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evaluates theelectrical network based otine rotor angle stability, but the transient voltage and
frequency could also be evaluated too. The CCT had been used to evaluate the impact of the
renewable generators in the following referenciss], [58], [111] The stability studies were
performedon the electrical netwdk with the total load of 185.7MW. The penetration levels

for three different scenarios are present@dTable4. Table5 and Table6 show the voltage and

frequency limits for Lesotho grid code.

Table4 Penetrations level for different scenarios

Solar PV (MW) Wind (MW) | Hybrid (Solar PV (MW) + Wind\(\))
Solar + Wind Solar +Wind

20 30 35+ 30 20+ 50

30 40 35+ 40 30+ 50

36 52 35+52 36+50

Table5 Grid code voltage levels limits

Normal Conditions Emergency Conditions

Normal Voltage (kV) Maximum (kV)| Minimum (kV) | Maximum (kV) | Minimum (kV)
132 138.6 1254 145 118.8

88 92.6 83.6 96.8 79.2

66 69.3 59.4 72.5 56.1

33 34.7 314 36.3 29.7

Table6 Grid code frequency limits

Nominal 50
Upper Limit 50.5
Lower Limit 49.5
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3.3 Steady State(JuasiDynami¢ Simulation

The steadystate was considered so that impact of & hourly variations of theREGs is
considered. To model the steady performance of the LEC netwbek hourly voltage
performance of the network was considered. The steady state performed according téigure

3.10based on the yearly load of 2018 and the hydro generation of 2018.

Hourly Speed at Aggregated

Wind ===y Turbine L  Hourly
Speed Height Power

Hourly Hourly PV

GHI ) Power Variation

[ Voltage

with respect

to the IREGs
Hourly Metered Muela Power

Seasonal Weekday Yearly
Substation Saturday Hourly Load
Load Profile Sunday Profile

Figure3.10 Flow chart for the steady state analysis

The 30@minuteload from the substations was transformed into the hourly load for the week day,
Sunday and Saturday. In addition, the load from the substations were categorized into seasonal
loads where summerlepresent the load from January to April, winter loads represent the load
from May to August andummer2 was represented by the dmSeptember to DecembeFigure
3.10represent the scaled load from different substations. Freigure3.11it can be seen that

the hourly load varies differently for each substation, hence necessaryotsiader each
substation load Then the yearly load profile for each substation was constructed on the hourly

bases.
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Load Variations at Different Substations
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Figure3.11 Hourly Load Variations

The hourly power from the wind turbine was obtainbg using the power curve of the Vestas
V80 DFIG wind turbine. The hourly wind speeds at Letseng were obtained from the measured
wind speed at the interval of 10 minutes at hub height of 50 m. The power from the wind turbine
(R) was found from equation 30

. 6 6 6

Cilc

where Ryt is the power of the turbine between ctih wind speed (Miin) and the rated wind
speed (Vaed) of the wind turbine. W and \uwtt represent the wind speed at the turbine height
(H) and the cutoff wind speed of the turbine. The wind speed at the turtb@ght was obtained

using the power rule equation such that:

W ® = (31)
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where \ir represent the wind speed at the reference height (50 m). The height H aegidsent
turbine height and the referencedight atwhich the wind speed waseasured respectively. The

total power (Riindfarm) from the wind farm was obtained as

0 0 (32)

where N represent total number of th&ind turbines connected in parallel.

The hourlyoutput power for hourly PV output was calculated based on therswdiation

downloaded from P@IS websit¢112]. The houly output from the solar farm wasalculated as

5 — 9% (33)
— O
where— and—  are the solar PV array efficiency under operation conditions and standard

test conditions (STC) respectively. Incident radiation on the solar array at operatingiauondi
and at standard test conditions is represented@and"O respectively. Capacity of the solar
farm is represented a8 . The array efficiency and the incident radiation on are calculated

based on the model developed biove et a[113].
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4 Results and Discussions

4.1 Critical Clearing Time Results

Table7 shows the how critical clearing time varies as the penetration levisleovind and solar
varyafter the fault is applied to the different buses. The clearing times considered were the least
from different bus categories. The comparative outlook of the results shbatsthe rotor angle
stability wascompromised as the penetration of the solar PV farm generation increases while
wind farm does not affect the rotor ang&tability, as the criti@al clearing time remains constant

as the wind generation increases.

Table7 Critical Clearing Times for solar PV and wind generation with different penetrations

Solar Generation CCT (s{ Wind Generation CCT (sS4
20MW |30MW |36MW |30MW [40MW |50MW
Mabote 132kV 0.18 0.13 0.08 0.02 0.18 0.18 0.18
Muela 132kV 0.19 0.17 0.14 0.04 0.19 0.19 0.19
Mazenod Tx 132kV| 0.19 0.14 0.09 0.03 0.19 0.19 0.19
Ramarothole 132k\{ 0.71 0.4 0.24 0.05 0.71 0.71 0.71

Substation No RE

Khukhune 88kV 6.9 2.41 1.27 0.24 6.9 6.9 6.9
Letseng 88kV >20 >20 >20 >20 >20 >20 >20
Katse Intake 66kV | 3.82 1.9 1.05 0.2 3.82 3.82 3.82
Matsoku 66kV 4.81 2.56 1.38 0.26 4.81 4.81 4.81

Botshabelo 33kV 0.78 0.44 0.26 0.08 0.78 0.78 0.78
Mazenod Dx 33kV [ 0.49 0.28 0.16 0.04 0.49 0.49 0.49

Interestingly the results indicate that the high voltage bus baB2kY) have the least critical
clearing times. This suggest thtte fault at these buseslestabilizes the grid most when
subjected to the fault. Based dhe observation the Mabote bus bar was corsidd the most
stressedpoint, the 3phase short circuit @as applied at it as the frequen@nd voltage responses

for other critical points were observed. The other points of consideration were point of common
coupling (where the wind and solar are connected to the grid) and the neighbouring buses as
they are afected more due to their proximity wind and solar farms. To further investigate the

impact of increased penetration oREGs time based simulations were performed
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4.2 Solar PV Case

4.2.1 Voltage Staility for the solar PV Case
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Figure4.1 Voltage response ahecritical busbars after the faults appliedat Mabotewith different penetration levelsf solar PV
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4.2.2 Frequency Stability for the solar PV case
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Figure4.2 Frequencyesponse atritical bushars after the faulis applied at Mabote witldifferent penetration levelsf solar PV
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4.2.3 Rotor Angle Stability for the Solar PV Case
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Figure4.3 Rotor angle and real power response of synchronous generator at Muela due to the fault at Mabote with solar PV at differ

penetration levels
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Figure4.1 to Figure4.3 show how the voltage frequency and rotor angle varies after the 0.1
seconds Pphase short circuit was applied btis with the lowest critical clearing time (Mabote)
at different penetration levels. Frofigured.1, it is observedhat at penetration levels of 20 MW
and 3 MW, the voltage weravithin the allowed limits and the network was able to recover from
the fault as the voltages wer@amped to the stable limitsSCompanng the voltage steady state
voltages before and after the fault it is seen that the Muela voltage has reduced to 1.017 p.u
compared to that of 1.03 p.ibefore the fault at penetration level of 20 MW. At penetration of
30 MW it is observed that the voltadhas dropped further to 0.98 p.Whis suggest thahcreased
penetration of solar PV farmesultsin the worsening voltage stability as the voltage at Muela is
reduced.The rest of the nearby substations oscillations were within the required voltages.limi
However at the penetration levebf 36 MW the voltage limit wasiolated, as the oltage at the
critical buseglid not return to theallowable steady statéimits. The most affected substation

wasMuela, which shows the worst deviation from the nomlivoltage limits.

Figure4.2 indicates how the frequency at the faulted bus bar and critical bus bars varies as the
penetration of the solar PV integration is increased. As the solar PV penetiati@asedthe
oscillationdfor the first swing were almostaqeial with the magnitude of 51.027 Hz and 49.486 Hz
for the penetration of 20 MW and 51.244 Hz and 49.445 Hz for @h&\8/ penetrationat Muela

The other critical points had the same response with the highesiuency of 50.749 Hz and
43.837 Hz at 20 MW and 50.416 Hz ancb88.Hz. In both 20 MW and 30 MW penetrations the
oscillations were quickly dumped to the nominal frequency indicating that increased
penetrations are not the main contributors to frequenagtability. For both 20 MW and 3awW
penetrations frequency stability was observed. At thenetration,level of 36MW the frequency
stability wasviolated,as thefrequency was initially almost constant but went aiftpermissible

limits after about 15seconds with Muela exhibiting the highest oscillations.

Figure4.3 depicts how the rotor angle and the active power at the synchronous generator varies
with varying penetrations levels for the solar PV integratinpenetration levels 020 MW and

30 MW the rotor angle stability wasbserved,as the output power was constant after the fault
even thoughrotor angle was oscillatoryComparing theoscillationsat 20 MW and 30MW

penetration,it is observed that thescillations were increasing as the solar Riégration was
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increased from 20 MW toMW. The oscillations were betweemt.65 to 74.0% at 20 MW
penetration and-19.27to 73.06 at 30MW penetration. At 36MW the rotor angle stability was
violated and the active power at Muela hydropower collapgemFigure4.1 to Figure4.3, it

could be concludedhat the penetration level of 38AW leadsto voltage, frequency and rot

angle instability hencéhe maximum allowable limit for sold?V at Ramarotholenust be less
than 36 MW Furthermore the rotor angle was varying most as the penétra levels increased

and thissuggest the high penetrations of PV affect rotor angle more than frequency and voltage

stability.
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4.3 Wind Case

4.3.1 Voltage &bility for the Wind Case
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Figure4.4 Voltage response at critical bus bars after the fault is applied at Mabote with different penetration levels of wind power
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4.3.2 Frequency Stabilitipr the Wind Case
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Figure4.5 Frequency response at critical bus bars after the fault is applied at Mabote with different penetration levels of wind power|
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4.3.3 Rotor Angle Stabilifpr the Wind Case
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Figure4.6 Rotor angle and real power resporafesynchronous generator at Muedaie to thefault at Mabote withwind farm at different penetration

levels
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Figure4.4 to Figure4.6 depicts howvoltage, fr&quency and the rotor angle varies after the 0.1
seconds Jphase short circuit is afipd to the Mabote substatiomnder different wind power
generation penetrations level$romFigure4.4, it is seen that after the fault the voltage quickly
settles to the constant altage levels withoutovershooting In addition the only nearby
substations (Letseng, Tlokegand Mahlasela)were affected by the faulwhile Khukhune was
less affected by thdault. Taking a closer look dtable8 the voltage levels of the affected

substations keeps on increasing as the penetrationllef’éhe wind generators increase.

Table8 Voltage levels agenetration increases at Letseng

Penetration (MW) | Letseng p.u | Tlokoeng p.u. | Mahlasela p.u.

30 1.02 0.99 1
40 1.045 1.02 1.02
52 1.07 1.051 1.02

At the penetration level o062 MW the steady state voltage at th€lokoeng substationwas
greater than1.05 p.u.which B stipulated as the limit undehe grid code of Lesotho. From this,
it is concluded that under the crent operating conditions the 5MW penetration cannot be

exceeded as it violates the grid code.

The frequency responsaue the fault isshown inFigure4.5. As the penetrations levels were
increasedfrequency undeshoot also increased showing some small oscillati®hs.frequency
undershot was 49.644 Hz, 48.498 Hz and 48135&t the penetratin levels of 30 MW, 40 MW

and 52 MW respectively for Letseng and Tloko&rige fequency perturbations were sevest

the nearby substationsLétseng, Tlokoeng and Mahlasela@file Khukhune experienced very
small frequency disturbanc@&his suggest that thincreasng penetration of the wind generation
does not result in severe frequency instability as the oscillations were quickly dumped to the

allowable frequency limits.
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Figured.6 displays the rotor angle response of the Muglachronous generator beforend after
the fault was appliecdt Mabote substationFrom all different penetrations levels of wind farm
the rotor angle stability was observed #se output power from the generators remained
constant. The oscillations had the highest overshoot of 84.68d the lowest undershoot of
9.04. Contrary to the solar farm generatigthe where increased penetration results in
worsened raor angle stability the wind farrgeneration does not lead to increased rotor angle

instability as the penetrations increase.
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4.4 Hybrid Case (Wind and Solar)

4.4.1 Voltage Stabilitidybrid Cas®VindVariations
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Figure4.7 Voltage response at critical bus bars after the fault is applied at Mabote with different penetration levels for hyb¢winds@riation)
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4.4.2 Frequency Stabilitflybrid Cas®VindVariations
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Figure4.8 Frequency response at critical bus bars after the fault is applied at Mabote with different penetration levels for hglfwthdagariation)
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4.4.3 Rotor Angle Stabilityybrid Cas®indVariations
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Figure4.9 Rotor angle and real power response of synchronous generator at Muela due to the fdalate withdifferent penetration levels for
hybrid cas€wind variations)
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Figure4.7 through Figure4.9 represents the response of theoltage, frequency and the rotor
angledue to the 0.1 second3-phase short circuifaults applied atMabote substatiorfor the
hybrid system build fron835 MW solar farm and the wind farm for different penetration levels.
Thewind generation capacityvas \aried from 30 MW to 52 MWFor the hybridsystem,both
critical points for wind farm and solar PV were consideFegure4.7 shows the voltage response
after the faults is appliedl'he voltage levels for the point of common coupling (Letseng) and the
Tlokoeng substatio remain almost unchanged befqrduring and after the faultAs in the case

for the windgeneration the substations closest to the wirfdrm experienced increased steady
state voltage levels as the wind generation increaggomparative outlook between the wind
only resuls and the hybrid system (wind variation) indicates that the voltage levels were the
same for both cases as in Tablé& for the hybrid they were maintained during and after the
fault. This suggest that the 52 MW wind generation penetration remains the limit for both wind
only and hybrid configuration3.he voltage levels were asTiable8 indicating that the solar PV

does not contribute to voltage instability at Letsemgincreased levels of wind penetratians

Frequency response of the hybrid system when taeltfis appliedat the Maboteis shown in
Figure4.8. For the hybrid system with varying wind penetration the frequency at Letseng and
Tlokoeng was not perturbed by thiault. The frequency at the Ramarothole (solar farm PCC) and
other critical points (except Muela) had the same frequency response with the undershoot of
45.037 Hz for all wind penetration. The frequency at Muela had an overshoot of 51z368 &l
penetrations. These observation reveals that under hybrid systems with increasing wind
penetrationdoes not result in main frequency taility as the oscillations weraways dumped

and within allowable limits

Figure4.9 displays the rotor angle responsdter the fault at Mabotesubstation. In all the
penetrations levels of the hybrid systetime rotor angleoscillating betweenr32.299 and 70.52

while the active power of the synchrons generator was almost constar@omparing the rotor
angle variations with the wind only case, the results show that for the hybrid system the
oscillations amplitudevasincreased The increased oscillations are attributed theesence of

the solar PV farm generation.
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4.4.4 Voltage Stabilitidybrid Cas&olarVariations
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Figure4.10 Voltage response at critical bus bars after the faibapplied at Mabote with different penetration levels for hybrid case (solar variatig
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4.4.5 Frequency Stabilityflybrid Cas&olarVariation
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Figure4.11 Frequency response at critical bus bars afterfthet is applied at Mabote with different penetration levels for hybrid cas&a(variation)
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4.4.6 Rotor Angle Stabilityybrid Cas&olarVariation
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Figure4.12 Rotor angle and real power responsesgifichronous generator at Muela due to the fault at Mabote with different penetration levels
hybrid case (solar variation)
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Voltage, frequency and rotor angle responses after the 0.1 sec@ptisise short cingit is applied at
Mabote substationis depicted inFigure4.10, Figure4.11 and Figure4.12 respectivelyunder the
different penetrations levelsFrom Figure4.10 the voltage responses at different substations are
presented.The penetration at the wind farm was maintained at 50 MW while the penetration from
the solar farm was increasddom 20 MW to 36MW. The voltage asubstationnear to the wind farm
remained almost constant after the fault while other substationttages oscillatedsathey stabilized

to the allowablevoltage ranges. As in the previous case fordbkar onlycasethe 36MW penetration
acted as the limitingcapacity for the PVThis suggest thathe penetrations at the solar farm are
independent to those at the wind farm as the hybrid system did not result in increased penetration

for the solar PV generation.

Figure4.11 presents thefrequency response after the fault is apgal at Mabote substationThe
frequency atritical buses near the wind farm maintaindtethominal frequency during anafter the
fault at Mabote substationThe frequencyesponseat other critical pointsvas almost thesamefor
the penetration levels of 20 MW and3MW with the exception of MuelaThe frequency response at
the other criticd buses had the overshoot of 50.313 Hz and the undershoot of 43.92 Hz for the
penetration of 20 MW At the penetration level of 30 MW ablar P\the overshoot and undershoot
of frequency response werg0.255 Hz and 44.618 IHzspectivelyIn both cases th oscillations were
damped to allowable frequency limits, indicating that timereasedsolar penetrationdoes not lead
to severefrequency instabilityln addition, the Muela substatiofrequencyhad the overshoot of
51.028 Hz and the undershoot of 49.492 for the 20 MW penetrationdAt 36 MW penetration the
frequency was violated as the frequency had an increasing frequency oscillaggosdallowable

limits.

Figure4.12 depicts how the rotor angle of the synchronous machinas/ due to the faulfrom the

Mabote substation The results indicate that the rotor angtept on increasing as the penetrations
increased At the penetration level of 2MW the rotor angle oscillated betweew.598 and 73.67

while at the penetration level of 3MW the it oscillated between17.136° and 71.59%. The rotor

angle exhibit large changes as solar PV penetrations increase relative to the voltage and frequency
responsessuggesting that rotor angle tke main contributor to the system instabilitAs in the cae

of solar only results the 3BIW was the limiting capacity, again suggesting that the wind penetration

does not lead to increased solar penetration for thdhd system
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4.5 Steady State Simulation results

For the steady statanalysisthe penetration level of 50AW for wind and 38VIW for solar areconsideredThe resultsndicate the voltage

performance LEC electrical networksder both wind and solar integration.

200.00

150.00

100.00

50.00

0.00

508300100 09:24:00 18:48:00 04:12:00 13:36:00 2
Eskom Infeed\132kV BB: Outgoing Flow, Active Power in MW

MafetengSolarPV1132kV BB1: Outgoing Flow, Active Power in MW

Muela\132kV BB2: Outgoing Flow, Active Power in MW

L gWin: BB1: Outgoing Flow, Active Power in MW

Grid: Total Load, Active Power in MW

Khukhune\88kV BB: Outgoing Flow, Active Power in MW

Figure4.13IREGs, Muela and Eskom active power variations as the load varies

Figure4.13 illustratestypical power output from thantermittent renewables energyiEskom infeed and Muela hydroper station. As

shown when thentermittent sources are high Eskom reduces its power output. The same is true when the renewables are low Eskom kicks

76



to balance the load deficitn addition, the variations from the solar power plant are ratskwand follow the same patterrwhile wind

power changes abruptlyral does lead to voltage violations at Tlokoeng under high wind generation operations

Letseng\88kV BB1
Ramarothole\132kV BB

1.032

1.031

1.030 ==

1.029

1.028

Eskom Infeed\132kV BB
Muela\132kV BB2
Mabote\132kV BB1

Figure4.14 Voltage variations at PCC for Letseng and Ramarothole and at Eskom infeddeladHydro Power

Figure4.14 present how the voltage at the point of common couplih@tseng and &narothole)changes as the load and the renewable
energy resources (RER) vary. It also displays how the voltage at Muelakamd iGfeed varglue to RER. As Eskom acts tbference,

machine to the LE@etwork, its voltage renains constant and it isot affected byload and RER fluctuation®n the otherhand, Muela
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voltage varied within allowable limits as the limits as the RER and the load vary. The voltage the wind farm varied mtnatvalithe

solar farm varied slightly.

Figure4.15displays the voltage at the neighboring substations and the power output from the renewable energy generamvoltage
variations at the substations near the solar farm were within lindtsj Mafeteng substation showed the lowest voltage while Matelile
showed the highest variations. The voltage variations near the wind farm varied randomly as load and wind poweklgartbd.voltage

at the Tlokoeng substation sometimes exceeded thguneed voltage limit of 1.05 p.u. tb.08p.u.during high wind power generatioithis
suggest that the mitigation strategies such as wind power curtailment have to be employed to ensure that the voltaga |snitishat all

times. Table9 displays the minimum and the maximum voltage limits for the period of 2018. Most of the voltage limits at the substations
were observed except Tlokoeng which experienced the oveéage(1.08 p.u) and the under voltag€0.88p.u.) at times.Also at Letseng

the under voltage limits were experienced with the minimum voltage of 0.91huuthis does not resulfrom wind penetrations as that

voltage level was maintained when there are renewables.
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Figure4.15 Voltage variations at the neighboririgr solar and wind farms substations. Active power injected from solar and wind farms
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Table9 Maximum and minimum voltage variations at various substations

No RE Solar case (50 MW) | Wind Case (36 MW) Wind 50 MW+ Solar
Bus 36 MW

Min (p.u) [Max (p.u)[Min (p.u) |Max (p.u)|Min (p.u) |Max (p.u)| Min (p.u) |Max (p.u)
Tlokoeng 0.88 0.95 0.88 0.95 0.88 1.08 0.88 1.08
Khukhune 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mabhlasela 0.96 0.98 0.96 0.98 0.96 1.04 0.96 1.04
ThabaneMoreng 1.00 1.03 1.00 1.03 1.00 1.03 1.00 1.03
Matelile 1.01 1.03 1.01 1.03 1.01 1.03 1.01 1.03
Mafeteng 1.00 1.03 1.00 1.03 1.00 1.03 1.00 1.03
Letseng 0.91 0.96 0.91 0.96 0.91 1.09 0.91 1.09
Ramarothole 1.02 1.03 1.02 1.04 1.02 1.04 1.02 1.04
Muela 1.02 1.03 1.02 1.03 1.02 1.03 1.02 1.03
Mabote 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.03
Mazenod Tx 1.02 1.03 1.02 1.03 1.02 1.03 1.02 1.03

In this research work th®igSILENT software was used to model and analyze the load flow results.
DigSILENT is wigeused for the modeling generation, transmission, distribution systems and their
interactions in the power flow studies. DIgSILENT has further beeahtheandustrial networks for
more than 25 years. DIgSILENT has also been used to analyze the pow¢udiew and assess the
power system stability if56], [57], [114] For the grid impact studies, dynamic models for wind
generation, photovoltaic generation and the battery storage system are modbifeithe IEC TC88
WG27 in conjunction with the Western Electricity Coordinating Council (WECC) Renewable Energy
Modelling Task Force (REMTH)5]. The wind turbines models in DigSILENT are validated against the
real measurement data and both compliant industry standards defined infT@E88 WG27 and the
WEC(115]. Equally so the PV power plants from DigSILENT have beestedlatjainst Renewable
Energy Model Validation (REMV) tool developed by WETSBT REMV tool has been validated against

the real world measured data.

To nvestigate the Lesotho grid response to the increased levels of the IREGs the critical Clearing Time
(CCT) matric has been used for the transient voltage, frequency and rotor angle stability studies. CCT
has been used in the evaluation of the impact wintkiaction for the U.S. Eastern Interconnection
[111], the Danish wind integratiofb6], and in the Canadian sol&V integratior{58]. For the case of
Lesotho transmission network, the grid code specifies that the network must be able to withstand any

fault that lastless than 190ns[117]. Forthis study,the 3-phase short circuit fault of 106hs was
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applied to the most criticabus (Mabote) of which the grid must recover from as the renewable
penetrations were increased. ThepBase short was chosen as it represents the worst fault the

electrial network can experience.

The results obtained reveal that higher penetrations of the both solar and wind results in grid
instability. However, the integration study reveals that certain penetratlemslsof renewables (wind

and solar) can be succeskjube integrated to the network without compromising the grid stability.
For thesolarPV,the penetration of about 10 %20 MW)at HaRamarotholethe CCT of the netork

in reduced indicatinghe worsening transient stability. At solpenetrations,increase to about 19 %

(36 MW)the network failsto recover to the stable operation after the fault. This penetration is
comparative to the study performed by Eftekharnejgidal on the Western U.S. Interconnection on
assessinghe impact of solaiPV. Ettekharnejad et al found thaincreasedpenetrationsof solarPV
compromise the rotor angle stability with the penetration limit20 % after the faul{59]. For the

case of wind integratiothe penetrations of 16 %30 MW) 22 %(MW) and 2B % (52 MW)were
considered where the penetrationlevel of around 28 % was the limiting capacity as it steady state
voltage at Thlokoeng substation exceeded the recommended limit of 1.05 p.u. This was in line with
the study performed by Naser et al where it Wagind that increaseavind penetration levebf 30 %
resulted in the voltage collapdé2]. However, it isargued that acceptable penetration level of the
renewables is highly dependean the grid infrastructureand its robustness-or the case of Lesotho
high penetraions of both solar and wind werexperienced because Lesotho network is integrated to
the South African distribution network (132 kV and 88 kV) which provide synchigaizéhbalancing

functionality to Lesotho network.

International Energy Agency (IEA) Technology Collaboration Programme (TCP) for wind (Task 25) and
solar (Task 14) suggest that for the penetrations levels of 15 % to 25 % (Phase Three) the variability of
the renewables become a challenge and flexibility measures must be employed and at penetrations
levels of 25 % to 50 % (Phase Four) power system stability is a challenge and the nmetsidrk
reinforced[118], [119] For Phase One (less thaf3penetration) the grid problems are local hence

no noticeable grid problems and for Phase Two (4% to 15 % penetration) the network capacity
problems become noticeable and congestion management strategies must be empldygjdThe

steady state results for the sok&V show that the PV output varies continually and does not leads to

steady state voltage instability under maximum penetratibBrom this, it can be concluded acPV

81



generation of 35 MW can be integrated to the grid without compromising the grid stalillitythe

other hand wind output changes abruptly and my lead to steady state voltage instability. This suggest
that there is need from extra voltage control fitore wind farm under maximum penetratioAs such

for Lesothqit is recommended the deployedf the renewable start at Phasend to avoid greater
challenges of flexibility and stability, then the network be gradually fortified to accommddeteer

penetrations.
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5 ConclusionandRecommendations

The performance of Lesotho national Lesotho electricity grid due to the integration of both solar
PV and wind generation was conducted. The study considered three operation scerzemely

solar PV generation only, wind generation only and the hybrid of both solar PV and wind
generation. The load flow and transient analysis were performed for varying penetrézels

for three scenariosk-or the three scenarios the voltage, frequy and rotor angle stability were
considered and evaluated against the Lesotho grid cdte. penetration for the wind and solar
were found by increasing their capacity until the either voltage, frequency and rotor angle
stability was violated. To ensutkat the network will be resilient at all times theghase short
circuit was applied at the point with least critical clearing time (@G€&Mminals and ensuring that

the system stability was observed before and after the fault.

For the solar PV only scamo the maximum allowable solar PV, capacity ¥masd to be less

than 36MW while for the wind generation scenariowas found to be less than 3@W. The 50

MW and 35 MW penetrations were choséa be the maximum allowable penetrations for wind
farm andsolar farm respectivelyJnder the hybrid case it was found that the simultanetars
integration of wind and solar PV does not results in either the wind or solar PV penetrations
increase. From the observation it is concluded that 85 MW remains aséieanum allowable
penetration resulting from 35 MW of solar PV at Ramarothole and 50 MW from Letseng
respectivelyFor all the scenarios considered, the results showeddbktr PV generation results

in increased rotor anglmstability relative to the windyeneration option Furthermore, for both

solar PV and wind generation the frequency stability was not severely affected as the
penetrations levels increasedincreased solar PV integration did not result in major voltage
violations as the penetration ineases. On the other hand, increased wind integration resulted
in increase of the steady state voltage for the neighbouring substatiansteady state wind
resulted in more voltage fluctuations than tis®lar generating casé.his suggest that for the
wind case there is the need to employ some voltage control strategies to ensure that the voltage

limits are always observed.
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In running the simulationghe rotor angle always oscillated after the fauidicating insufficient
dumping. Sustained oscillatiomeay spread over the electrical network thus leading to the
oscillations at the tidines and destabilizing the networlk-urthermore, the protection
simulations for the LEC neork were not considered in the study. It is highly recommended for
further studies to consider the protection setting of the netwarkthe integration of renewables
alters the short circuit level of the power systeithe power quality and harmonics due the
integration of intermittent renewable sources also remains a concerrhasustained power

variations may compromise system stability.
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