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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 (solar-PV and wind) creates both operational and planning challenges for the
power system. This results in the reluctance of the power system operators integrating large-
scale renewables to the national grid due to the power system stability problems. The
characteristics of the intermittent renewable energy generators mandates that careful grid

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

The thesis focuses on the impact of the Intermittent Renewable Energy Generators (IREGs) on
the power stability of Lesotho electrical grid considering both solar photovoltaic (PV) and wind
generation at Ha-Ramarothole and Letseng respectively. The integration of IREGs involves both
steady state and dynamic analysis of the electrical network. To this aim, the thesis assesses the
impact of the IREGs on the stability of Lesotho electrical network at transmission level. In
addition, maximum allowable penetration levels were determined at the point of

interconnection.

Load flow simulations were performed to assess the steady state performance of the electrical
network. Furthermore, the transient analysis was performed by applying the 3-phase short circuit
at the critical points of the network and observing how voltage, frequency and rotor angle
stability were affected and evaluated against grid code of Lesotho. The simulations were
performed using DigSILENT PowerFactory software, which was used to model the electrical
network of Lesotho. The maximum allowable penetrations for solar was about 19 % at substation
at Ramarothole while for the wind it was found to be 27 % at Letseng substation. The simulations
revealed that increased penetration of the IREGs led to grid instability. For all the simulations,

frequency stability was observed except for the penetration of 36 MW for solar farm. The voltage



violations at the Tlokoeng substation of 1.051 p.u. resulted from penetration limit of 52 MW
capacity of the wind farm at Letseng. The solar penetration limit resulted from the rotor angle

instability as increased penetration resulted in large rotor angle oscillations.
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1 Introduction

1.1 Background

Advocacy for sustainable economic development coupled with the need for environmental
conservation has resulted in accelerated integration of renewable energy resources to the power
grids. Amongst the renewable energy resources solar and wind generation has taken the lead
with the world wide capacity of 398 GW for solar photovoltaic (PV) and 546 GW of wind in 2017
[1]. Improved technology and mass deployment of both solar and wind plants has brought their
per unit cost down, making them to be competitive with conventional power plants [1], [2].
Increased and successful integration of both wind and solar energy poses an inevitable challenge

to power system operators and planners.

The power generated by Intermittent Renewable Energy Generators (IREGs (solar or wind)) is
variable and not deterministic over the range of timescales. This makes IREGs different from the
conventional power (fossil fuels) which are dispatchable. Successful integration of IREGs studies
and experiences into the electrical grid reveals that there is the need for fast balancing
generators, accurate short and long term weather forecasting and flexible markets [3], [4]. These
changes require comprehensive analysis since the issues relating to IREGs integration into the
grid could be multifaceted and span different disciplines. The European Union (EU) has pledged
to reach 20 % renewable energy penetration by 2020 and 27 % by 2030 while Denmark pledged
50 % penetration by 2020 and 100% by 2050 [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 2030 [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 of IREGs the transmission network needs to be upgraded as 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 policy framework makes it hard to

provide decisive direction on transmission network expansions and capacity.

The second challenge relating to the integration of IREGs is the flexibility of the power grid to
maintain the load-generation balance under different generation conditions [9]. The variability
and uncertainty of the RES pose the main challenge to flexibility of the power grid as RES are
constantly changing hence variable power generation. The variable power generation may result
in load-generation imbalance, which may compromise the stability of power grid. The load

generation imbalance might be mitigated by fast spinning and balancing reserves.

Thirdly, IREGs affect 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 results in acceptable grid connection using the low voltage
ride through capability. Studies revealed that IREGs penetration level of more than 30 % is
possible without compromising the transient stability of the power system [3], [10]. But IREGs
(wind and solar) have low short circuit ratio and contribute minimally to the power system
synchronous inertia as they are build using power electronics [4]. Under high IREGs, low short
circuit ratio could result in both frequency and voltage instability, which may cause large

generators to trip, hence lead to complete system shutdown.

Lastly, the issue of integrating IREGs relates to the power market context. The new power market
needs to be designed such that it ensures optimum scheduling of the IREGs and conventional
power plants [11]. Optimum scheduling results in improved market efficiency and increased
power system reliability. Integral to the new power market is accurate renewable 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 2015-2016 the peak load demand was 153 MW, 2016-2017 was 161.91
MW and the 2017-2018 was 166.91 MW [12]-[14]. The generation capacity of Lesotho has
remained stagnant at 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 country [15], [16]. The
vast majority of the electricity is imported from South Africa and Mozambique. Most of the
households (64 % in 2014) rely on the biomass, as the source of energy for the daily energy needs
[6]. Biomass is considered unhealthy and environmentally hazardous [17]. The electrification rate

in rural areas of Lesotho was 5.5 % while for the urban areas was 72 % in 2015 [18].

Lesotho has abundant Renewable Energy Sources (RES) that can be exploited to meet its energy
needs. Lesotho has unexploited wind energy capacity of 758 MW, 70 MW solar energy at Ha-
Ramarothole, 1334 MW pumped storage at Monontsa and 361 MW of hydro resource [19].
Further studies done by Mplolo et al suggest that the wind resource at Letseng-La-Terae and
Masitise are 5.97 m/s and 4.93 m/s at 10 m above ground [20], [21]. Taele et al also argues that
Lesotho has an average horizontal global radiation of 5.5 — 7.2 kWh/m? which he claims to be

good for the erection of solar farm power plants [22].

In order for Lesotho to exploit its renewable resources, it has launched some grid-connected and
off-grid solutions. In the Grid Development Plan (2017-2036) Lesotho has allocated M 150 million
per annum of which 80 % of it was budgeted for the grid expansion and 20 % of it would be
allocated for off-grid solutions [23]. Figure 1.1 displays the present and the future electricity
transmission and distribution for Lesotho under the state-owned Lesotho Electricity Company

(LEC).
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Figure 1.1 : Present and Future Transmission and Distribution LEC
Network

Also, the Lesotho Country Action Agenda stipulated that Lesotho is aiming to have 375 MW of
renewables by 2030 [24]. For the off-grid solutions Lesotho had finished the feasibility study on
mini-grids and energy centers for the districts of Thaba-Tseka, Mokhotlong and Qacha’s Nek [25].
These mini-grids will serve as the pilot projects for the further development of the min-grids in
Lesotho. In January 2019 Government of Lesotho (GolL) had launched the call for consultancy on
the Renewable Energy Grid Integration Study to investigate the impact of Intermittent
Renewables Energy Generators (IREGs) resources on the national grid [26]. The African

Development Bank (AfDB) funds the initiative.

Electricity access on Lesotho is around 36.1 % of which more than 50 % of it is imported[27] [28].
The low electrification rate restrains the social and the economic development. The increasing
demand is met with the increased imported electricity, which compromises the energy security
of Lesotho and result in the uncontrolled costly energy tariffs. Electricity access in Lesotho is
mainly achieved through grid extension, which calls for more power plants to be build.
Exploitation of the renewable energy sources remains the only option for Lesotho to increase its
electricity access as Lesotho lacks fossil fuels. The vast majority of the imported electricity is

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

4



Lack of technical awareness and relevant renewable energy grid impact studies inhibit the
employed of large-scale integration of renewable energy sources (wind and solar-PV). Utility
scale integration of the renewables has been the success for most countries where relevant
rigorous grid impact studies are conducted [29], [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, frequency, and rotor angle stability as the penetrations of the renewables increase. In
addition, the steady-state voltage response of the will be analyzed. The study also acts as both
informative research document on system operators and the policy makers in accelerating the
electricity access. The research presents the practical and easy methodology, which effectively
demonstrate the dynamical behavior of Lesotho National grid due to the integration of the utility
scale solar and wind power plants. The methodology used has the advantage over the energy
methods that use the energy functions that require the detailed mathematical system definitions

and associated operating conditions [31].

1.3 Goals

The government of Lesotho has embarked on some initiatives to promote and integrate IREGs
into the main grid. This initiative will result in increased access to electricity and reduce the
dependence of Lesotho on imported electricity. The possible downside of the initiative is that the
IREGs results in grid instability and may require new network configurations for them to be
accommodated. Based on this context the report analyses grid impact of IREGs on Lesotho

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

e Simulate the power system performance and stability due to IREGs integration to the
national grid.
e Assess the maximum allowable IREGs penetrations to Lesotho national electricity grid

e Assess the impacts of IREGs on grid stability and security of supply



1.4 Structure of the Thesis

The thesis had been structured into five chapters. Chapter 1 discussed the background
information pertaining the integration IREGs. It briefly discussed the challenges that results from
the integration of IREGs into the grid. Then the energy status of Lesotho was briefly explained,
from which the problem statement is formulated and clear objectives of the thesis outline. The
next chapter deals the literature review. In chapter 2, the overview of power stability is detailed
providing the necessary definitions of power system stability and major causes of power system
stability were discussed. In addition, the stability assessment methods were briefly discussed.
The following sections in chapter 2 explained the solar PV and the wind generation technologies
focusing on how they generate electricity and the underlying fundamental equations for both
technologies were explained. Having defined power system stability fundamentals and the
generating technology for the IREGs, the methodology for carrying grid impact studies was

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 by Thomas Edison, power systems have
continually evolved into complex and essential drivers of society development. The primary task
of the power system is to deliver the electric energy to the customers reliably, within the
acceptable quality (voltage and frequency) and in an economic manner [32]. Power 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. The power
systems operators are faced with challenge to constantly know how the security (defines the
potential of the power system to survive disturbances without compromising customer service) of
electrical power network varies. The power security problem is exacerbated by the integration

of variable renewable energy sources, which are 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 that [33]:

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 security, the power system must be operated under stable conditions. Power system
stability is defined by IEE/CIGRE Task Force on stability as “the ability of the electric power for the
given operating condition, to regain a state of operating equilibrium after being subjected to the
physical disturbance, with the system variables being bounded such that the entire system remain
intact” [34]. As depicted in Figure 2.1, the power system stability can be classified into rotor angle

stability, 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
Figure 2.1 Classification of Power System Stability. 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 subjected to 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 equal, instability may occur due to the angular
swings of some of the generators which may result in loss of synchronism with other generators
[36]. Under steady state, the synchronous speed and the rotor speed of the machines are equal

and the power system is operated 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 angular separation of the stator and rotor field’s results in the angular
torque and the electrical power is delivered to the load. The power transferred to the power
system (load) P. by the generator is given by:

E.V;

. sin & (1)

Pe=X

g €q

where § is the rotor angle, Egis the electromagnetic force (emf) developed from the synchronous
machine, Xg is generator reactance, Xeq is the equivalent reactance of the transmission line and
V; and V1 are the voltages at the power system and generator terminals respectively. The single
line diagram for the equivalent network and a plot of how the power varies with rotor angle is

given in Figure 2.2 and Figure 2.3 respectively.
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Figure 2.2 Equivalent Network of Single Figure 2.3 Power angle relation to real power
Machine Infinite Bus System. Adopted from adopted from [31]

[31]

From equation 1 and Figure 2.3 it is shown that as 6 is increased so does the power delivered to
the load up to the point where the 6 = % where maximum P. is reached. As § is increased beyond
gthe power delivered to the load decreases and this leads to instability [37]. In addition, from

equation 1, if Xeq is high the power delivered to the power system is reduced. High Xeq results

from long or weakly connected transmission lines.

The rotor angle can be used to characterize the stability of the power system such that the steady
state stability of the power system is attained for aP/65 > 0 and unstable for 6P/66 < 0 [35],
[38]. As depicted in Figure 2.3 small increase in P is met by 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 network is operated such that aP/06 < 0 the 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 the system 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 or generators results in rotor angle oscillations that needs to be damped quickly to avoid

instability. The change in electromechanical torque ACe due to the disturbance is given as [35]:

AC, = C,A8 + CphAo (2)
such that C;AS defines the synchronizing torque while Cp Aw represent damping torque where

Cs and Cp are the synchronizing torque and damping torque coefficient respectively.

The change in rotor angle and speed are represented by A§ and Aw respectively. Lack of
synchronizing torque results in aperiodic or nonoscillatory instability while lack of damping
torque results in oscillatory instability. Figure 2.4 shows how the rotor angle stability is affected

by different combinations of C; and Cp,.

Stable Instable
Non-oscillatory instability
Ad AS
o " ) g :
Positive Cg Positive Cp Negative Cgs Positive Cp
Oscillatory instability
AdS AS
o %t o i
Positive Cs; Positive Cp Negative Cs; Positive Cp
Figure 2.4 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 machine [35], [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 through the

damping winding of the generator which is relatively small [36]. For meaningful details, the rotor
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angle stability is classified as small-disturbance (small-signal stability) and large-disturbance rotor

angle stability (transient stability).

2.1.1.1 Small-Disturbance 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 imbalance [34]. Small-
signal stability deals with the electromechanical dynamic effects of the power system under
which the system equations can be linearized around equilibrium point without significant errors
after being subjected to small disturbances [35], [36]. The small disturbance stability occurs due
to lack of damping oscillations. Accurate evaluation of the small disturbance depends on the
initial conditions prior to the disturbance, electrical network configuration and 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 power system 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 parts of the eigenvalues otherwise the system is unstable)

iii.  characterization of the power system based on the eigenvalues [40], [41].

The main instability problems encountered by power systems in relation to the small-signal

stability are summarized in Table 1 below

Table 1: Small-signal stability issues

Instability problem Description

Local Plant | Results from some group of the generating units

Oscillations oscillating against the rest of the power system. The
automatic voltage regulators (AVR) in weakly
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connected networks could be the cause of such
oscillations. Power system stabilizers (PSS) are
employed to provide adequate damping to eliminate

local plant oscillations.

Inter area mode | Mainly results from geographically isolated

oscillations generators swinging against each other in an
interconnected power system.

Control mode | Results from poorly configured control systems

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

Torsional mode | Results from abrupt changes from changes either the

oscillations power grid or the mechanical machinery within the

power plants.

2.1.1.2 Large Disturbance Rotor Angle Stability (Transient Stability)

Transient stability refers to the potential of the power system to maintain synchronism after
being subjected to large disturbances [34]. Under large disturbance, the power system equations
can no 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, generators or transmission line. Figure 2.5 typifies rotor angle stability

after the major disturbance experienced by the generator.
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Figure 2.5 Power system response to large disturbance. Adopted from [30]

Case 1 indicates the stable condition after the major disturbance where the rotor angle
oscillations reduce to stable state as the time progresses. Both cases 2 and 3 indicate the unstable
case after the perturbation where case 2 shows the first swing instability while case 3 shows the
sustained critical stability and finally some instability after some few oscillations. The cause of

the instability could be the loss of damping or synchronizing torque.

2.1.2 Voltage Stability

Voltage stability defines the power system’s ability to maintain bus voltages within the
acceptable operational limits after being subjected to disturbance and in normal operation [34],
[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 power [42]—-[44]. Voltage instability

could be mitigated by employing reactive power compensating devices such as shunt capacitors,
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SVC, and under load tap changing (ULTC) transformer. Voltage stability is mainly classified as

large-disturbance and small-disturbance voltage stability.

Small-disturbance voltage stability 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, large-disturbance stability deals with ability of the power system to
maintain voltage buses after being subjected to system faults such as loss of major generator,
major load, or transmission line. In addition, voltage stability could be classified in terms of the
time duration as short-term and long-term voltage stability. Short-term voltage instability results
from inductive loads such as motors and air conditioners while long-term voltage stability results
from voltage control equipment such as generator over-excitation limiters and tap changing

transformers while close to the loads [46].

1.0

0.8

Critical value

y NN

0

Figure 2.7 Current, Voltage and Power relation at
the load. Adopted from [31]

Figure 2.6 SMIB representation of the
power system. Adopted from [31]
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To gain comprehensive insight into the voltage stability problem, Figure 2.6 shows the power
system consisting of the single generator, transmission line and a load, which is normally Single
Machine Infinite Bus System (SMIB). Figure 2.7 shows the plot relating received real power (P3)
and reactive power (Qy), and voltage across the load (V2). From Figure 2.6 the current, voltage,

power and maximum power at the load terminal are given by the following equations:

E
I =

Z\/l + 2 (ZC/Z) cos(B — @) + (ZC/Z)Z ®

Vy, = |Z| = £

2 = ctl —

Z\/l +2 (ZC/Z) cos(B — @) + (ZC/Z)Z “

E%Z,
P, = Vylcosp = 7 COSQ (5)

z2(1+2 (ZC/Z) cos(f — @) + (ZC/Z) )

VZ cos @ VZ cos @

Pomax = 2Z[1 + cos(B — )] - 47 cos?[(B — ¢) /2] )

If Z, = oo, V; = V, and there is no current flowing through the circuit but as Z. decreases P,
increases rapidly and slows down as it approaches the maximum value at P,,,4,. On the other
hand I approaches the maximum value which is the short circuit (I;.) while V, decreases
exponentially. For the given value of P, there exist two operating points on either side of
the Pyqx - The left side operating zone corresponds to the high voltage value and low current
and is considered stable operating zone while the right zone is characterized by high current and

low voltage and is considered unstable [35], [42].

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

transmission then V, could be written as:
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V,= E —jXI (7)

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

S=P+jQy = VI = 7(=2)

-jx
= ;—((EVZ cos(p) + JEV, sin(p) — V?) (8)
From equation 8
EV.
P, = 72 sin(¢) (9a)
Q, = V—22+ %cos( ) (9b)
2 X X 2

Equations 9a and 9b define the power flow equations of the lossless transmission network and
provide the good approximation for the real network as R << X for the transmission cables [42].

Eliminating ¢ from the 9a and 9b leads to:

Vit + (20,X —EDVE+ X2(Pf+ Q3)= 0 (10)

Solving equation 10 for V, indicates how the reactive power and active power relates to voltage
stability at the terminal connected to the load. Plotting (V2, P2, and Qz) in (V, P, Q space) results

in the graph depicted in Figure 2.8.
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Figure 2.8 P, Q and V plot for SMIB power system. Adopted from [37]

From the plot in Figure 2.8 the locus of (critical points) of the marks the maximum permissible
complex power (Smax) that could be transferred between the generator and the load without
losing stability. Equally so, projecting the critical points to the P-Q plane gives permissible and
maximum reactive and active power that could be sustained by the power system without losing

voltage stability.

From Figure 2.9 and Figure 2.10 two famous curves namely V-P curves and the Q-V curves can be
constructed and play pivotal role in voltage stability analysis. Figure 8a depicts the voltage
stability limits and the maximum active power that could be transferred by the power system. In

addition, figure 8b shows the Q-V curve indicating the minimum reactive power requirement to

maintain voltage stability. For the Q-V curve stability is realized when aQ/aV > 0; critically

stable when aQ/aV = 0 and unstable when aQ/aV < 0[36], [47].
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2.1.2.1 Assessment method for the voltage stability

Voltage stability assessment methods are generally classified into static (steady-state) 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 conditions [44]. Static methods provide the good results and
are less computationally intensive than the dynamic methods. Dynamic methods are based 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 computationally intensive than the static methods
[48], [49]. In addition, dynamic methods are not normally used in voltage stability assessment, as

they do not reveal stability level. Figure 2.11 shows the voltage stability methods and their

subdivisions.
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Figure 2.11 Voltage Stability Assessment Methods

Amongst the static methods, P-V and Q-V curves are the most common voltage stability methods.
The static methods can further be classified into the load flow methods and steady-state
methods. The load flow methods evaluate the maximum real and reactive power capacity of the
power system under converging load flow conditions [36]. The load flow methods assess
performance index (Pl) of the power system such that the power 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 steady-state dynamic equations
around equilibrium. Fundamental to the steady-state stability analysis is the sensitivity matrix (S)
which is formed from the linearized equations or the Jacobian matrix [50]-[52]. The sensitivity

matrix reveals certain properties of the power system such that:
[S] € MP = (power system is voltage stable)

[S] € MP = (power system is not voltage stable)
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where MP is the group of matrixes with property P (determinant of the S, positive matrix,

diagonal matrix).

2.1.3 Frequency Stability

Frequency stability defines ability of the power system to 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 synchronous generator 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 results from the
mid-term and long-term situations. Mid-term frequency instability could be caused by lack of
generating resources and may result in the islanded electrical power systems [53]. The long-term
frequency instability may result from synchronous machine control systems (turbine governing
system, failure of the protection system) malfunctioning [53]. If the frequency instability occurs
it can be controlled under different levels namely the primary control, secondary control and
tertiary control. Primary control stabilizes 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 Response of the power system
To gain better grasp of the frequency stability the simplified model for the swing equation with
governor droop is developed and can be extended to multiple interconnected area. The

electromechanical generator model could be represented by [35]:

2H2+Dw = Cp— Co = By—PF,

— = wyw (11)
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such that H is the inertia of the machine, C,,, and C, represent the mechanical and electric torque
respectively. D is the damping of the machine, w and § are angular speed and rotor angle
respectively. The governors droop (R) defines the frequency change of the generator from no
load to full load and is given by:

_Af
R= P (12)

such that Af is the change in frequency and AP 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:

Af
APl = R_l (138)
Af
AP, = — 13b
2 = &, (13b)

If the generators are operated in the isochronous governor’s mode, the generators will oscillate
against each other in trying to control the system frequency [54]. 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 two area network shown in Figure 2.12 the change in frequency due to the load increase

can be written as:

Figure 2.12 Load effect on two area network
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For the load increase AP, in area 1, the change in power could be written as:

APml_ APlZ_ APL1= AfDl

and in area 2

APy, — APy = AfD;

The change in mechanical power can be written as:

Af
APpy = _R_
1
Af
AP, = _R_
2

Eliminating AP,,; and AP,,, from 14 using 15 results

1
Af(R_‘l‘ Dl) = _Aplz_ APLl
1

And

1
Af(_‘l' Dz) = AP12
R,
From 16 the change in frequency is given

_APLl _ _APL1
Yr,+ 01) + (Yt 02) Bt P

Af =
(
also

0P (Yo, *+ D2) _ -apug,

APy, = (1/R1 + D1) + (1/R2 + Dz) Bt B

where B1 and B; represent the frequency composite of area 1 and area 2 respectively. From
equations (14 -18) [35] the increase in load results in the drop in frequency. For large systems

with large number of synchronous machines, their inertia is high and they need substantial

change in active power for the frequency to change.
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For utility scale integration of solar-PV and wind, the conventional power plants play the pivotal
role in maintaining operational limits and stability of the power system as the renewables
generation power varies. The impact of solar and wind farms on the power systems stability have
been largely investigated. Anaya-Lara et al investigated the interaction of windfarms with the
power system comparing Fixed Speed Induction Generators wind turbines and the Doubly Fed
Induction Generators wind turbines [55]. The study was done on the simplified United Kingdom
(UK) electrical network. Anaya-Lara et al found the integration of FSIGs comprise the power
system transient stability more compared to the DFIGs following the system faults. The transient
stability of the Danish electrical network due to increased utility scale wind power generation
was performed by the Liu et al [56]. Liu et al found that the increasing penetrations of the wind
power in the Danish network results in reduced Critical Clearing Time (CCT) thus compromising
the transient stability of the Danish electrical grid [56]. This study further concluded that the
Danish electrical network can accommodate about 60 % of the wind power with the Nordic
countries disconnected [56]. Munkhchuluum et al performed the transient stability on the
Reliability and Voltage Stability Test (RVS) system due to high penetration of solar-PV power
plants and argues that increased penetration of the solar PV system results in reduced transient
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 solar-PV on the voltage stability for the Canadian electrical network was
conducted by Tamimi et al where they showed the voltage stability of the network was reduced
due to the increased penetrations of solar-PV power plants [58]. Further impact studies for the
solar-PV on voltage stability were performed by were performed in [59], [60] indicating that
displacement of synchronous generators with the solar-PV plants leads to reduced voltage
stability. The impact of multi-terminal High Voltage Direct Current (HVDC) windfarms on voltage
stability on the Netherlands electrical grid was performed by Ndreko et al indicating that the
voltage stability is dependent on the fault location [61]. Further studies on the 118-bus test
system revealed that increased penetrations of the wind farms worsens the voltage stability [62].

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 stability [64].

The intrinsic variability of the IREGs results in continual generation load imbalance, which poses
some frequency stability challenges in the electrical network. The frequency response due to
faults on the Western Interconnection [65] and Eastern Interconnection [66] 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 stability is dependent on the fault location [67]. This study further
suggests that the areas with low inertia were affected most following the fault. However, Vittel
et al argues that the increased penetration of the DFIGs wind farms worsen the transient
frequency stability if the conventional power plants are displayed [68]. The research work
performed by Alquthami et al on the 39-bus test system point out that the solar-PV generation
of around 20 % results in frequency instability when the network is faulted and due to the
temperature and irradiance variations [69]. The South Australia’s frequency response due the
increased solar-PV integration demonstrated that the trip from solar-PV plants renders network
into frequency instability [70]. For the power, system with high penetration of RES the power
system inertia is low and load fluctuations may lead to the frequency instability [71], [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 power plant inertia.

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 plants (mainly coal) [58], [68]. In the case of Lesotho, the
study wishes to assess the 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 system [57], [67], [69].
For this research work, the impact of the renewables was done on the detailed electrical Lesotho
network. Unlike the studies in [56], [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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as the penetrations are levels are increased. 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 solar-PV and wind power generation, the impact of their integration to the grid has
not been investigated rigorously. As the first step towards the integration of the wind power to
Lesotho grid Mathaba et al performed the resource assessment at Letseng [20]. From the
research work, it was demonstrated that the bi-annual availability wind power generation would
be 82.8 £ 6.7 %. The study also revealed that the wind power is mostly available during the August
and lowest in March [20]. 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 + 14 % [21]. From both
studies it was found that Letseng and Sani fall under class 4 and class 3 category respectively
which make them suitable for grid integration [20], [21]. Masitise falls under class 2 category and
is suitable for the stand alone systems [21]. The grid impact studies for both Letseng and Sani
had not been done. For this research work, Letseng was chosen for 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 5 — 7 kWh/m? and the sunshine hours of 10.2 — 13.8 hours which is good for the
large integration of solar-PV plants [22]. Further studies done by Taele et al suggest that the use
of solar energy technologies in the rural areas will increase the energy access in Lesotho [76].
Though the deployment of standalone solar energy technologies will definitely increase
electricity access, the study does not cater for the fact that the electricity access in Lesotho is
mostly done through grid extension and more than 50 % of the electricity is imported. Hence this
study focuses on the impact of utility scale solar-PV 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 solar-based renewables the solar PV ranks the first due to its simplicity, low
maintenance and high reliability [77]. In addition to these advantages, the improvement in

technology and economics of scale had reduced the 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 free and renewable. These advantages had resulted into PV systems being employed in
large grid-connected systems making PV systems play the pivotal role in the power generation as
opposed to the traditional stand-alone systems. The large-scale integration of grid-connected PV
systems results in new challenges in management and operation of the power systems due to
the intermittence and variability PV power plants [78]. Hence, for successful integration of the
PV systems accurate modeling of the PV systems and its power conditioning systems needs to be
fully understood in order to design and assess performance of PV systems on the grid. Failure to
successful assessment of the PV systems may led to grid instability hence compromising the

power system reliability, security of 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 the P-N junction, which uses the
photovoltaic effect to convert the solar radiation into DC current. The solar cell is usually
modelled based on the single diode lumped circuit model which predicts and characterizes the
power production from the solar cells. The single diode model is depicted in Figure 2.13 and
consists of current source ( converts light to current), diode representing the P-N junction, and

series and parallel resistors that represent the resistive loses [79].

Ry
NNN—e +
e
I
I v D g Ry v
- . —
Figure 2.13 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 the required
power output of the PV system. The equivalent circuit for the solar module is constructed by
connecting a number of solar cells in parallel (Ny) and in series (Np) as displayed in Figure 2.14

below.

Np Ns
/—""A_"_‘—\ Np Rs
v’ . 2 ANN—s +
. e
1,
AN /1Y ¥ - ’
Np Ipy, '\r'_g< _,'; Rp Vi
-1 | l o
Figure 2.14 Generalized PV cell generator equivalent circuit

Mathematically the power from the solar cells can be derived using equation 19.

1 /V, LR Np (Vy LR
IA=NPIPh—NpIRS{exp[ (—A+ﬂ)]—1}——P(—A+ ﬂ) (19)

AVrp \Ns ~ Np Rp \Ns = Np
where:

Table 2 PV model parameters
Parameter | Description
Ia Current Output from PV array (A)
Va Voltage Output from PV array (V)
Iph Solar cell photovoltaic current (A)
Irs Reverse current of the solar cell (A)
A Ideality factor of the solar cell
Rs Series Intrinsic Resistance (Q)
Re Parallel Intrinsic Resistance (Q)
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V1h Thermal cell Voltage (Vrh = kTc/q)

k Boltzmann Constant (1.380658e-23 J/K)
Tc Solar Cell Operation Temperature (K)

q Electron Charge (1.6022e-19 Cb)

To find the output power from the equation 19 /pp, Igs, Rs, Re, and A must be known and referred
to as “five parameters” hence “five-parameter PV generator model”. In addition to the five
parameters, the solar isolation and temperature conditions largely influence the electrical
performance of the PV generator. PV module manufactures normally provide the five parameters
under the known test conditions such as the Standard Test Conditions (STC) (solar radiation of
1000 W/m?, solar cell temperature of 25 °C, and air mass of 1.5) and under Nominal Operating
Cell Temperature (NOCT) (solar radiation of 800 W/m?, solar cell temperature of 20 °C 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 real operating conditions, the photocurrent is related to the incident radiation (G) and

solar cell temperature (T¢) by equation 20:
In = famfiallsc + rse(Te =T %/ (20)
Such that:

Table 3 Parameters for I,n Equation

Parameter | Description

fam Air mass which describes the solar radiation path through the

atmosphere to the absorbing array

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

Qlisc Solar cell temperature coefficient

Gr Solar Radiation at STC (1000 W/m?)
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The air mass describes the path taken by the radiation beam before reaching the earth as it
passes through the atmosphere relative to the direct path length [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 dependent on the location
of the place and time. The angle of incident function (fia) accounts 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 depend on 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 references [84], [85].

In addition to the incident angle and air mass, the performance the PV generator is distinguished
by the |-V characteristics, which are dependent on the cell temperature and the incident
radiation. The open-circuit voltage (Voc) of the solar cell varies with temperature and solar

radiation according equation 21.

Voc = Voes(1+ Br(Te — Tr))vr (21)
where Vs is open circuit voltage at STC; S and vy are the temperature and voltage correction

factors that are determined empirically.

Based on instantaneous values V,.s and Ip; the solar cell current and voltage can be known
hence the output power of the module or PV array. The I-V curves showing how PV power varies

with irradiance and temperature are shown in Figure 2.15 and Figure 2.16 respectively.
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temperature [86]
5 P g
_______________________ -25°C i i
8----_------------------_-T-'ﬁr- ---- - OOC
4--25°C | N
6l s0°C | P
= = i 7
= e N 4
= 4t = :
i 2r i 7
-25°C e
2f---0cC | N e
- 25°C | /'
50°C | : 4
0 i i i . 0 i i H
0 0.2 04 0.6 0 0.2 0.4 0.6
vpy (V) vpy (V)
Figure 2.16 |-V indicating how Vpy, ipy and Ppy vary with temperature under constant
irradiance [86]

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 array power, to be compatible with the grid electricity, additional
circuitry is required so that the PV power synchronizes with the utility grid. Additionally, the PV
power depends on the atmospheric conditions that are constantly changing hence some
conditioning circuitry. 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 system is to inject the power to 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 employed. Figure 2.17, Figure 2.18, and Figure 2.19 display three different

power conditioning configurations namely single stage, dual stage and multistage topologies
[87].

Utility
Power Conditioning System Grid
S .- Im
MPPT and Controel Loops i |
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Figure 2.17 Single Stage Inverter Topology [87]
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Figure 2.18 Dual Stage Inverter Topology [87]
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Figure 2.19 Multi Stage Inverter Topology [87]

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

the dual stage configuration utilizes the DC-DC converter which acts as the interface between the
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PV array and the inverter. For the dual stage topology, the DC-DC handles the MMPT while the
inverter deals DC/AC conversion. Lastly for the multistage topology the DC-DC converter
implements MPPT for each PV array string and the DC-AC converter handles the DC-AC
conversion. The dual-stage and multi stage topologies are normally employed in grid-connected
PV systems as they provide better control strategies of both voltage, reactive and damping

oscillations.

Figure 2.20 depicts the detailed model for the grid-connected PV system showing the details of
major block components [79]. The PV panels are connected in series and in parallel to produce

the DC voltage that is feed DC-DC converter then to the utility grid through the step-up

transformer.
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Figure 2.20 Detailed 3-Phase grid connected PV System [79]

The DC-DC power conditioning (PV-Side Converter (PVSC)) is commonly implemented by DC-DC
topologies such as the buck, boost, buck-boost and the full-bridge DC-DC converters. The PVSC
keeps the input voltage to the DC-AC inverter constant as the PV array voltage varies with the
atmospheric conditions. The voltage at the DC-AC inverter is kept constant by the switching
power devices (a rectifier diode and the power transistor) and the smoothing devices in form of
the capacitor (Cp) and the inductor (Lv). The duty circle of the switching devices is continually
varied such that the input voltage to the inverter is kept near the MPPT under different loading

and atmospheric conditions.
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The DC-AC inverter (Grid Side Converter (GSC)) transforms the DC power from PVSC to the AC
grid compatible power. GSC is normally implemented using H-bridge for the single-phase grid
connected to the PV systems and voltage source inverter for the three-phase connections. The
GSC is built using power transistors and switched diodes. Using the sinusoidal pulse width
modulation (SPWM) the GSC synthesis the sinusoidal voltage from different input voltages levels
[88]. The output 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 distortion is less than 5 %. The governing mathematical

equations for the inverter are described in references [89], [90].

2.2.3 PV Generator Controls

The controls employed on large-scale grid-connected PV systems are classified into three control
levels namely external, middle and the internal control as shown in Figure 2.21. The external
control determines both reactive and active power injected into the utility grid by the PV system
[87]. The control is achieved through voltage and active power control loops. The voltage control
loop employs the voltage-droop strategy, which modulates the reactive component of the
voltage, source inverter (VSI) using igrin maintaining the voltage at the point of common coupling
(PCC) [88]. For the stable and fast response of the reactive power loop the proportional-integral,
(P1) controller is used. 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 circle of the DC-
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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Figure 2.21 Control Levels of 3-Phase grid connected PV System [87]

The middle level control dynamically tracks the output reference values (ig- and ig) from the
external level control [87]. The reference values are tracked by employing the current control of
the inverter in synchronous-rotating dg frame [91]. The PI controllers are used to decouple the
DC-side of the inverter and the AC-side 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 insulated-gate bipolar transistor (IGBT) based on the pulse width
modulation. The output of the VSI produces the 3-phase voltage, which is synchronized to the

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

2.3 Wind Technology

Increased power generation from wind resource necessitates accurate modelling of the wind
variability for evaluation of the power systems performance analysis. The kinetic energy from
blowing wind is captured by the rotor blades and then converted to mechanical energy through
the rotating blades. The rotor blades drive the rotor of the generator, which converts the

mechanical energy to the electrical energy, which is fed to the electrical grid. Figure 2.22 briefly
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illustrates the conversion process of how the wind turbine converts the energy from wind to

electrical energy.

Electrical
network

Rotor
blades
- Generator
- Mechanical Connection
 —— A N - £
drive train interface
| e
| ——
Flow energy
of the air | |
1 I
1 I
Kinetic Mechanical | Mechanical Electrical |
energy energy ! energy energy !
Conversion Transformation Conversion Transformation
Figure 2.22 Main Components of wind turbine and their components

The power of the blowing air passing through the perpendicular area A (swept by the rotor

blades) is expressed by equation 22 while the power captured by the rotor blades of the wind

turbine is given by equation 23 [92].

1
R, = 5pAVS

1
B, = Cp(/l'ﬁ)szva

(22)

(23)

From equation 22, p represents the air density, Vw represent the wind speed and C, is the

performance coefficient, which is the function of both tip speed ratio A and blade pitch angle B.

The power curve relates the output power of the turbine to wind speed as depicted in Figure

2.23.
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Figure 2.23 Typical power curve for the wind turbine

At low wind speeds beneath cut-in, wind turbine does not generate power but as the wind speed
increases above cut-in, the generated power sharply increases up to the rated power where the
output levels remain constant as the wind speed increases. At cut-out, the generated power
shuts down to protect the wind turbine from distraction. Furthermore, the wind turbine power
output could be controlled by adjusting the rotor blades pitch angle. The output power regulation
of the fixed speed wind turbine is attained using the stall mechanism to control the output power
and the variable-speed wind turbines use dynamic pitching mechanism to control the output

power.

2.3.1 Fixed-Speed Wind Turbines

Fixed wind-speed wind turbines represents early technology of the wind turbines that are based
on the fixed speed generators. The induction generator (Squirrel cage or Wound rotor) is
normally used for the fixed wind speed turbines where the rotor speed is constant in spite of the
wind speed. For the fixed wind-speed turbines, the power grid frequency determines the rotor
speed and the stator side of the generator is directly connected to the electrical power network.
This configuration results in simple, robust and cheap wind turbines but causes increased power
system instability as the variation in the wind speed results in rotor speed fluctuations, which

causes active power, reactive power and voltage fluctuations at the point of interconnection of
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the wind farm [93], [94]. Furthermore, the increased active power production results in huge
reactive power absorption from the electrical grid, which further results in increased voltage
instability [36]. In addition, the induction generator requires some external reactive power to
start running [36]. Due to these problems, the fixed-speed wind turbines are no longer used in
wind farms and the variable wind speed turbines were constructed to overcome the

disadvantages of the fixed-speed wind.

2.3.2 Variable-Speed Wind Turbines

The improved technology in generator and power electronics interfacing circuits had led to the
establishment of the variable-speed wind turbines. Variable-speed wind turbines are designed to
capture maximum power from a wide range of the wind speed using the improved aerodynamics
mechanisms. The main converter technology employed for variable-speed wind turbines is the
partial-scale converter based on doubly fed induction generator (DFIG) and the full-scale wind
turbine converter (FSWT) based on either induction or synchronous generator [93]. As opposed
to the fixed-speed wind turbine, the rotational speed of the rotor varies relative to the wind
speed and rotor speed is decoupled from the grid frequency through the partial-scale converter
for DFIGs [95]. The decoupled rotor speed and grid frequency results in almost constant torque
hence reduced fluctuations of active, reactive power and frequency of the electrical network
employing variable-speed wind turbines [94]. For the FSWT, both the rotor and stator speed are
decoupled from the grid frequency through the back-to-back converter resulting in full control
on the active, reactive and voltage control. In addition, FSWTs are less susceptible to the grid
faults and can provide reactive power to the grid. For the FSWTs, depending on the generator
type employed, the gearbox might be eliminated hence reduce size of the wind turbine.
Nonetheless, the use of power electronic converters results in increased power losses and
induces some harmonics to the power grid. Moreover, cost of the full converter wind turbines
remains the challenge for their full adaptation. The wind turbines configurations can further be

based on the control speed and power control strategies based on the generator type.
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2.3.3 Wind Turbines Configurations

The wind turbines configurations can be classified mainly into four categories, namely Type |,

Type Il, Type lll, and Type IV. Figure 2.24 displays the schematics of the generator technologies

for the main wind turbine configurations.
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Figure 2.24 : Wind turbine generator systems[96]

Type | (Fixed speed): is based on the squirrel cage or wound rotor induction generator, which is

connected to the grid via the step-up transformer. For the smooth connection to the grid, Type |

utilizes the soft-starter and the capacitor bank for reactive power compensation. This exhibits

the same disadvantages as the fixed-speed wind turbines.

Type Il (Limited Variable Speed with Variable Resistance): uses the wound rotor induction

generator and controls the rotor speed using the variable resistor known as the OptiSlip or
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FlexiSlip [93]. Same as the Type | wind turbine, Type Il still uses the soft-starter 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 10 % and 16 % respectively [36]. Type

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

Type Il (Variable Speed with Partial-Scale Frequency Converter): utilizes the wound rotor
induction generator based on the doubly fed induction generator (DFIG) principles. Contrary to
Type | and Type Il, wind turbines which use soft-starter and capacitor banks for smooth
connection to the grid and reactive power compensation, Type lll is equipped with partial
frequency converter capable of better reactive compensation and smooth connection to the grid
[97]. The use of the partial frequency converter results in better synchronous speed range of -40
% to 30 % [93]. The downside of the Type Il is some additional protection needed to isolate grid
faults. In addition, the use of slip rings between the generator and the rotor results in increased

maintenance due to wear and tear.

Type IV (Variable Speed and Full-Scale Frequency Converter): is based on the wound rotor
synchronous generator (WRSG) or the permanent magnet synchronous generator (PMSG). For
Type IV, the generator is connected to the electrical grid using the full-scale frequency converter.
This results in the better control of the synchronous speed (compared to Type Ill) hence full
control of active, reactive and voltage on the point of common coupling. For Type IV, the gearbox
is not a must as the generator could be driven directly from drive train. Increased use of power

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

2.3.4 Wind Turbine Generator Modelling

To further gain, fundamental understanding of the wind turbines, both mathematical models of
the electrical and mechanical wind turbine needs to be understood for effective grid integration
studies. Wasynczuk et al and Anderson et al pioneered the modelling of the wind turbines in
trying to understand behavior of the wind generators due to wind variations and their stability

[98], [99]. Figure 2.25 displays the basic components on the wind turbine model.
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Figure 2.25 Block diagram for the wind turbine model [31]

The Wind Speed Model: represents the wind speed based on the historical measurements for the
proposed wind farm site. The wind speed historical data simulations are limited to the historical
recorded wind speed, hence analytical methods are employed to model the wind speed [100].
Commonly used equation for the analytical wind model is given in equation 24 where Vw (t) is
the wind speed at particular time and Vwa(t), Vwr (t), Vug (t), Vut (t) are average wind speed, ramp
component of the wind speed, gust component of the wind speed, and turbulence component

of the wind speed respectively [99].

V() = Vwa(®) + V() + ng(t) + Vit () (24)

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

the performance coefficient varies and is dependent on pitch angle B and the tip speed ratio A.

Wind Turbine Drive Train Model: is modelled by the multi-mass system described by the angular
position, angular velocity and the inertia of the rotating bodies. The mass objects are connected
to each other through the damping coefficient and some spring constants as depicted by the two

mass system in Figure 2.26.
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Figure 2.26 Two-Mass Drive Train [36]

Jt 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 low-speed shaft) while the inertia for the
generator rotor, high-speed shaft and the gearbox parts connected to high speed shaft are
represented by the Jg. In addition, the w: and wg represent the angular velocities for the turbine
and the generator respectively, while 8: and 6; denote turbine and generator rotor. Dy and Ks
give the mutual damping and the shaft stiffness respectively. The self-damping for the
aerodynamic of the turbine blades is given as Dt and the self-damping for the generator is given
as Dg. The equation describing the two-mass model of the wind turbine can be given as [36], [94],
[101]:

dw
2th_tt = Ct - KS(Qt - Hg) - Dtg((‘)t - (Ug)

dw,
2H;—= = —C, + Ks(6, — 6,) + Dyy(w; — wy)

9 dt
dé, d6,
e _ e Lo _ 25
T 06 = 9 (25)

41



where C; and C, denote aerodynamic torque developed from the turbine blade and
electromagnetic torque developed from the generator. The inertia constants for wind turbine
and the generator are represented as H: and Hg respectively. Under the assumption that
velocities of the generator rotor and turbine speeds are equal, the two-mass equations of motion

could be reduced to:

dw
2(H, + Hg)d—t’” =C - C, (26)

The Generator Model: is modelled depending on the type of the generator being used. The
generator model follows the typical model of the induction generator for Type | — Ill and
synchronous generator for the Type IV wind turbines. For the sake of space the detailed models
and equations describing the generator models are not discussed but can be found in references

[35], [93], [102], [103].

The Electrical Network Model: represents the electrical components to which the wind turbine
or wind farm is connected. These components 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 wind power plant model remains pivotal in grid studies for wind farms. Several studies
discussed the early aggregation of the constant wind turbines [104]-[106]. Castro et al discussed
the singular perturbation approach in reducing the wind farm model, which only simplifies the
individual wind turbines based on power systems dynamics. Furthermore, in studies performed
by Castro et al and Akhmatov et al the wind farm was aggregated based on the individual
summation of wind turbines such that the total rated power (S.,), total compensating

capacitance (Ceq) and the total mechanical power are given as [105], [106]:

Seq =Z'Si; Ceq = ZCi; Pm,eq =

n n
=1 =1

Pm,i (27)

n
i=1

42



where §;, C;, and P, ; represent individual rated power, compensating capacitor and mechanical

power of the ith wind turbine respectively.

The more detailed model was proposed by Muljadi et al by taking into consideration the wind
farm layout where each wind turbine is connected to the step-up transformer which connects to
the string of other wind turbines, then the group of strings connected to point of interconnection
(POI) [107]. Muljadi and Ellis further performed the validation of the developed model against
the real field measurements based on Type Ill wind turbines [108]. From the validation results,
they found that Type Il adequately represented the wind farm except for the wind farm
constructed from 2 wind turbines. Figure 2.27 and Figure 2.28 displays the modern wind farm

configuration and its equivalent single-machine representation.
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Figure 2.28 Single line equivalence of the wind farm
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Due the increased need of standardized wind, farm models Western Electricity Commission
Council (WECC) in corporation with the IEEE Working Group on Dynamic Performance of Wind
Power Generation launched the task force to develop generic models for wind farms based on
all types of wind turbines. Ellis et al developed the models and their technical specifications [109].
The models developed by WECC are widely used in commercial softwares such as DigSILENT
Power, Powerworld, and Positive Sequence Load Flow (PSLF). Pourbeik et al presented the recent

development and the limitations of the models developed by WECC [110].
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3 Methodology

The increased large renewable power plant integration to the utility grid affect the power
dynamics of the power systems. As the IREGs penetration increases the grid stability may
improve or be compromised, hence careful assessment of the impact of IREGs on the utility grid
must be performed. The study evaluates the impact of the IREGs (Wind and Solar PV) integration
on the stability of Lesotho electric network. The study focuses on the voltage, frequency and
rotor angle stability. In addition, the maximum allowable penetration of the IREGs was
determined. The study considered both the dynamic and the steady state performance of LEC
network. The dynamic analysis was performed by applying the 3-phase short circuit faults to
suitable bus bar (stressed) of the electrical network such that the chosen location results in the
maximum electrical system instability. The stressed point was chosen based on the critical
clearing time (CCT) criterion. The critical clearing time defines the longest time the generator
remains synchronized after being disturbed [39]. After the fault was applied, 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 conditions. The steady state
performance was evaluated by analyzing the hourly voltage performance against the grid code
of Lesotho. The steady state analysis was based on the hourly load from 2018. The load flow and

stability simulations were performed using the DigSILENT software.

3.1 System Modelling and Configuration

The study was carried out based on the computer model of the Lesotho Electricity Network,
which was supplied by the Lesotho Electricity Company (LEC) and then modelled using the
DigSILENT software. LEC is the sole transmission and distribution operator in Lesotho. LEC
electrical network consists of hydropower generating unit with capacity of 72 MW, 2 MW of the
hybrid system of diesel and mini-hydro at Mantsonyane and the external grid from the
neighboring South-African power grid. The electrical transmission network is built from

interconnected substations with the voltage levels of 132 kV, 88 kV, 66 kV and 33 kV. The
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distribution network is built from 22 kV and 11 kV voltage levels. The end-user voltage levels are
constituted by 380 V and 240 V. Figure 3.1 shows the electrical network model over which the
impact of the intermittent renewables sources will be integrated and evaluated. The model was
built using DigSILENT software. DigSILENT is the computer-aided software suitable for analyzing
electrical transmission, distribution and industrial networks. In addition, DigSILENT can model

and analyze electrical networks with variable renewable energy generators.

Figure 3.1 LEC DigSILENT Network Model

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

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

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

The transformers were modelled from the real data provided by LEC and the transformer

parameters were captured into DigSILENT as shown in Figure 3.2.

2-Winding Transformer Type - Equipment Type Library\Transformers\2-Windings\Khukhune 20MVA 88/33kV Trf.TypTr2 ? X
Nane
Load Flow Technology | Three Phase Transfomer =l Cancel
VDEAEC Shot Qrcut Rated Power [20— MVA
Complete Short-Circuit Nominal Frequency r Hz
ANSI Short Circut Rated Voltage Vector Group
IEC 61363 HV-Side [ kv HV-Side [ ~]
LV-Side B kv LV-Sde 0 ~]
RMS-Simulation A
ostive Impedance
EMT-Simuation Stk B B  Phasesnt [T “3deg
::"::/Pow e SHCVotage Re(k)ukr  [05 % Name YNd1
Zero Sequence Impedance 2]
Reliability Short-Circuit Voltage uk0 |6.4515 %
SHCVotage (Re(kO)uklr [003 =
Description

Figure 3.2 Transformer Modelling in DigSILENT

The transformers were modelled using the 3-phase winding transformer model. The transformer
data such as the transformer rating, vector group, voltage tap and the zero crossing sequence

short circuit settings were captured into DigSILENT LEC model.
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3.1.2 Load Modelling

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

of the load. The voltage dependent load is modelled as:

P=rp, (%)a (28)
Q= 0, (;)b (29)

where P and Q represent the active and the reactive power respectively. Po and Qo represent

reference active and reactive power respectively.

The voltage Vo 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 respectively [54]. For the study the constant power model which assumes

0 for exponent a and b was used. Figure 3.3 shows how the load parameters were captured into

DigSILENT.

General Load - Grid\Ha Lejone\General Load(1).EimLod ? X
Basic Data General | Advanced I
Load Fow Input Mode I S, cosfphi) L] Cancel
v TR Bdo‘:::r:gl::l:m” IBdanced LI Actual Values i

Apparent Power  [1724 MVA 2.0056 MVA Jumpto ...
Power Factor 0.98 [ind. ~] 0.98
- - Voltage f17 pu.
G Scaling Factor [1157 1.15
EMT-Simaation [V Adjusted by Load Scaling Zone Scaling Factor 1
Hamonics/Power Quality
Optimal Power Flow
State Estimation
Reliability
Generation Adequacy
| Description

Figure 3.3 Load Modelling In DigSILENT
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3.1.3 Transmission Line Modelling

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 parameters were provided by LEC. Figure 3.4

indicate how the transmission line parameters were captured into LEC electrical DigSILENT

model.
Line Type - Equipment Type Library\Lines\132kV Wolf.TypLne ? X
Nome [r3av wor ok |
Load Flow Rated Votage 132 kV Femmm
YRS ot s Rated Curent  [0.48 KA
Complete Short-Circuit Nominal Frequency [750 Hz

NS hon e Cable / OHL Ovehead Line _v)
System Type AC vl Phases 3 vl Number of Neutrals |0 vI

DC Short-Circuit
RMS-Simulation Parameters per Length 1.2-Sequence Parameters per Length Zero Sequence
AC-Resistance R'(20°C) |0.188 Ohm/km AC-Resistance R0’ 047 Ohm/km
EMT-Simulation
Hamonics/Power Qualty 2| L4
am Reactance X' 0418 Ohm/km Reactance X0 |1 473 Ohm/km
Protection

Figure 3.4 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 Aow xd I‘I.BS pu.
Cancel |

VDE/IEC Short-Circuit xq |1.019 pu.
Complete Short Crcut Reactive Power Limits il
ANS! Showt Minimum Value |-0.25 pu.
IEC 61363

Maximum Value |0.25 pu.
RMS-Simulation Zero Sequence Data Negative Sequence Data
EMT-Simulation Reactance x0 |D.52‘338 pu. Reactance x2 |D.24? pu.
Hamonics/Power Qualty Resistance rQ 0.00529 pu. Resistance r2 |D.DO.?65 pu.
Protection

Figure 3.5 Hydro Power Generator Modelling in DigSILENT
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The hydro power station was modelled using the synchronous generator. The machine
parameters such the power rating, stator resistance, synchronous reactance and sub-transient

reactance were captured as shown in Figure 3.5.

3.1.5 Intermittent Renewable Energy Generators (IREGS)

Solar PV farm was modeled using 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 under consideration. Figure 3.6 depicts the main block diagram

showing how the PV panel model is constructed.

Uarray
20
de larray ®0
Solar Radiation -1
Ramp E . i id_ref
Photovoltaic Model DC Busbar and Capacitor Model a0 0% = 0
PV Array DC Busbar and Capacitor
1
18 iq_ref 31
Temperature - 22
RampTemperare vdcref
1e 1
Controller
- Controller
=
=5
PowerMeasurement - AC Voltage - uac 52 ~
PQ Measurement Voltage Measurement Static Generator
PV Generator
Slow Frequ Measurement Fmeas ActivePowerReduction  _ pred o
Slow PLL * *  ActivePowerReduction
PhaseMeasurement , sinref.cosref
Figure 3.6 Block Diagram of the PV Generator in DigSILENT

The model consists of four main blocks namely the photovoltaic, DC-link, controller and the
inverter blocks. The inverter is modelled as the static generator and interfaces with the grid. The
photovoltaic model represent the number PV modules connected in parallel and in series to form

the solar PV array. The DC-link implements the maximum power point tracking (MPPT) algorithm.
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The controller maintains the control for the PV system ensuring that the voltage and power 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 capacity. Figure 3.7

depicts the wind model with its functional block diagram.
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Figure 3.7 Block Diagram of the DFIG in DigSILENT

id;iq

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 drives the 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.

Figure 3.8 and Figure 3.9 present the simplified grid for the proposed sites where the solar PV
farm and the wind farm will be integrated to the grid and with the neighboring substations. The
proposed site for the solar farm and wind farm are Ramarothole and Letseng respectively. The
neighboring substations serve as the important points to consider as they are closed to the IREGs
hence affected more by the IREGs integration. The other point that was considered is the

hydropower substation as it is the main synchronous generator for the electrical network.

Maphohloane | Thiokoeng + Mokhotlong
T
E‘“aﬂm’ X — Mafeteng Eskom Infeed —J  Letseng Wind Farm

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

— Ramarothole Solar Farm

\

=

Mahlasela

Figure 3.8 Simplified Grid for PV Integration Figure 3.9 Simplified Grid for Wind
Integration

3.2 Dynamic Stability Studies

The stability studies were conducted by performing the load flow under different penetration
levels of the scenarios presented in section 3.1. For each case, the penetration levels were
increased until grid code was violated. In addition to the load flow analysis, the network was
scanned for most stressed point with the least critical clearing time since it results in the worst

system stability after the fault 3-phase short circuit was applied to it. Critical clearing time mainly
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evaluates the electrical network based on the 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 references [56], [58], [111]. The stability studies were
performed on the electrical network with the total load of 185.71 MW. The penetration levels
for three different scenarios are presented in Table 4. Table 5 and Table 6 show the voltage and

frequency limits for Lesotho grid code.

Table 4 Penetrations level for different scenarios

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

20 30 35+30 20 +50

30 40 35+40 30+50

36 52 35+52 36 +50

Table 5 Grid code voltage levels limits

Normal Conditions Emergency Conditions

Normal Voltage (kV) | Maximum (kV) | Minimum (kV) | Maximum (kV) Minimum (kV)
132 138.6 125.4 145 118.8

88 92.6 83.6 96.8 79.2

66 69.3 594 72.5 56.1

33 34.7 314 36.3 29.7

Table 6 Grid code frequency limits

Nominal 50
Upper Limit 50.5
Lower Limit 49.5
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3.3 Steady State (Quasi-Dynamic) Simulation

The steady state was considered so that impact of the hourly variations of the IREGs is
considered. To model the steady performance of the LEC network, the hourly voltage
performance of the network was considered. The steady state was performed according to Figure

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

Hourly Speed at Aggregated

Wwind == Turbine Ly  Hourly
Speed Height Power

Hourl Hourly PV Voltage
ourly ourly o
GHI ) Power Variation

with respect
Hourly Metered Muela Power

to the IREGs

Seasonal Weekday Yearly
Substation Saturday Hourly Load
Load Profile Sunday Profile

Figure 3.10 Flow chart for the steady state analysis

The 30-minute load 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 summerl represent the load from January to April, winter loads represent the load
from May to August and summer2 was represented by the loads September to December. Figure
3.10 represent the scaled load from different substations. From Figure 3.11 it can be seen that
the hourly load varies differently for each substation, hence necessary to consider 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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Figure 3.11 Hourly Load Variations

The hourly power from the wind turbine was obtained by 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
(Pt) was found from equation 30

0: VW < chtin; and VW > chtoff

Py = 1 Pour. Veutin < Vw < Viatea (30)
Prated: Vrated < Vw < chtoff

where Pout is the power of the turbine between cut-in wind speed (Vcutin) and the rated wind
speed (Vrated) Of the wind turbine. Vi and Vot represent the wind speed at the turbine height
(H) and the cutoff wind speed of the turbine. The wind speed at the turbine height was obtained

using the power rule equation such that:

H>1/7 (1)

Vw = Vir (H_
r
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where Vyr represent the wind speed at the reference height (50 m). The height H and H, represent
turbine height and the reference height at which the wind speed was measured respectively. The

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

N
Pyindfarm= Z 1:)t_n (32)
n=1

where N represent total number of the wind turbines connected in parallel.

The hourly output power for hourly PV output was calculated based on the solar radiation

downloaded from PVGIS website [112]. The hourly output from the solar farm was calculated as

G
Py = Mpv G

= — P (33)
Nsrc Gste rated

where 7,,,, and ngr¢ are the solar PV array efficiency under operation conditions and standard
test conditions (STC) respectively. Incident radiation on the solar array at operating conditions
and at standard test conditions is represented as G; and Gy respectively. Capacity of the solar
farm is represented as P,4t0q- The array efficiency and the incident radiation on are calculated

based on the model developed by Hove et al [113].
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4 Results and Discussions

4.1 Critical Clearing Time Results

Table 7 shows the how critical clearing time varies as the penetration level of the wind and solar
vary after 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 shows that the rotor angle
stability was compromised as the penetration of the solar PV farm generation increases while
wind farm does not affect the rotor angle stability, as the critical clearing time remains constant

as the wind generation increases.

Table 7 Critical Clearing Times for solar PV and wind generation with different penetrations

Substation No RE Solar Generation CCT (sec) | Wind Generation CCT (sec)

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 132kV 0.71 0.4 0.24 0.05 0.71 0.71 0.71
Khukhune 88kV 6.9 241 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 bars (132kV) have the least critical
clearing times. This suggest that the fault at these buses destabilizes the grid most when
subjected to the fault. Based on the observation the Mabote bus bar was considered the most
stressed point, the 3-phase short circuit was applied at it as the frequency, and 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 affected more due to their proximity wind and solar farms. To further investigate the

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

4.2.1 Voltage Stability for the solar PV Case
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Figure 4.1 Voltage response at the critical bus bars after the fault is applied at Mabote with different penetration levels of solar PV
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4.2.2 Frequency Stability for the solar PV case
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Figure 4.2 Frequency response at critical bus bars after the fault is applied at Mabote with different penetration levels of solar PV
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4.2.3 Rotor Angle Stability for the Solar PV Case
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Figure 4.3 Rotor angle and real power response of synchronous generator at Muela due to the fault at Mabote with solar PV at different

penetration levels
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Figure 4.1 to Figure 4.3 show how the voltage, frequency and rotor angle varies after the 0.1
seconds 3-phase short circuit was applied at bus with the lowest critical clearing time (Mabote)
at different penetration levels. From Figure 4.1, it is observed that at penetration levels of 20 MW
and 30 MW, the voltage were within the allowed limits and the network was able to recover from
the fault as the voltages were damped to the stable limits. Comparing 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.u. before the fault at penetration level of 20 MW. At penetration of
30 MW it is observed that the voltage has dropped further to 0.98 p.u. This suggest that increased
penetration of solar PV farm results in the worsening voltage stability as the voltage at Muela is
reduced. The rest of the nearby substations oscillations were within the required voltage limits.
However, at the penetration level of 36 MW the voltage limit was violated, as the voltage at the
critical buses did not return to the allowable steady state limits. The most affected substation

was Muela, which shows the worst deviation from the nominal voltage limits.

Figure 4.2 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 penetration increased, the
oscillations for the first swing were almost equal 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 the 30 MW penetration at Muela.
The other critical points had the same response with the highest frequency of 50.749 Hz and
43.837 Hz at 20 MW and 50.416 Hz and 44.586 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 frequency instability. For both 20 MW and 30 MW
penetrations, frequency stability was observed. At the penetration, level of 36 MW the frequency
stability was violated, as the frequency was initially almost constant but went out of permissible

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

Figure 4.3 depicts how the rotor angle and the active power at the synchronous generator varies
with varying penetrations levels for the solar PV integration. At penetration levels of 20 MW and
30 MW the rotor angle stability was observed, as the output power was constant after the fault
even though rotor angle was oscillatory. Comparing the oscillations at 20 MW and 30 MW

penetration, it is observed that the oscillations were increasing as the solar PV integration was
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increased from 20 MW to 30 MW. The oscillations were between -4.65° to 74.05° at 20 MW
penetration and -19.27° to 73.06° at 30 MW penetration. At 36 MW the rotor angle stability was
violated and the active power at Muela hydropower collapsed. From Figure 4.1 to Figure 4.3, it
could be concluded that the penetration level of 36 MW leads to voltage, frequency and rotor
angle instability hence the maximum allowable limit for solar PV at Ramarothole must be less
than 36 MW. Furthermore, the rotor angle was varying most as the penetration levels increased
and this suggest 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 Stability for the Wind Case
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Figure 4.4 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 Stability for the Wind Case
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Figure 4.5 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 Stability for the Wind Case
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Figure 4.6 Rotor angle and real power response of synchronous generator at Muela due to the fault at Mabote with wind farm at different penetration

levels
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Figure 4.4 to Figure 4.6 depicts how voltage, frequency and the rotor angle varies after the 0.1
seconds 3-phase short circuit is applied to the Mabote substation under different wind power
generation penetrations levels. From Figure 4.4, it is seen that after the fault the voltage quickly
settles to the constant voltage levels without overshooting. In addition, the only nearby
substations (Letseng, Tlokoeng and Mahlasela) were affected by the fault while Khukhune was
less affected by the fault. Taking a closer look at Table 8 the voltage levels of the affected

substations keeps on increasing as the penetration level of the wind generators increase.

Table 8 Voltage levels as penetration increases at Letseng

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

30 1.02 0.99 1
40 1.045 1.021 1.02
52 1.07 1.051 1.02

At the penetration level of 52 MW the steady state voltage at the Tlokoeng substation, was
greater than 1.05 p.u. which is stipulated as the limit under the grid code of Lesotho. From this,
it is concluded that under the current operating conditions the 52 MW penetration cannot be

exceeded as it violates the grid code.

The frequency response due the fault is shown in Figure 4.5. As the penetrations levels were
increased, frequency undershoot also increased showing some small oscillations. The frequency
undershot was 49.644 Hz, 48.498 Hz and 48.358 Hz at the penetration levels of 30 MW, 40 MW
and 52 MW respectively for Letseng and Tlokoeng. The frequency perturbations were severe at
the nearby substations (Letseng, Tlokoeng and Mahlasela) while Khukhune experienced very
small frequency disturbance. This suggest that the increasing 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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Figure 4.6 displays the rotor angle response of the Muela synchronous generator before and after
the fault was applied at Mabote substation. From all different penetrations levels of wind farm,
the rotor angle stability was observed as the output power from the generators remained
constant. The oscillations had the highest overshoot of 84.69° and the lowest undershoot of
9.04%. Contrary to the solar farm generation the where increased penetration results in
worsened rotor angle stability the wind farm generation 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 Stability Hybrid Case Wind Variations
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Figure 4.7 Voltage response at critical bus bars after the fault is applied at Mabote with different penetration levels for hybrid case (wind variation)
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4.4.2 Frequency Stability Hybrid Case Wind Variations
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Figure 4.8 Frequency response at critical bus bars after the fault is applied at Mabote with different penetration levels for hybrid case (wind variation)
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4.4.3 Rotor Angle Stability Hybrid Case Wind Variations
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Figure 4.9 Rotor angle and real power response of synchronous generator at Muela due to the fault at Mabote with different penetration levels for

hybrid case (wind variations)
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Figure 4.7 through Figure 4.9 represents the response of the voltage, frequency and the rotor
angle due to the 0.1 seconds 3-phase short circuit faults applied at Mabote substation for the
hybrid system build from 35 MW solar farm and the wind farm for different penetration levels.
The wind generation capacity was varied from 30 MW to 52 MW. For the hybrid system, both
critical points for wind farm and solar PV were considered. Figure 4.7 shows the voltage response
after the faults is applied. The voltage levels for the point of common coupling (Letseng) and the
Tlokoeng substation remain almost unchanged before, during and after the fault. As in the case
for the wind generation, the substations closest to the wind farm experienced increased steady
state voltage levels as the wind generation increased. Comparative outlook between the wind
only results and the hybrid system (wind variation) indicates that the voltage levels were the
same for both cases as in Table 8 but 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 configurations. The voltage levels were as in Table 8 indicating that the solar PV

does not contribute to voltage instability at Letseng or increased levels of wind penetrations.

Frequency response of the hybrid system when the fault is applied at the Mabote is shown in
Figure 4.8. For the hybrid system with varying wind penetration the frequency at Letseng and
Tlokoeng was not perturbed by the fault. 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 51.363 Hz for all
penetrations. These observation reveals that under hybrid systems with increasing wind
penetration does not result in main frequency instability as the oscillations were always dumped

and within allowable limits.

Figure 4.9 displays the rotor angle response after the fault at Mabote substation. In all the
penetrations levels of the hybrid system the rotor angle oscillating between -32.299° and 70.52°
while the active power of the synchronous generator was almost constant. Comparing the rotor
angle variations with the wind only case, the results show that for the hybrid system the
oscillations amplitude was increased. The increased oscillations are attributed the presence of

the solar PV farm generation.
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4.4.4 Voltage Stability Hybrid Case Solar Variations
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Figure 4.10 Voltage response at critical bus bars after the fault is applied at Mabote with different penetration levels for hybrid case (solar variation)
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4.4.5 Frequency Stability Hybrid Case Solar Variation
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Figure 4.11 Frequency response at critical bus bars after the fault is applied at Mabote with different penetration levels for hybrid case (solar variation)
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4.4.6 Rotor Angle Stability Hybrid Case Solar Variation
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Figure 4.12 Rotor angle and real power response of synchronous generator at Muela due to the fault at Mabote with different penetration levels for
hybrid case (solar variation)
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Voltage, frequency and rotor angle responses after the 0.1 seconds 3-phase short circuit is applied at
Mabote substation is depicted in Figure 4.10, Figure 4.11 and Figure 4.12 respectively under the
different penetrations levels. From Figure 4.10 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 increased from 20 MW to 36 MW. The voltage at substation near to the wind farm
remained almost constant after the fault while other substations voltages oscillated as they stabilized
to the allowable voltage ranges. As in the previous case for the solar only case the 36 MW penetration
acted as the limiting capacity for the PV. This suggest that the 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.

Figure 4.11 presents the frequency response after the fault is applied at Mabote substation. The
frequency at critical buses near the wind farm maintained the nominal frequency during and after the
fault at Mabote substation. The frequency response at other critical points was almost the same for
the penetration levels of 20 MW and 30 MW with the exception of Muela. The frequency response at
the other critical 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 of solar PV the overshoot and undershoot
of frequency response were 50.255 Hz and 44.618 Hz respectively. In both cases the oscillations were
damped to allowable frequency limits, indicating that the increased solar penetration does not lead
to severe frequency instability. In addition, the Muela substation frequency had the overshoot of
51.028 Hz and the undershoot of 49.493 Hz for the 20 MW penetrations. At 36 MW penetration the
frequency was violated as the frequency had an increasing frequency oscillations beyond allowable

limits.

Figure 4.12 depicts how the rotor angle of the synchronous machines vary due to the fault from the
Mabote substation. The results indicate that the rotor angle kept on increasing as the penetrations
increased. At the penetration level of 20 MW the rotor angle oscillated between -4.598° and 73.67°
while at the penetration level of 30 MW the it oscillated between -17.136° and 71.595°. The rotor
angle exhibit large changes as solar PV penetrations increase relative to the voltage and frequency
responses suggesting that rotor angle is the main contributor to the system instability. As in the case
of solar only results the 36 MW was the limiting capacity, again suggesting that the wind penetration

does not lead to increased solar penetration for the hybrid system.
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4.5 Steady State Simulation results

For the steady state analysis, the penetration level of 50 MW for wind and 35 MW for solar are considered. The results indicate the voltage

performance LEC electrical networks under both wind and solar integration.
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Figure 4.13 IREGs, Muela and Eskom active power variations as the load varies

Figure 4.13 illustrates typical power output from the intermittent renewables energy, Eskom infeed and Muela hydropower station. As

shown when the intermittent sources are high Eskom reduces its power output. The same is true when the renewables are low Eskom kicks
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to balance the load deficit. In addition, the variations from the solar power plant are rather slow and follow the same pattern, while wind

power changes abruptly and does lead to voltage violations at Tlokoeng under high wind generation operations.
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Figure 4.14 Voltage variations at PCC for Letseng and Ramarothole and at Eskom infeed and Muela Hydro Power

Figure 4.14 present how the voltage at the point of common coupling (Letseng and Ramarothole) changes as the load and the renewable
energy resources (RER) vary. It also displays how the voltage at Muela and Eskom infeed vary due to RER. As Eskom acts the reference,

machine to the LEC network, its voltage remains constant and it is not affected by load and RER fluctuations. On the other hand, 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 more while that at the

solar farm varied slightly.

Figure 4.15 displays the voltage at the neighboring substations and the power output from the renewable energy generators. The voltage
variations at the substations near the solar farm were within limits, and 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 power varied. Also, the voltage
at the Tlokoeng substation sometimes exceeded the required voltage limit of 1.05 p.u. to 1.08 p.u. during high wind power generation. This
suggest that the mitigation strategies such as wind power curtailment have to be employed to ensure that the voltage is within limits at all
times. Table 9 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 over voltage (1.08 p.u.) and the under voltage (0.88 p.u.) at times. Also at Letseng
the under voltage limits were experienced with the minimum voltage of 0.91 p.u. but this does not result from wind penetrations as that

voltage level was maintained when there are no renewables.
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Table 9 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
Mahlasela 0.96 0.98 0.96 0.98 0.96 1.04 0.96 1.04
ThabaneMorena 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 the DigSILENT software was used to model and analyze the load flow results.
DigSILENT is widely used for the modeling generation, transmission, distribution systems and their
interactions in the power flow studies. DigSILENT has further been used the industrial networks for
more than 25 years. DigSILENT has also been used to analyze the power flow studies and assess the
power system stability in [56], [57], [114]. For the grid impact studies, dynamic models for wind
generation, photovoltaic generation and the battery storage system are modelled by the IEC TC88
WG27 in conjunction with the Western Electricity Coordinating Council (WECC) Renewable Energy
Modelling Task Force (REMTF) [115]. The wind turbines models in DigSILENT are validated against the
real measurement data and both compliant industry standards defined in IEC TC88 WG27 and the
WECC [115]. Equally so the PV power plants from DigSILENT have been validated against Renewable
Energy Model Validation (REMV) tool developed by WECC [116]. REMV tool has been validated against

the real world measured data.

To investigate 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 wind interaction for the U.S. Eastern Interconnection
[111], the Danish wind integration [56], and in the Canadian solar-PV integration [58]. For the case of
Lesotho transmission network, the grid code specifies that the network must be able to withstand any

fault that last less than 190 ms [117]. For this study, the 3-phase short circuit fault of 100 ms was
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applied to the most critical bus (Mabote) of which the grid must recover from as the renewable
penetrations were increased. The 3-phase short was chosen as it represents the worst fault the

electrical 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 penetrations levels of renewables (wind
and solar) can be successfully be integrated to the network without compromising the grid stability.
For the solar-PV, the penetration of about 10 % (20 MW) at Ha-Ramarothole the CCT of the network
in reduced indicating the worsening transient stability. At solar penetrations, increase to about 19 %
(36 MW) the network fails to recover to the stable operation after the fault. This penetration is
comparative to the study performed by Eftekharnejad et al on the Western U.S. Interconnection on
assessing the impact of solar-PV. Eftekharnejad et al found that increased penetrations of solar-PV
compromise the rotor angle stability with the penetration limit of 20 % after the fault [59]. For the
case of wind integration the penetrations of 16 % (30 MW), 22 % (MW) and 28 % (52 MW) were
considered, where the penetration level 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 was found that increased wind penetration level of 30 %
resulted in the voltage collapse [62]. However, it is argued that acceptable penetration level of the
renewables is highly dependent on the grid infrastructure and its robustness. For the case of Lesotho
high penetrations of both solar and wind were experienced because Lesotho network is integrated to
the South African distribution network (132 kV and 88 kV) which provide synchronizing and balancing

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 network must be
reinforced [118], [119]. For Phase One (less than 3 % penetration) 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 employed [118]. The
steady state results for the solar-PV show that the PV output varies continually and does not leads to

steady state voltage instability under maximum penetration. From this, it can be concluded solar-PV
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generation of 35 MW can be integrated to the grid without compromising the grid stability. On the
other hand wind output changes abruptly and my lead to steady state voltage instability. This suggest
that there is need from extra voltage control for the wind farm under maximum penetration. As such
for Lesotho, it is recommended the deployed of the renewable start at Phase Two to avoid greater
challenges of flexibility and stability, then the network be gradually fortified to accommodate further

penetrations.

82



5 Conclusions and Recommendations

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 scenarios namely
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 penetrations levels
for three scenarios. For the three scenarios the voltage, frequency and rotor angle stability were
considered and evaluated against the Lesotho grid code. The penetration for the wind and solar
were found by increasing their capacity until the either voltage, frequency and rotor angle
stability was violated. To ensure that the network will be resilient at all times the 3-phase short
circuit was applied at the point with least critical clearing time (CCT) terminals and ensuring that

the system stability was observed before and after the fault.

For the solar PV only scenario the maximum allowable solar PV, capacity was found to be less
than 36 MW while for the wind generation scenario it was found to be less than 52 MW. The 50
MW and 35 MW penetrations were chosen to be the maximum allowable penetrations for wind
farm and solar farm respectively. Under the hybrid case it was found that the simultaneous for
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 as the maximum allowable
penetration resulting from 35 MW of solar PV at Ramarothole and 50 MW from Letseng
respectively. For all the scenarios considered, the results showed that solar PV generation results
in increased rotor angle instability relative to the wind generation option. Furthermore, for both
solar PV and wind generation the frequency stability was not severely affected as the
penetrations levels increased. Increased solar PV integration did not result in major voltage
violations as the penetration increases. On the other hand, increased wind integration resulted
in increase of the steady state voltage for the neighbouring substations. At steady state wind
resulted in more voltage fluctuations than the solar generating case. This 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 simulations, the rotor angle always oscillated after the fault indicating insufficient
dumping. Sustained oscillations may spread over the electrical network thus leading to the
oscillations at the tie-lines and destabilizing the network. Furthermore, the protection
simulations for the LEC network were not considered in the study. It is highly recommended for
further studies to consider the protection setting of the network as the integration of renewables
alters the short circuit level of the power system. The power quality and harmonics due the
integration of intermittent renewable sources also remains a concern as the sustained power

variations may compromise system stability.
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