N,

Energy
Research Centre

Adaptive, robust, and fault-tolerant control
strategies for grid-connected Renewable
Energy Systems: A condition monitoring

approach

Tsitso Nkhabu (201000096)

A dissertation submitted in partial fulfilment
of the requirements for the degree of

Master of Science in Sustainable Energy

Offered by the

Energy Research Centre
Faculty of Science & Technology

July 2024




Abstract

Lesotho is currently facing a power generation-demand imbalance. The 2023/24 annual report by the
Lesotho Electricity and Water Authority highlights a peak demand of 222.12 MW, which is nearly three
times the country’s installed generation capacity of 74.7 MW. Consequently, the nation relies on costly
power imports from Mozambique and South Africa to cover the shortfall. To address this issue,
Lesotho plans to integrate renewable energy sources, specifically wind and solar, into its national grid.
However, integrating these low-inertia and intermittent renewable power sources introduces grid

stability challenges, as they are vulnerable to disturbances like load changes or grid faults.

This research focused on designing control strategies capable of not only adjusting system voltage to
accommodate uncertainties from power system dynamics, internal changes, and external
disturbances but also stabilizing the system under small disturbances. The analysis was conducted on
a grid-connected 38 MW wind power plant, using five control strategies: Constant Voltage (Const. V),
Constant Reactive Power (Const. Q), Constant Power Factor (Const. cos¢), Voltage Droop based on
Reactive Power (voltage Q-droop), and voltage droop based on reactive power in the g-axis (voltage
Ig-droop). These strategies were evaluated for their adaptability, robustness, and fault tolerance
under two operational scenarios: variations in wind speed and fluctuations in the Point of Connection

(POC) bus voltage.

With a three-phase short circuit created and cleared on the high voltage (HV) bus bar, all control
strategies are within a 5 % voltage deviation upon service restoration and fault clearance within a
period of 0.015 seconds. A Supervisory Control and Data Acquisition (SCADA) system was designed for
the monitoring and control of the wind power plant. Determined from the closeness of the HV bus
voltage to the POC voltage, the most adaptive control strategy is used for each operation scenario,
taking into account the wind speed as well as the POC voltage. It was observed that the evaluation by
the SCADA system is consistent with the result obtained from the DIgSILENT PowerFactory software.
For further exploration, research is recommended for the implementation of Artificial Neural
Networks (ANNs) in machine learning to accommodate any wind speed and POC voltage levels for the

control strategies under investigation.
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Nomenclature
This nomenclature list the acronyms and abbreviations used throughout the report. For easy

reference, the list is organised as per their order of appearance along the report.
SDGs: Sustainable Development Goals

RETs: Renewable Energy Technologies

PCC: Point of Common Coupling

DA&DC: Decentralized Actors and Distributed Critic
PV: Photovoltaic

dq0: Direct-Quadrature-Zero transformation

PWM: Pulse-Width Modulation

SVPWM: Space Vector Pulse Width Modulation
ANNs: Artificial Neural Networks

UPQC: Unified Power Quality Conditioners
STATCOM!: Static Synchronous Compensators
D-STATCOM: Dynamic Static Synchronous Compensator
IBRs: Inverter-Based Resources

POC: Point of Connection

SCADA: Supervisory Control and Data Acquisition
PDF: Probability Density Function

CDF: Cumulative Distribution Function

WRSG: Wound Rotor Synchronous Generator
PMSG: Permanent Magnet Synchronous Generator
WRIG: Wound Rotor Induction Generator

DFIG: Doubly-Fed Induction Generator

WECS: Wind Energy Conversion System
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VSD: Variable Speed Drive

DFC: Design for Cost

CPU: Power Conditioning Unit

PVMFGCI: Multi-Functional Grid-Connected Inverter
T&D: Transmission and Distribution

RTU: Remote Terminal Unit

MTU: Master Terminal Unit

HMI: Human Machine Interface

AVR: Automatic Voltage Regulator

SVC: Static VAR Compensators

RoCof: Rate of Change of Frequency

WTG: Wind Turbine Generator

WECC: Western Electricity Coordinating Council

p.u.: per-unit
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1. Introduction

1.1. Background
In nearly all the important challenges and opportunities faced by the world, energy plays a central role

[1]. Its usage at several scales towards satisfying human beings’ needs and countries’ development [2]
makes it a stimulant to the three pillars of sustainable development being social, economic, and
environmental [3] that transform life, the economy, and the environment [1]. SDG 7 is one of the
Sustainable Development Goals (SDGs) released in 2015, which aims to achieve "universal access to
affordable, reliable and sustainable energy for all" by 2030 [3]. Moreover, it is worth highlighting that
all other SDGs can be achieved by accessing sustainable electricity, as Nyarko et al. [3] pointed out.
However, 73% of global greenhouse gas emissions originate from the energy sector [4], driving
interest in renewable energy development and sustainable energy supply [5]. Incorporating
Renewable Energy Technologies (RETs) into the energy portfolios is beneficial as they offer clean
energy solutions to the market [6]. It has been demonstrated over the years that RETs such as
hydropower, biomass, wind power, and solar photovoltaic can be integrated into the grid [7]. The

increase in renewable energy fraction is evidenced in Figure 1.

Annual capacity installations (GW/yr) Share of new electricity generating capacity (%)
270 S0
25 - 75
180 . &0
135 45
80 30
45— — == 15

2001 2003 2005 007 2009 20m 203 205 o7 2ma 2021

Mew capacity @ HNew capacit = Renewable share (%)

non-renewabbes (GW) remewables &WJ

Figure 1: Share of new electricity capacity, 2001 — 2021 [8]

Figure 1 illustrates the current global trend of increased renewable electrification, and in comparison
to non-renewables, the penetration rate for renewables is far greater. In contrast, the integration of
the most prominent RETSs, solar photovoltaics (PVs) and wind, has adverse effects on Point of Common
Coupling (PCC) parameters, especially voltage, as a result of their stochastic and intermittent nature
[9], [10]. Several parameters are considered when defining power quality benchmarks, including

voltage, frequency, Harmonic Distortion, and reactive power imbalance [11]. Previous work has been
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performed to maintain the power quality of these systems in the distribution network by maintaining
the power system stability [10], [12-15]. In their work, Martinez-Lavin et al have aimed at controlling
these parameters to satisfy the requirements of compliance of generation facilities in a particular
national network to ensure network safety, security, and reliability as per countries’ grid code
requirements [12]. In ensuring compliance of generation facilities, strict constraints are applied on the
connection of energy systems to the grid [13], which must be met to retain operational stability during

transient disturbances and faults conditions [12].

Different control strategies have been applied for the stability of grid-connected systems. For instance,
Rehman et al. [16] proposed to use the Decentralized Actors and Distributed Critic (DA&DC)
architecture for multi-agents to achieve the optimal control and coordination of the PV-inverters
incorporated into the distribution. Using their results, the analysis of the impact of seasonal
fluctuations on voltage variation, power losses, and the active and reactive power of the PV systems
and buses was achieved [16]. In an attempt to optimize the frequency control of the wind power
integrated system by Zheng et al. [17], parameter identification was used to eliminate the nadir and
second dip of the frequency trajectory. After each disturbance, the inertia and damp coefficient were
then identified by the extended Kalman smoother algorithm and the shape of the transfer function
for their wind power integrated system was achieved [17]. Several previous studies on this subject
have included methods such as detecting the Direct-Quadrature-Zero transformation (dg0) and
utilizing Space Vector Pulse Width Modulation (SVPWM) [18], developing an ANN Controller to control
Unified Power Quality Conditioners (UPQCs) [19], and developing a Distribution-Static Compensator
(D-STATCOM) [11].

1.2. Problem Statement
Lesotho has an electricity access rate of approximately 40%, with the installed generation capacity and

peak demands of 74.7 MW and 222.12 MW, respectively, as of 2023 [20]. It is, however, important to
note that Lesotho's electricity generation remained below 80 MW since 1998 [21-22]; an additional
baseload requirement and peak demand requirement imported from Mozambique and South Africa
[22]. On the other hand, numerous studies conducted recently have shown how much potential there
is for solar and wind energy in Lesotho [21-26], with estimates of 2300 MW renewables technical
capacity that can account towards 5900 GWh of energy per year [26]. Nonetheless, the country’s
installed capacity has remained the same over the years, with a capacity deficit reaching 63 % in the

year 2021/22, as shown in Figure 2.
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Figure 2: Lesotho Maximum Demand Profile for Period 2012/13 - 2021/22, adapted from [27]

It is important to realize that successful grid integration of various renewables is possible. With the
country on the verge of integrating wind and solar power generation systems into the national grid to
mitigate the energy deficit, it is crucial to come up with control strategies for the already anticipated
grid instabilities. It has been observed that with the increase in variable renewable energy generation,
maintaining a balance between generation and load demand becomes increasingly challenging for
grid operators. Therefore, there is often a need to support the frequency instability of grids with a
high penetration of utility-scale Inverter-Based Resources (IBRs) such as wind, solar, and batteries [28].
The challenge comes as a result of the loss in the power system inertia levels resulting from the
increasing penetration of these converter-based renewables [28], [29]. The reason here is that an RE
power system's inertia can take many different forms and exhibit a variety of response characteristics;
following a disturbance, the system's inertia is influenced by the operating conditions, the controller
parameters as well as other factors, exhibiting nonlinear and time-varying characteristics [30].
Contrary to RE systems, the system inertia of a conventional power system depends on the
synchronous inertia of the synchronous generator, which is both constant and sufficient, hence able
to withstand a voltage disturbance [30]. It is therefore deemed necessary to employ control strategies
for these systems to attain frequency stability. It declines when demand exceeds generation, and vice

versa [10].

Another issue of concern in grid-connected systems is voltage stability; it is defined as “the ability to
regain steady-state voltage after being subjected to a large contingency event such as a sudden
increase in a load or grid fault” [10]. It has been emphasized that power systems with inadequate
reactive power support are susceptible to unstable voltage, which poses a significant challenge for

maintaining the bus voltages [31] since the grid's failure to provide the necessary reactive power is
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the main cause of voltage collapse [32]. Since fault occurrences can also trigger a power network’s
voltage instability [31], it is worth mentioning that the proposed control strategies must be tolerant

to short-circuit faults.

1.3. Research Question and Objectives
The research question of the study is as follows:

What adaptive control strategies can be implemented for grid-connected wind energy systems to
enhance the resilience and performance of the generation systems in the presence of dynamic

variations such as wind speeds fluctuations and Point of Connection voltage changes?

The objective of this work is to design an adaptive control strategy that will automatically adjust the
characteristics of the power generation system controller to maintain the overall power system
performance by compensating for variations in the dynamics of the power system. It should be
capable of adjusting system voltage to account for uncertainties arising from power system dynamics,
internal changes, and external disturbances. Additionally, the system must be robust, with resilience
needed to stabilize its behaviour in the presence of minor disturbances and external dynamics. In the

design of the power system control, the following objectives are prioritized:

e Power system modeling and simulation, incorporating RE systems into the existing LEC
network and performing load flow analysis using DIgSILENT PowerFactory 2024 Preview
software.

e Evaluating control strategies for their adaptability, robustness, and fault tolerance under two
operational scenarios: variations in wind speed and fluctuations in the Point of Connection
(POC) bus voltage.

e Descriptive statistical analysis for robustness under varying wind speeds using IBM SPSS
Statistics 22 software.

e Designing and implementing a SCADA system for wind power plant monitoring and control

using Apache Netbeans IDE 22.

1.4. Justification of the study
With a 25-year Power Purchase Agreement signed between Lesotho Electricity Company (LEC) and

Neo 1 SPV (Pty) Ltd, for the nation's first public-private utility-scale power plant with a Capital
Expenditure (Capex) of M430 million [33], a 20 MW solar PV Electricity generation license at Ha
Ramarothole in the Mafeteng district has been issued to this Independent Power Producer (IPP) [27].
Hirundo Energy has planned to integrate another renewable energy source into Lesotho's grid by using
wind farms to supply rated power of 110 MW [34]. It is therefore, worth the effort to focus on the

control of grid-connected renewable energy systems for Lesotho’s energy future ahead. The main
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challenge of increasing RE penetration is grid instability as a result of the low inertia of the system.
The intermittency of these renewables also affects the reliability of the system. Efforts have been
made to deal with the problem of grid instability, but optimization of the power system remains a
challenge. The government of Lesotho has been tasked with an RE grid integration study by the African
Development Fund (ADF), and with the country aiming to reach 375 MW of renewable electricity by
2030 [35], it is necessary to design control strategies for these power systems that are fault-tolerant

to maintain the stability of the grid.

1.5. Synopsis of the report
The structure of the report’s subsequent chapters is as follows:

Chapter 2. Literature review: This chapter defines the concepts of adaptive control, robust control,
fault-tolerance control, and condition-monitoring. Renewable grid-integrated systems are then
explored, with a focus on electrical power systems’ transmission and generation, as well as SCADA.

Voltage and frequency stability are then reviewed, as well as the involved control theory concepts

Chapter 3. Methodology: This chapter presents the system design, the controller configuration, and
the design of the wind farm substation. Case studies and operation scenarios for different control
strategies are implemented at different wind speeds and changing voltages at the point of connection
(POC). Service restoration is analysed for each control strategy after a created fault is cleared. A SCADA

system is then designed for the monitoring and control of the power plant.

Chapter 4. Results and Interpretation: A response analysis is conducted for steady as well as varying
wind speeds for both dynamic and steady-state responses. A case of fault-tolerance and service
restoration is monitored, and the chapter concludes by presenting the designed SCADA system for

monitoring and control.

Chapter 5. Conclusion and recommendations: Conclusions are drawn from the research results, and

recommendations for further research are made.
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2. Literature Review

2.1. Conceptualization
This section defines the key terms as they are contextually used in the research. From the research

title “Adaptive, robust, and fault-tolerant strategies for grid-connected renewable energy systems: a
condition-monitoring approach”, the main control phenomena lie in the adaptation, robustness, and
fault-tolerance of the system, in a condition-monitoring approach. It is therefore deemed necessary
to first define the key terms being: adaptive control, robust control, fault-tolerance control, and

condition-monitoring as per their contextual meaning.

2.1.1. Adaptive Control
Adaptive control is a control mechanism whereby a feedback control system’s intelligence enables it

to adjust its characteristics in a changing environment to satisfy some pre-defined criteria [36]. The
control system adjusts the controller characteristics for the overall system to remain stable, or rather
optimized, by automatically compensating for variations in system dynamics, while taking into account
any time-variant performance degradation [37]. The main reason for the use of adaptive controllers,
which require a deep mathematical formulation to understand their development, is the inaccuracy
of the models for disturbances [38]. Hence, it is regarded as a promising technology that can enhance
the control system performance in the presence of uncertainties arising from factors such as
degradation and modeling uncertainty [39]. The adaptive control schemes, which can either be model
reference or self-tuning [38], include elements to measure the process dynamics and other elements
to alter the characteristics of the controller accordingly, thus maintaining the overall system

performance [37]. Gupta and Yan [37] outline three essentials of an adaptive system:

1. Identification of system dynamics
2. Decision, and

3. Modification

In their work further emphasizing of the operation of the decision function upon system identification
should activate the modification function for the alteration of the particular parameter of the process

for optimization of the process [37].

2.1.2. Robust Control
Robust control refers to the design of a controller whose model incorporates a pre-assumed

uncertainty or error between the actual plant and its mathematical model in the design process [40].
The controller design method emphasizes the reliability of its algorithm to meet the minimum
requirements necessary for practical application [38]. Its optimization approach, grounded in a

decision-making philosophy that seeks feasible solutions across all possible variations of uncertain
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parameters, serves as a robust and powerful modelling framework [41]. The key advantage of robust
control lies in its ability to create control was that not only shapes the system response to achieve the

desired behaviour but also maintains this performance despite operational fluctuations [42].

2.1.3. Fault-tolerance Control
Real-world systems are often subject to uncertainties such as disturbances and faults [43], which can

negatively impact the controller’s performance by altering system dynamics and constraints [44], or
even leading to significant performance degradation and instability [43], [45]. To address these
challenges, model matching and fault-tolerant control strategies have been widely researched in the
context of dynamic corrective control [46]. Fault tolerance, as defined by Zhao et al. [47], is “the ability
of a functional unit or system to continue performing a required function despite faults and errors.”
While aknowledging that any physical component will eventually fail [48], the design of a fault-tolerant
system must account for various failure scenarios while ensuring continuous operation [47]. Failures,
whether caused by age, wear, manufacturing defects, or random events, can be mitigated by

incorporating fault-tolerant designs [48].

2.1.4. Condition-monitoring
More often than not, renewable energy plants, especially wind plants, are situated in remote regions

such as rural areas or aislands where environments are tough. These harsh conditions can cause the
failure of system components such as fans, bearings, and generators, which results in increased
operating expenses and maintenance costs, as well as prolonged downtimes [49]. Therefore,
condition monitoring is essential for fault diagnosis and predictive maintenance [50], which
contributes to improving system efficiency [51]. It is an essential component of predictive
maintenance and process equipment, involving real-time data analysis to facilitate the timely
triggering of maintenance activities [52]. Used to monitor equipment conditions to give an advanced
warning of failure, the operational principle of condition-monitoring is to select a physical
measurement at regular intervals and identify anomalies indicating the existence of a problem [53].
Not only is condition monitoring a reliability measure, but it has also become a legislative requirement
formulated for protection from unscrupulous application of technology in many countries [54]. In its
technologies, including infrared thermography, ultrasound scanning, oil analysis, vibration analysis,

and motor circuit analysis, some of the outstanding benefits of condition monitoring are [55]:

o The plethora of information about the nature of defects offered by condition-monitoring
technologies enables the significant enhancement of root cause analysis processes and
eliminates the re-occurrence possibilities of the fault.

e Early fault detection helps in planning and scheduling outages and, therefore, reduces the

surprise of unexpected equipment failure.
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e The amount of specific information from technological data provides information about the
problem and, therefore, allows specific defect identification instead of general fault

indication.

2.2. Renewable grid-integrated power systems
Among mankind’s most complex systems is an electricity network known as an electric grid [56]. An

electric grid is an interconnected network consisting of power stations, substations, transmission and
distribution systems to deliver electricity from the source to the consumers [57]. This deliverance is
via a high-voltage transmission network and a low-voltage distribution network consisting of
transformers, switches, and other electrical hardware [56]. The interconnection of the main elements
of the electrical power system is to attain power generation in the most suitable locations while
sufficiently meeting customers’ demands by generating a sufficient quantity of good-quality electricity
to load centers at competitive prices [58]. The ever-increasing energy demand has emphasized the
importance of renewable-dominated power systems, which are replenished over time, as opposed to
conventional grids, which rely on depleting fossil fuels [59], [60]. As a result, not only will there be an
increase in the overall power supply, thus leading to a cost-effective and environmentally friendly grid,
but the depleting fossil fuel resources will also be progressively replaced. With less mismatching
between the generation and demand of electricity and the integration of renewable energy
technologies, the maintenance of power grid safety and reliability with electricity flow regulations is
a requirement for increasing power consumption in this new energy landscape [61]. A typical example

of an RE highly-penetrated electrical power grid is illustrated in Figure 3.
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Figure 3: Electrical Grid with renewable penetration [62]

From the electrical grid in Figure 3, the electrical power system can be divided into three main sub-
systems: generation system, transmission system, and distribution system. These three sub-systems
of the power system are discussed in detail in section 2.3 (Electrical Power Grid System) of this

document.

2.3. Electrical Power Grid System
Credit for the first electric power grid is given to Thomas A. Edison for his work on the electric light in

1878, the formulation of distributed lighting services from a centrally located power station, and the
opening of New York’s historic Pearl Station on September 4, 1879 [63]. Defined as “a framework of
electrical components that are used to supply and transmit electric power according to the consumer
demand [64]”, this interrelated network consists of a generation station, power transmission system,

power distribution system, and the end user [64], [65] as illustrated in Figure 4.
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Figure 4: Illustration of the basic components of an electric grid power system [66]

The energy yielded from the generation station is converted to high power for transmission and
distribution [67]. It is at this juncture that the sub-systems of the electrical power grid system are

explicitly elaborated.

2.3.1. Electrical Power Generation System
Initiated at the point of generation, generators are at the start of an electrical network [66], [68]. By

converting certain materials’ available potential energy into electrical energy [68], these generators
that produce electricity at an electrical power station [65] do so either through direct conversion (such
as in the case of solar and wind) or through some driving mechanism (example being hydro plants and

nuclear boilers) [68]. The two main electrical machines are generators and transformers [69].

2.3.1.1. Wind power generation technology
As the second largest renewable energy resource after hydropower, wind power is one of the fastest-

growing power sources [70]. Of the 1.74x10% W of energy emitted from the sun to the earth’s surface,
about 1-2 % of this energy is transformed into wind energy. The generation of this wind is a result of
air’s natural flow as a result of the earth’s rotation and uneven heating and cooling of the earth’s
surface that causes a temperature difference, ultimately causing winds to blow [71]. The total capacity
installation of wind energy has experienced a rapid rise since the beginning of the 21 century [72].
Nonetheless, the growth in wind power utilization is not evenly distributed in the world’s entirety and
varies per country as well as per region. A typical example of the varying wind power installation

capacity is shown in Figure 5 [70].
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Figure 5: Wind power contribution per continent (2019) [70]

At 1.0 % of the total installation capacity as seen in Figure 5, Africa is among the less privileged regions
in terms of installation capacity. In fact, not only is the continent lagging behind in terms of wind
generation capacity, but studies have shown that the overall electricity capacity of the continent is the

global lowest and accounts for less than 4 % of worldwide usage [73].

For the proper installation of wind turbines at a location of interest, it is essential to conduct a site-
specific pre-feasibility wind resource evaluation known as Wind Resource Assessment (WRA) [74] for
broad-scale wind resource preliminary estimates [75]. From the WRA, high-capacity computers are
used to generate wind resource maps from meteorological models called mesoscale models [76] by
analyzing wind data from meteorological agencies for broad-scale wind power distribution [75]. Figure
6 shows an example of WRA data for two different regions, India and Lesotho, taken at 100m and 80m

above ground level (agl), respectively.
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Figure 6: Wind resource assessment: (a) India at 100m agl [77], (b) Lesotho at 80m agl [78]

Taking into account the topography, local wind flow, wind velocity global distribution, and speed
continuity, the speed continuity-dependent wind energy production can be estimated [74] from the
correct input data whose model complexity can vary based on terrain changes such as coastlines and
mountains as they influence the surface roughness [76]. The general wind speed assessment process

for a site of interest is illustrated in Figure 7.
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One particular parameter of interest and utmost importance observed in Figure 7 is the Weibull

parameter as it governs all the wind power system generation assessment procedures. The Weibull

distribution function is commonly used to approximate the surface wind distribution [80]. As one of

the widely used statistical methods for the analysis of wind data [81], its continuous probability

distribution accounts for the wind speed variations for most areas across the world that have different

wind conditions [82], despite limited observation periods resulting in under-sampling [80]. When

modeling wind power generation in terms of the Weibull distribution [79]-[82], the general Probability

Density Function (PDF) and Cumulative Distribution Function (CDF) are, respectively, given by:

13| Page




dF(v)
dv

f(v) =

k v ik
N k-1~
(C)(C) € Equation 1

F(z)=1- e_(g)k Equation 2

where v denotes the wind speed in m/s, & is the non-dimensional shape parameter, and cis the scale
parameter. When the natural logarithm is taken on both sides of Equation 2, the yielded expression

becomes:

—In[1 — F(v)] = kIn(v) — kIn(c) Equation 3

which is the representation of the Weibull paper constructed such that the shape factor kbecomes

the gradient of a straight-line cumulative Weibull distribution.

When a linear relationship between the non-dimensional shape parameter and the scale factor is
assumed, the least square method can be used for some exclusive calculation to minimize the
relationship, and the expression takes the forms in Equation 4 and Equation 5.

_n3LiIn@) In[-In(1 - F®))] = Tk, In() T, In(w) X1, In[=In{1 - F®)}]

k .
nyt, In(w?) — X, In(v)}? Equation 4

k ¥iIn(v) — ¥i=; In[—In{1 — F(v)}]}
nk

c = exp{ Equation 5

For the least square method, Equation 4 and Equation 5 are commonly used in problems that are more

often than not regarded as non-estimation problems.

2.3.1.2. Wind turbine components and aerodynamics
The use of wind captured by the turbine blades for shaft turning for exploitation of the resulting

rotational motion to produce power is the basis upon which all stationary wind machines are based
[83]. Consisting of a tower and a nacelle that contains essential components for wind energy to
electrical conversion [84], the main components of a horizontal axis wind turbine, which has

established itself as the standard configuration model [83] are illustrated in Figure 8.
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Figure 8: Wind turbine's drive drain and nacelle's principle components [83]

The main components of the turbine discussed in this section are the aerodynamic rotor, transmission

system, generator, and power electronic interface.

Aerodynamic rotor:

Mainly made up of the hub and blades that are mechanically jointed to the hub at the end shaft, the
function of the aerodynamic rotor, or propeller, is to capture the wind and convert wind power to
kinetic mechanical power [83], [84]. In the computational flow modeling, it has been observed that
the power generated by the aerodynamic rotor depends on the swept area of the blades with constant
density and an approximate Reynolds number for the flow in an atmospheric boundary layer is given

by [85]:

Rep = —H Equation 6

Where, Uref, D, and u denote constant air density, rated wind speed, rotor diameter, and air dynamic
viscosity, respectively. By use of the actuator disk method where the turbine rotor emulated by a

circular surface is mapped onto a computational mesh, the thrust force acting on the rotor is given by:

21

B R
Taisc = Saisc z f tp(r)dodr Equation 7
b=10 o
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Where s;i5.=1/2m represents the actuation region’s effective solidarity, B denotes the number of
rotor blades, R is the length of each blade, r is the local radial position, and 8 denotes the azimuthal

direction.

Consisting of spars, webs, ribs, and trailing and leading-edge reinforcements, the wind turbine spar

system’s number of components is based on the loads acting on the blade, such as [86]:

e Flap-wise and edge-wise bending that comes from the pressure forces acting on the turbine
blade.

e Gravitational forces that are responsible for the edgewise bending moments and changing the
blade’s rotational direction.

e Torsional loading is caused by flap and edge-wise loads and causes the shear.

e Normal loading results from the blade’s rotation.

e Minor loading owing to the blade’s accelerations and retardations.

Transmission system:

Consisting of a rotor shaft, mechanical brakes, and a gearbox, the transmission system transmits the
kinetic mechanical power from the aerodynamic rotor to the generator [84]. Supported by two-point
self-aligning roller bearings for the endurance of transmission torsion and axial force from the hub to
the gearbox, the rotor shaft is a critical turbine component carrying variable forces that the system
transmits [87]. While enabling the coupling of the rotor’s low-speed shaft to the generator’s high-
speed shaft [88], [89], the gearbox plays a critical role in the industry of electric power as it enhances
the system efficiency by simplifying the components of the wind turbine generator [90]. In the
majority of wind turbine generators with synchronous or induction generators installed for power
generation, gearboxes are installed [88] to increase the rotational speed of the turbine’s rotor to
match the speed required by the generator [91], thus making the gearbox-based wind turbine

generator system an ideal configuration in the wind power field [90].

With the gearbox being a speed-increasing device in the wind turbine, its design concept, as outlined

by McFadden and Basu [88] is as follows:

Step 1: Define gear ratio according to the required input and output speed.

Step 2: Define gearbox input torque according to WTGs power and gearbox input speed.

Step 3: Design a gear stage including number of stages, gear split ratio and gear macro design.
Step 4: Select the bearing according to the chosen gear stages.

Step 5: Design the gearbox housing.
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As per the steps in the gearbox concept design defining the gear ratio ng according to the required
input and output ratio relates to the rotor side’s input speed as ; and the generator side’s output

speed as Qoyr:

_ Qoyr

g o Equation 8

The value of the speed-up ratio 114 is always greater than 1 in all cases of speed-increasing gearboxes.
As the gearbox receives power on the rotor side Pgoror and delivers it to the generator side Pgp,
some power loss Py ss is experienced as a result of the generated heat due to the friction between

relatively moving parts as well as viscous losses, resulting in the energy conservation as:

Protor = Pep *+ Pross Equation 9

If the gearbox output power is related to the rotor power by the gearbox efficiency that depends on

the gear loss and oil churning loss 1), then the generator side’s power can be written as:

Pep = NmProror Equation 10
When the gearbox power on the generator side and the wind power are related, the resulting equation
takes the form:

Pep = NmCypPwinp Equation 11

where C), is the rotor’s power coefficient that does not theoretically exceed the Betz limit [88]. This
Betz limit is the upper limit of the turbine’s efficiency based on the mass and momentum conservation
principles as well as the actuator disk theory [92], suggesting that the maximum efficiency of an ideal
wind turbine, from which it follows the conversion of an incompressible fluid into work of the kinetic
energy is limited to 16/27 (59.3%) [93], thereby setting 16/27 as the maximum power coefficient
known as Betz limit [94]. According to Betz [95], the equation governing the mechanical energy’s

power output captured by the wind turbine blades is given by:

1
Poyr = 2 pAvi4a(l — a)® Equation 12

where a is the axial factor of induction, and the resulting power efficiency is given by

Cp = 4a(l- a)? Equation 13
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It is from Equation 13 that the maximum power efficiency is drawn and obtained when the value of a

is 1/3 with the associated maximum efficiency of Cp = g.

Measured as a function of wind speeds, the amount of electrical output of a wind turbine is
represented by a power curve [96], which plays a crucial role for several purposes such as the
forecasting of wind power, turbine selection, wind turbine potential estimation, as well as turbine
condition monitoring [97]. With the manufacturers’ assumption of ideal meteorological and

topographical conditions, it typically has three main characteristics which are illustrated in Figure 9.
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Figure 9: Typical wind turbine power curve [98]

Showing how the wind turbine’s power output varies with steady wind speed in Figure 9, the three

main parameters in the wind speed are shown being [96], [98]:

e v, isthe cut-in speed, the threshold speed where the turbine begins to operate. Starting to
generate electricity at this speed, any speed below the cut-in speed is insufficient for any
power production.

e v, isthe rated speed between the cut-in and cut-out speeds, where the turbine generates
maximum power output.

e vy refers to the cut-out speed beyond which the turbine’s power generation shuts down to

prevent any damage.

Generator:

Receiving the rotary motion from the turbine’s rotor as input through the gearbox [99], the electric
generator, normally located at the top of the tower in front of it for better passive cooling from inside
the enclosure and by the ambient air on the outside [100], is an electro-mechanical component used

for the conversion of mechanical input power into electricity through its stator and rotor [84]. An
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illustration of an electric generator is shown in Figure 10, which is a small-scale rotating prototype
model that was designed and built at Institut de Recherche d’Hydro-Québec (IREQ) and used by Dang

et al. [101] in their simulations of Computational Fluid Dynamics.

1. Rotor shaft 5. Rotor pole 9. Bottom opening
2. Rolor spider arm 6. Stator 10. Enclosure
3. Rolor rim 7. Stator frame 11, Alr gap

4. Top and bottom fans B, Top opening
Figure 10: Electric generator scale model [101]

Consisting of a rotor and stator as in Figure 10, the magnetic induction in the form of a voltage
arranged either by a magnetic field change imposed by a conducting coil or the coil moving around
the magnetic field is the basis of its operation [102]. The two major industrial generator types are
synchronous generators and induction (asynchronous) generators [84], with the former always
rotating at the synchronous speed while the latter’s speed can be varied to rotate at speeds that are
different from the synchronous speed [103]. The electric generators’ classifications deployed in wind
turbine technology are shown in Figure 11, although the permanent magnet DC generator is beyond

the scope of the research as the focus is on the AC grid connection.

Wind electrical
generator
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Y v generator or DC generator
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1 | 1 1
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e D : . mduction generator /RIG) or shp-ring R
generator (WRSG) generator (PMSG) induction generator (DFIG)
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Figure 11: Classification of wind turbine electric generators [104]




Due to their ability to produce voltage at grid frequency with low rotational synchronous speeds,
synchronous generators are commonly used for variable-speed wind turbine applications [105], where
their synchronous speed is dictated by the grid frequency and the number of the rotor pole pairs
irrespective of the applied torque magnitude [84]. Although they can produce or consume reactive
power quickly depending on the excitation and this ability being utilized to address the dynamic
system’s volt/var control, the machine's steady-state stability and thermal limits restrict their reactive
power supply and absorption capacity [106]. A typical schematic of a synchronous generator wind

turbine is illustrated in Figure 12.

Wind
turbine
Synchronous
generator -ushe
Brushes DC
Exciter
Gear box
(] Q
Three-phase AC input

AC output

Figure 12: Schematic of a synchronous generator wind turbine [104]

In the wind turbine industry, two classical synchronous generator types often used are [84], [104]:

o  Wound Rotor Synchronous Generator (WRSG) has directly grid-connected stator winding and
therefore has a strictly fixed rotational speed enhanced by the supply grid frequency. The
exciter field which rotates at the synchronous speed is generated by the rotor windings
through which direct current flows.

e Permanent Magnet Synchronous Generator (PMSG) with a wound stator, which has its rotor
installed with permanent magnets that are used for the creation of the excitation field. In its
most common types such as the radial flux machine, the axial flux machine, and the traversal
flux machine, the adjustment of voltage and frequency of generation and the transmission
voltage and frequency requires excitation by the use of a full-scale power converter. Having a
higher efficiency than their wound rotor counterparts as well as their advantage of higher
output power, lower weight, lower maintenance, and machine construction simplification has

led to their prominent use [107].
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In Asynchronous generators, the relative motion called slip, which induces rotor windings, is the one
that induces an electric field between the rotor and the rotating stator field [84], with the stator

directly connected to the grid while the slip rings connect the rotor windings to a converter [98].

e Squirrel cage induction generator, a generator with high robustness and stability that exhibits
a minute speed change as its slip varies with wind speed variations. Since it consumes reactive
power, it is typically equipped with a reactive power compensation mechanism [84].

e A Wound Rotor Induction Generator (WRIG), also known as a slip-ring induction generator,
has its rotor windings connected through the use of brushes or slip rings by the use of power
electronic equipment. Its main advantage is the outside control of its electrical characteristics,
thereby allowing the impression of the rotor voltage [108].

e A Doubly-Fed Induction Generator (DFIG) that has its stator directly coupled to the grid and
a bidirectional power converter is used to grid-link its rotor [109], [110]. Due to their flexible
control, high efficiency, cleanness [111], and grid-friendliness, Wind Energy Conversion
systems (WECS) based on DFIGs have become widely used for wind power generation [110]-

[113]. Figure 13 illustrates a wind turbine based on a doubly-fed induction generator.
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Figure 13: Schematic representation of DFIG-based wind turbine [109]

Notwithstanding their advantages, doubly-fed induction generators have their drawbacks,
mainly being the inevitable requirement of slip rings [84], and the frequency stability problem

in instances of high permeability of DFIGs [111].

Power electronic interface:

In satisfying both the generation and grid side requirements of the power system in a cost-effective

and easily maintainable way, the power electronic interface is placed between the wind turbine
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generator and the power grid [84]. Typically consisting of measurement and calculation mechanisms,
loop controllers, reactors, and capacitors, among others, the general structure of the control
mechanism in different power electronic devices is typically the same [114] and is generally as

illustrated in Figure 14.
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Figure 14: Control structure of power electronic interface devices [114]

The advantages of the power electronic interface include mechanical robustness, good thermal
management, high power ratings, as well as the tight integration of multiple power semiconductor
devices [115]. In the power electronic interface, the prominent device is the power electronic
converter, whose function is to convert electrical power to meet the requirements from both sides of

the generator [116]. Figure 15 shows the use of power converters as applied in wind turbines.
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Figure 15: Power converters used in (A) Squirrel-cage induction generator wind turbine, (B) DFIG wind turbine [117]

Not only are power converters used in power systems, but they are widely applied in all industrial
sectors, such as information technology, electrified transport, aeronautics, and astronautics due to

their conversion efficiency advantage [116].
Two of the commonly used power electronic converters used in wind turbine technologies are:

e Variable Speed Drive (VSD), also known as a Variable Frequency Drive, or Frequency
Converter, allows for two independent frequency electrical systems to be interconnected [84]
by regulating a mechanical equipment’s speed (and therefore frequency) and rotational force,
or output torque [118].

e Soft Starter, which limits the disturbance to the grid by reducing the inrush current during the
turbine’s grid connection [84] and realizing a smooth starting [119]. Using a starting method
such as ramp methods, phase control methods, Design for Cost (DFC) methods, and predictive
control methods [120], the aim is to reduce the voltage of the induction machine, and then

increase the voltage gradually until it is full [121].

2.3.1.3. Overview of Solar Photovoltaic Energy Systems
As much as it is excluded from the scope of the research, a photovoltaic (PV) energy systems overview

is deemed necessary due to its potential in Lesotho. The country’s location is suitable for solar systems’
implementation because of the uniform solar irradiation levels distribution of 5.5 — 7.2 kWh/m? in its

30,355 km? compact size [122]. Not only is solar energy the earth’s most abundant energy resource
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[123], but its oriented photovoltaic systems renewable energy generation’s major type [124], are one
of the cleanest, most accessible, safe, inexhaustible, and durable renewable energy sources [123],
[125]. Also, the continually decreasing cost of PV systems as a result of materials and processes’
technical breakthroughs favors their cheap installation [125], all the more with rising oil prices due to

the Ukraine war [124], therefore PV systems have become economically competitive.

PV solar energy is based on the photoelectric effect principle, transforming radiation from sunlight
into electricity by photovoltaic cells. The photovoltaic panels, the fundamental element representing
a photovoltaic generation system, are made up of these photovoltaic cells [123]. The PV arrays are
plugged into the grid through a Power Conditioning Unit (CPU) and work together with the electricity
utility grid [126].

While converting the generated direct current to alternating current that meets the grid requirements,
the grid-connected inverters used must maintain consistency in power frequency, amplitude, phase,
and other vital characteristics to maintain the power quality [128]. Research on the improvement of
power quality for grid-tied PV systems is ever continuing. For instance, Nkambule et al. [129]
addressed the challenge of partial shading and harmonics by employing a dynamic safety perimeter
maximum power point tracking algorithm to develop a flexible radial movement optimization strategy
to ensure optimum voltage using a fixed tilt installation configuration. In their study, Guo and Xu [130]
optimized the power quality at the point of common coupling by deploying a three-layer optimization
model for harmonic suppression and reactive power compensation strategy based on the photovoltaic

Multi-Functional Grid-Connected Inverter (PVMFGCI).

2.3.2. Overview of Power Transmission and Distribution (T&D)
A power Transmission and Distribution (T&D) system is the section of the power system transferring

power from its generation points to its consumption points, interconnecting all the disparate points
of the power system, and thereby functioning as a determining factor of the power system’s character
to a great extent [131]. As the name suggests, the T&D system comprises the transmission system as
well as the distribution network: the former, regarded as the backbone of the electric system
transferring high voltage power over long distances [132], is made up of transmission networks that
transfer electricity to the latter, which consists of substations, feeders, and step-down transformers
for power deliverance to end users [133]. Exclusive of the generation layer, the layers of the electric
power system in Figure 16: lllustration of power system layers [131] form the T&D portion of the

network, with MV and LV denoting Medium Voltage and Low Voltage, respectively.
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Figure 16: lllustration of power system layers [131]

The short descriptions of the layers of the T&D network are as follows:

Transmission: This refers to the bulk transfer of generated power through high-voltage lines
from the generation plants to the substation located close to the population centers [134].
Substations: These are power network points of transmission lines and distribution feeders’
interconnection [135] used for the provision of continuous grid power delivery while
maintaining energy production and consumption balance [136].

MV feeders: Typically, either as overhead lines mounted on wooden poles or as under-ground
cables, these are lines operating at distribution voltage to route power from the substation to
its different service areas [131].

LV system: At a voltage’s reduced magnitude from the MV feeder by the use of a step-down
transformer, this is the power distribution network supplied to end users for direct
consumption at prescribed standard consumption magnitudes.

Customers: These refer to the end user of the electrical power. The customer is the ultimate

consumer for which the power system was initially designed to service with electricity.

2.3.3. Supervisory Control and Data Acquisition
The power system's operational reliability to consistently meet performance standards is based upon

a computerized tool known as SCADA [137], whose framework consists of hardware components, a

Remote Terminal Unit (RTU), a Master Terminal Unit (MTU), sensors and actuators as well as software

including Human Machine Interface (HMI) and a central database (Historian) that provide a hardware

and software communication interface [138]. Allowing the visualization of all power system processes,

they collect data from different terminal stations about the process' current status, systemically

display such data in a graphical user interface, and act based on such data in case of necessary
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intervention [139]. The interrelation of a SCADA system interconnection of components is shown in

Figure 17.

Operator
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¥ ¥

Remote Terminal Units

| Communication between sensors and RTUs

Sensors Sensors Sensors

Figure 17: SCADA system components interrelation [138]

During the operation and control of complex systems, the incorporation of SCADA systems has solved
many problems and has allowed better system management [140] due to its enhanced performance
efficiency, having undergone a significant evolution from the typical isolated model to the highly

advanced interconnected network model [141].

2.4. Stability criterion in a power system
The continuous stability between energy demand and supply is a crucial part of the power system’s

effectiveness, and the reason why power systems models are described by exhaustive time variations
[142] to get the required quality of supply [58]. Some of the most crucial parameters considered in

measuring the quality of electricity supply are [58]:

e Constant voltage magnitude

e Constant frequency
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e Constant power factor
e Balanced phases
e Lack of interruptions

e Fault-tolerance and fault recovery

These parameters constitute the stability of a power system. Power system stability is defined as “the
ability to regain an equilibrium state after being subjected to a physical disturbance” [143]. From the

point of view of defining and classifying power systems' stability, quantities to consider are
(i) angles of nodal voltages, also called load angles;

(i) frequency; and

(iii) nodal voltage magnitudes [143].

The stability of the power system can therefore be divided into:

(i) rotor angle stability;

(ii) frequency stability; and

(iii) voltage stability based on the IEEE/CIGRE Joint Task Force [144] as illustrated in Figure 18.

power system stability

| |

rotor angle frequency voltage
stability stability stability
[ | [ ]
small large small

transient

it disturbance disturbance
stability

voltage stability | | voltage stability

disturbance
angle stability

Figure 18: Classification of power system stability [143]

2.4.1. Voltage stability
When a power system is subjected to a large contingency event, such as a grid fault or sudden load

increase, its ability to regain steady-state voltage defines voltage stability [10]. Nazir et al. define
voltage stability as “the ability of a power system to restore steady-state voltage of acceptable
magnitude after a certain disturbance” [145]. During normal operations, the voltage of the system will
remain stable, and if the voltage turns into unstable condition, the power system experiences an
intractable deterioration in voltage [144]. The main cause of voltage instability is the lack of reactive

power supply from the power system. However, it can also be caused by long, weakly connected
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transmission lines, low generation capacity, or even a sudden increase in the load [146]. At the
generation stations, the use of Automatic Voltage Regulators (AVRs) for voltage control results in the
alteration of the excitation windings of the generator and thus indirectly affects the reactive power
[145]. The preferred voltage regulation closer to utility is then achieved by the installation of tap-
changing transformers in transmission lines, capacitor banks, Static VAR compensators (SVCs), and
Static Synchronous Compensators (STATCOMs) for reactive power compensation by use of adaptive

control to make dynamic reactive power adjustments so as to maintain voltage stability [145].

Voltage stability can be classified into short-term and long-term, with short-term stability requiring
the study of the power system’s dynamics and employing simulations in the time domain, while long-

term stability uses steady-state analysis techniques [147].

2.4.2. Frequency stability
Frequency stability refers to the ability to maintain a balance between power generation and load

consumption at all times by keeping the power system frequency within acceptable limits [148]. The
stability of frequency is said to be a power balancing metric between generation and demand since
the system frequency declines when demand exceeds generation and vice versa; hence it must be
controlled within specified operating limits around the nominal frequency [10]. The system frequency
fluctuations have to be maintained within a safe range regardless of the dynamic changes that may
occur in system power generation and load demand [149]. Unlike in conventional generation units,
system frequency regulation is a challenge for most renewable sources as they do not provide inertia
[150]. The low inertia poses an imbalance between generation and consumption. It can trip protection
systems, and even lead to a blackout as a result of high-frequency deviations [150]. The power systems
with low synchronous generation levels experience low system inertia levels, which in turn leads to a
higher Rate of Change of Frequency (RoCof) and lower frequency nadir (minimum value of frequency
reached during a transient response) [10]. Taking into account the existing reciprocity between the
inertia of the system generator and the rotor’s kinetic energy, and adapting the system model by

Ahmed et al. [10], the generator’s kinetic energy can be expressed as

KE = %IVZ Equation 14
where KF'is the kinetic energy in watt-seconds, /is the moment of inertia in Joules, and Vis the angular
velocity in radians per second. With the generator constant Abeing equal to the kinetic energy in MW
at the generator speed over the generator-rated power (Sy4) in MVA, it can be expressed from

Equation 14 as
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_1JV?> KE _
=3 Sya = Sya Equation 15

Applying superposition on any interconnected systems with inertia constants that depend on

generator power, type, and size, the net inertia Hsysfrom Equation 15 becomes

o1 KE; Y- HiSya,

SSYS SSYS

Hgys = Equation 16

where Hsysis system net inertia, Ssysis the net rated power, KE;, H; and S,,, are the stored rotating
energy, inertia constant, and rotating power of the j-th generator for n online generators. From the
swing equation, the system inertia and RoCof relationship can be derived as follows:

df _  Jo foAP

- = Pn—F,)= i
dt ZHSY.S‘SSYS( m — Fe) Equation 17

2I—IS}".S'SSY.S'

where Z—}; = Af is the system RoCof, P, is the mechanical power, P. is the electrical power, and fy is the

nominal frequency. For each generator R;, the governor droop setting can be defined as:

Af )
_ G
AP,
(SVAi

R; Ji=1..,n Equation 18

)

When the system is subjected to contingency, the rate of power injection or absorption of power R;is
represented in Equation 18 for the i-th generator in response to frequency deviation. A typical system

response to frequency deviation is illustrated in Figure 19.

f (Hz)
A
Fault event (e.g,, large
1 unit foss) Arresting period
\ —® Arresting period Recovery period
N
N " | |
60.00 | >
z 59.98 (* Primary
c - / Frequency
¥ / response
T /
v /
E './ Additional power from automatic
] generation control and economic
S \ dispatch compensates for lost
ey 50.9 / resources to bring back system
/, frequency to nominal value
/ "t
\
SYSERIORAUE et o \|10 20 30 10 20 30
response determines \ .
Initial rate of frequency \ Seconds Minutes
dechine (slope) Fast frequency response
helps slow the frequency
decline, and minimize
frequency nacdsr,

Figure 19: Typical frequency control following generation loss [10]
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A detrimental impact on the system frequency nadir and RoCof comes from a growth in variable
renewable energy generation, as does the retirement of synchronous machines as it results in system
inertia drop [10]. It is, therefore, of utmost importance to control the system frequency and re-
establish the frequency imbalance in due time to prevent the sequential trip of generators that may

eventually lead to a blackout with tremendous economic and social consequences [151].

2.5. Control Theory
When electric power is injected into the grid, the use of power electronics plays a crucial role [152]

because they act as an interned bridge to enable the grid system to have the role of consuming new
energy sources while maintaining grid stability [153]. The limitation to the spontaneous response of
renewable energy generators to voltage and frequency changes [152] is the main challenge of grid-
connected systems’ coordination to achieve a fast and accurate distribution of power while keeping
disturbance oscillations within acceptable limits and maintaining stable voltage amplitude and
frequency [153]. Improved control strategies are therefore needed for the active and reactive power
of distributed generators to be automatically allocated as per the generators’ power capacity ratio
[154]. This section discusses some of the commonly used control strategies for grid-connected RE

systems.

2.5.1. P-Q and d-q control: Clarke’s transformation and Park’s transformation
For a control loop system using the dual loop power flow technique, the three-phase AC currents and

voltages are measured and converted into DC components through a two-stage direct quadrature
transformation [155]. The procedure for the two-stage transformation uses Clarke’s transformation
to convert the three-phase ABC frame to a8 frame, which is then converted to the dg components by
the use of Park’s transformation. The following equations are adapted [155] for the complete system

transformation:

Via = VampSin(wt) Equation 19
) 21

Vib = Vamp (sinwt — ?) Equation 20
) 21

Vie = Vamp(sinwt + ?) Equation 21

Where V., is the maximum voltage amplitude, w is the angular frequency, and Vg, Vip, and Vi,

denote the three-phase voltages. The derivation of the single-phase formula takes the form as:

Vi=V +Vpt+1 Equation 22
di
Vi = LE +ix+V, Equation 23
di
Vg =Vi— LE — Iy Equation 24
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The stationary frame can be expressed in matrix form as follows:

i dia
v Via— L T Ira
ga
v dib
gb| = |Vip — LE —Ipp Equation 25
Voe dic
_Vic - LE - IRC_
Then the transformation of the three-phase stationary ABC frame to a two-frame a8 frame as:
V, 21 -1/2 —-1/2
ga .
=— Equation 26
Vg;;] 3[0 V3/2 \/_/2][ gb] 9

Via LE - IRa

Vo] 21 —-1/2 -1/2 dib
[VgB] 25[0 V3/2 _\/§/2] Vip — LE_IRb Equation 27
dic
_Vic - LE - IRc_
dia
[Vga] _ Via - LE_ IRa
Vapl Vig — L‘;ﬁ — Ig Equation 28

Then the conversion of the a8 to dg components yields:

ng] _ [ coswt Sinwt] [Vga]

Vaq —sinwt  coswtl [Vyp Equation 29
V Ldia 1
ng] _ [ coswt sinwt] e *qr  Ra
Vaq —sinwt coswt . Ld 74 ; Equation 30
8= Ly ~lns
dia
[ ] [ ]_ R[i'd] _L[coswt sinwt] dt .
Vig lq —sinwt coswt! |dif Equation 31
dt

For some controllers, the current references are generated at the fundamental frequency that is in
phase or quadrature with the system voltage. For adaptation and robustness a phase-locked loop, the
circuit continuously keeps track of the system voltages’ fundamental frequency, and its design should

allow proper operation even when the voltage waveform is distorted or unbalanced [156].

2.5.2. Droop Control
By controlling the output and frequency of the voltage source inverter as per the output power

change, and distributing the active and reactive power to each distributed power source, droop
control simulates the droop characteristics of the generator by adjusting the output voltage and

frequency of each inverter [153] as it is usually applied in autonomous power sharing [157]. Droop
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control imitates the distributed generators’ static power frequency characteristics [158], and the

control principle is illustrated in Figure 20.

fA VA
\
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Figure 20: Droop control principle: (a) active power and frequency and (b) reactive power and voltage [158]

With the assumption of A being the initial operating point of the distributed generator in Figure 20,
the active and reactive power outputs are Py and Qo, and the frequency and voltage at the connection
point are fo and Vo. The voltage magnitude decreases as a result of lacking reactive power while the
frequency decreases due to a lack of active power, and vice versa. The control system output power
increases according to the droop characteristics if the frequency decreases along with the active load
increase [158]. An illustration of the outer loop controller based on (f-P)/(Q-V) droop control is shown
in Figure 21, where the frequency and magnitude of the voltage are controlled based on the output

power.
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Figure 21: Droop control-based outer loop controller [158]

In the method shown in Figure 21, the regulation of the voltage phase through reference frequency
integration is based on the active power, and the voltage magnitude is controlled via the output
reactive power [158]. Under the unbalanced line impedance, the limitation of fixed droop control of
dealing with a deviation of the output terminal voltage and parallel inverter voltage is rectified by a

dynamical droop coefficient strategy. The strategy has some advantages, which are listed below [153]:
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e Adjustable voltage amplitude under uneven reactive power distribution.

e A good realization ability that applies to multi-inverter paralleling scenarios with different
rated powers.

e Adjustable reactive droop coefficient allows it to be relatively small upon reaching system

stability and, therefore, maximizes the reduction of voltage loss.

2.5.3. DSTATCOM Control Mode
With the increasing voltage and reactive power problems as a result of the integration of renewable

energy sources, reactive power compensation devices are being used for voltage regulation at points
of grid connection. One such device is a Distribution Static synchronous Compensator (DSTATCOM),
an IGBT-based AD-DC inverter used to maintain a constant current during low or high voltages by
creating an output AC voltage controlled with Pulse-Width-Modulation (PWM) for producing leading
or lagging reactive current into the grid [158]. A schematic of a DSTATCOM is represented in Figure
22.

. . AC/DC
VbsTATCOM ‘A;eca?tl(t)ir converter
a A\
i I ! : Y Y YL
T B T~ capacitor
_ _(i < L~
\/
QpsTaTCcOM

Figure 22: Schematic diagram of a DSTACOM [158]

The reactive power in the DSTATCOM is directly proportional to the voltage system. The typical control
modes for a DSTATCOM are [158]:

e V Control Mode: where a DSTATCOM is configured for reactive power flow control at the
DSTATCOM'’s point of connection. Here, the bus voltage is being controlled at a specified value
with the bus regarded as a PV bus with active power output P = 0.

e Q Control Mode: where the reactive power is controlled to maintain the bus voltage at a
specified value. Thus, at P=0, the bus can be regarded as a PV bus, and it is controlled at a

specified value.
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3. Methodology

The main objective of the study is to design an adaptive control system that will automatically adjust
the characteristics of the controller to maintain the overall power system performance by
compensating for variations in the dynamics of the power system. On the Lesotho electricity grid
network, the Lets’eng wind farm was used as a case study for voltage control when a Renewable
Energy system is connected to the electricity grid. Provided by the Lesotho Electricity Company (LEC),
Lesotho’s electrical grid network’s Single-Line-Diagram as per the DIgSILENT PowerFactory software is

shown in Figure 23.

Figure 23: Lesotho Electricity grid network. The substation colour codes representing bus voltages as follows: purple for 132
kV, blue for 33 kV, red for 11 kV, and black for out of service substation

Within the network interconnections, the Lets’eng wind farm links to the 88 kV Khukhune bus bar,
whose electric power is supplied the Eskom Clarens’ external grid. It was therefore necessary to
control the wind farm substation voltage to synchronize that of the Clarens external grid in real-time
even when the wind power system is subjected to disturbances, or the external grid experiences
voltage variations. For the adaptation analysis of each control method, the operational capability
modification to achieve the best operational mode is determined by the closeness of the controlled
bus voltages to the desired voltage value limit of 10 %. The robustness of the control strategy is
measured by its ability to maintain the controlled bus voltages as close as possible when the system

undergoes wind speed variations.

3.1. Wind farm system design
For the convenience of the study to accommodate the intermittency of wind energy, the Lets’eng

wind farm was re-designed in the system modeling. Consisting of four 9.5 MW wind turbines, the rated

capacity of the wind farm is 38 MW. The wind farm is shown in Figure 24.
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Each wind generator is connected to a three-phase 380V LV bus bar, which in turn connects to a
0.38/11 kV step-up transformer that feeds the MV bus bar. With future growth anticipated, the
transformer rating was chosen to be 10 MVA to provide sufficient headroom. The four MV bus bars

are then connected to a single substation bus bar of the wind farm.

3.1.1. Wind turbine design
The Wind Turbine Generator (WTG) model used in the system is the Western Electricity Coordinating

Council (WECC) Type 4A WTG connected through a full power scale converter. The capacity of each
WTG was set at 10 MVA with a power factor of 0.95. The selected turbine input mode is the wind

speed as well as the power factor. The power curve of the selected WTG is shown in Figure 25.

Power Curve: Plot Power Curve:
Wind speed Power S.5000 Wind speed Power
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Figure 25: 9.5 MW WTG power curve

As illustrated in Figure 25, the cut-in speed of the WTG is 3.0 m/s. It is from this minimum wind speed
that the WTG, with a hub height of 100m, starts to generate power. From the same speed, the
generated power increases linearly with an increase in wind speed, reaching a maximum power output
of 9.5 MW at the speed of 14.0 m/s. The constant maximum power output is then retained from 14.0

m/s wind speed to the cut-out speed of 25 m/s, beyond which the power output drops to zero.

3.1.2. Turbine Controller Configuration
The control of the WTG lies in the WECC type 4A control system Composite Frame Model. Having

configured the rated power of the static generator, the nominal power and the power factor are the
parameters used for the calculation of the rated active power. Through model aggregation, the total
active power output is the product of each active power dispatch and the number of parallel paths.

Figure 26 shows the composite frame model of the used WTG control system.
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Figure 26: WECC type 4A wind turbine Composite Frame Model

In this composite frame model, the main contents of the control systems, as well as their descriptions,

are [159]:

e Generator: This represents the wind turbine generator in the network model

e WTGT_A: Itis used for the implementation of WTG torsional mode oscillations’ behavior

e WTGAR_A: To implement the aero-dynamics linear model of the WTG

e WTGTRQ_A: Based on the speed or power error to compute the power command, it
implements the corresponding operation mode

e WTGIBFFR_A: For cases of under-frequency events and system frequency decrease, it initiates
the auxiliary inertial-based fast frequency response

o  WTGWGO_A: In the event of a weak grid, it implements a supplemental option control

e REEC_D: Its function is to implement the electrical control mode via the control of reactive
power injections

e REGC_B: It acts to interface the generator and converter, and implements the fast converter
controllers

e Protection: For disconnection of the system from the grid in cases of frequency and voltage
limit violations

e Plant Control: For determination of commanded active and reactive currents, it implements
the plant controller

e Voltage and power measurement: To measure the voltages and power within the network

elements of control
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3.1.3. Wind farm Substation design
The wind farm substation design is illustrated in Figure 27. It shows the main bus bar that connects

the wind farm elements and the interface with external elements.
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Figure 27: Wind farm 11 kV substation

The wind farm contains the following critical elements:

Two 11/88 kV 2-windings transformers connect the MV bus bar to two 88 kV HV bus bars
that feed the external grid with power from the wind farm.

11/0.38 2-windings transformer that is connected to the LV cap of the capacitor bank for
reactive power compensation.

Two current transformers are used for overcurrent protection of the lines that connect the 11
kV MV bus bars to the substation bus bar.

A voltage transformer that regulates the bus voltage of the substation bus bar.

Circuit breakers and switches for additional overcurrent protection.

3.2. Study cases and operation scenarios
Different study cases are considered to study the behavior of the controller under different Reactive

Power/Voltage Controls. Figure 28 shows the study cases under analysis as well as different studied

scenarios of operation as configured in PowerFactory DIgSILENT.
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Figure 28: Study cases and operation scenarios in DIgSILENT

3.2.1. Constant voltage control
The synchronous generators at power stations operating in voltage control mode are utilized to

directly manage the voltage at their terminals. The voltage at these terminals serves as the reference
for the controlled per-unit (p.u.) value. The designated station controller regulates the voltage at a

remote bus bar and coordinates bus bar voltages supplied by multiple WTGs.

The equation governing the addition of an offset to the generator-specified reactive power operating

point is:

Q = Qo + K.AQsco Equation 32

For this study case, the controller response is analyzed for different operating scenarios.

3.2.2. Voltage Q-Droop Control
Corresponding to the proportional control, the amount of reactive power injected varies as the voltage

set-point deviation. A droop value is entered when the system is set to g-droop control. Voltage Q-

Droop control is illustrated in Figure 29.
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Figure 29: Voltage Q-Droop Control

For control of the local bus bar, the following set of equations applies:

u' = Usetpoint + dusetpoint - Audroop Equation 33
USPmax» if u> uUSpmax
u= USPmin, if u < uspp; .
o Pmin f Pmin Equation 34
u', if u = usppin and ug < USPmax
Q — Qsetpoint
Augroop = ~ P Equation 35
eroop
100 S,
droop = 7 i
p ddroop Equation 36

where:
e uisthe actual terminal voltage value
®  Ugepoint 1S the specified voltage set point
®  USPmax and USpyin are the maximum and minimum voltage set-points
®  Augroep is the voltage deviation
®  dugetpoint is the voltage coming from the Voltage Set-point Adaptation Station Controller
e () is the reactive power output
®  (setpoint IS the reactive power dispatch
®  Qaroop isthe voltage droop additional reactive power
e S, isthe rated apparent power

e dgroop is the percentage value of the voltage droop value
For uspax and uspy,in to be considered, the load option “Consider reactive power limits” is enabled.

3.2.3. Voltage I1Q-Droop Control
In this study case, the reactive current calculation is based on the element voltage set-point deviation.

The system control block diagram of this study case is illustrated in Figure 30.
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Figure 30: Voltage 1Q-Droop Control

For the control of the local bus bar, the voltage IQ-Droop Control is governed by Equation 33 and
Equation 34, with all symbols retaining their meaning as in Q-Droop Control. Additional equations for

the 1Q-Droop control study case are:

Iq - Iclsetpoint

Augy = Equation 37
roop Kdroop- Ip;
with the reactive current set-point as:
ggini. nghum
[qsetpoint = — = Equation 38
setpoin \/§Unom
and the rated active being:
. sgn. ngnum. cosn
= Equation 39
pr \/§Ur q

where:

e [q is the machine’s reactive current output in kA

®  Iqsetpoine is the machine reactive current set-point in kA

®  Kairoop is the controller gain

e gginiis the set-point of the reactive power in MVA

e ngnum is the number of parallel WTGs

e  U,om isthe corresponding connected bus bar nominal voltage in kV
e U, isthe machine-rated voltage in kV

e [p, is the rated active current in kA

e sgnis the rated power in MVA

e cosnis the rated power factor
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In this study case, instead of the machine’s rated voltage, the nominal voltage of the connected bus

bar is referenced in the calculation of the dispatched reactive current.

3.2.4. Constant power factor Control (Const. cos®)
The study case makes use of the local controller to act as a reactive power controller. To keep the

power factor constant, the reactive power set-point is adapted per the WTG’s active power output.
Under normal circumstances, the mode acts as a constant reactive power control, thereby enabling
the specification of the active and reactive power dispatch of the generator. Upon the activation of
the secondary controller, or when the load flow balancing by the generator is based on the slack
distribution, the constant reactive power mode is deactivated, and the constant power factor mode

is enabled to accommodate the varying active power output.

3.2.5. Point of Connection Voltage (Upoc) Operation Scenarios
In these operation scenarios, the wind farm WTGs control is investigated under different voltages of

the Khukhune 88kV bus bar that is connected directly to the external Clarens grid. From the load flow
of the external grid, the voltage set-point is set to different per-unit values concerning the 88 kV
Khukhune grid. The voltage set-points per unit under investigation are 0.90, 0.95, 1.00, 1.05, and 1.10,
thus corresponding to the bus voltages of 79.2 kV, 83.6 kV, 88 kV, 92.4 kV, and 96.8 kV, respectively,
and for each operation scenario, comparisons are made for the control study cases. The adaptation
and robustness of each control method are measured from the bus voltages for a change in the

external grid voltage set-point. The voltage levels under investigation are of the following bus bars:

e Khukhune 88 kV

e WT Type 4A LV (BB1, BB2, BB3, BB4)
e WT Type 4A MV (BB1, BB2, BB3, BB4)
e Wind substation (11 kV)

e Letseng Wind 88 kV (BB1, BB2)

3.2.6. Wind Speed Variations Operation Scenarios
The control strategies are evaluated and compared for adaptation and robustness of each voltage set-

point per unit value for the Khukhune 88 kV bus bar, in parallel with the operation scenarios in section
3.2.2. The voltage response is tested at wind speeds of 4.5 m/s, 7.0 m/s, 12.0 m/s, and 14.0 m/s. For
each wind speed, the performance of each control strategy at different voltage set-points is analyzed

and ranked when voltage variations are applied to the Clarens external grid.
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3.3. Fault-tolerance and Service Restoration
For a fault case created at a wind speed of 14.0 m/s and a POC voltage of 1.00 p.u., the system

response is determined for each control strategy. A three-phase short circuit is created at 3.2 seconds
and cleared at 3.4 seconds. Upon a short-circuit encounter, the system automatically isolates from the
HV bus bar and the respionse time of each control strategy is evaluated. The restoration after a fault

clearance is also analysed for each control strategy when the fault has been cleared.

3.4. Condition Monitoring and Instrumentation
Assuming the presence of field instruments for measuring wind speeds and voltage at the point of

connection, a SCADA system is designed to monitor wind speeds at various bus voltages for the POC
bus bar. The SCADA system is developed using Apache NetBeans IDE 22, with its graphical user
interface programmed in Java. The control strategy that best adapts to each operating scenario is

selected by the determination algorithm integrated into the SCADA system design.
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4. Results and Interpretation
The previous chapter provided an in-depth model of the grid-connected renewable energy system.

Five study cases were implemented, each introducing a distinct control strategy focused on self-
adaptation and robustness. This chapter assesses the outcomes of these control strategies and ranks
them based on their performance across different operational scenarios. Adaptation analysis is
centered on the voltage deviation from the (POC) bus voltage, while robustness is evaluated by the
system’s ability to maintain stable operation under both normal and disturbed conditions.
Additionally, robustness is assessed by examining voltage deviations at various wind speeds for each
POC voltage set-point. The power system analysis methods used include electromechanical transient

time-domain simulations and load flow analysis.

4.1. Results discussion for steady wind speeds
This section discusses the system response for each control strategy for both transient and steady

states. Comparisons are made for different wind speed scenarios and unique conclusions are drawn
independentlybfor each wind speed scenario. A correlation analysis method is also used to validate

the results for each study case’s control strategy and performance evaluation is made.

4.1.1. Voltage control at 14.0 m/s wind speed
For the proposed control strategies, a 10-second RMS time domain simulation was performed at

different values of the point of connection bus voltage. The result visualization simulation plot is

presented in Figure 31 for all study cases under 14.0 m/s wind speed.

In Figure 31a for the point of connection voltage at 0.90 p.u., the curve with the least margin from the
0.90 p.u. Khukhune bus bar is of the voltage Ig-Droop. It is, therefore, considered to be the most
adaptive to achieve the desired voltage set-point. However, in its attempt to attain the desired
voltage, the voltage Ig-droop continuously ramps up and down from its settling point for this duration
of 10 seconds, hence compromising its robustness to maintain a stable operation. Const. Q and Const.
V display equally prominent curves and are the second-ranked adaptive controllers as they have the
second least margin from the desired set-point. The difference between the two controllers is the
lower robustness of Const. V, which ramps down twice from the maintained voltage, while Const. Q
maintains its voltage for the whole duration. The next adaptive controllers are the Voltage Q-Droop
and the Const. cos$ which have also maintained their robustness for the simulation duration. It is
therefore concluded that the Const. Q, Voltage Q-Droop, and Const. cos¢ are the most robust
controllers, followed by Const. V, and lastly, Const. Q for 0.90 p.u. voltage of the POC when the wind
speed is 14.0 m/s. The results, therefore, indicate a trade-off between adaptation and robustness for

this operation scenario since the most adaptive control strategy is not the most robust.
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Applying the same evaluation criteria for POC voltage at 0.90. p.u., conclusions drawn from the other
four operation scenarios in Figure 31 for dynamic state simulation at the wind speed of 14.0 m/s are

as follows:

e In Figure 31b when the point of the connection voltage set-point is 0.95 p.u., the order of the
controller adaptation is Const. Q and Voltage Q-Droop, Const. V, Voltage Ig-Droop, and lastly,
Const. cosd. A similar extent of robustness is portrayed by all control strategies. For this
particular scenario, the best-performing control strategies are the Const. Q and Voltage Q-
Droop by being the most adaptive when all controller strategies are equally robust.

e From Figure 31c,at 1.00 p.u. set-point of the POC voltage, the adaptation order is first Const.
Q and Const. V, followed by Voltage Ig-Droop, and lastly Const. cos¢ and Voltage Q-Droop.
With most controllers equally robust, the difference between the Const. Q and Const. V is the
ramp-down in Const. Q at around t=5s, thus Const. V is the best control strategy in this
scenario. It is worth noting that during the ramp-down period of Const. Q, the POC voltage
experiences a short ramp down. This can in no way be regarded as an adaptation of Const. Q
responding to a change in POC voltage. It is evident that the Const. Q deviated before the
voltage drop of the set-point voltage.

e The most adaptive controller at 1.05 p.u. POC voltage shown in Figure 31d is the Const. Q,
followed by Const. V and voltage Ig-Droop, Const. cosd, and lastly, the Voltage Q-Droop.
Determined by the least voltage ramps, the most robust controllers are the Const. V and
Const. cosd, and the three other controllers are equally and least robust. Therefore, the Const.
Vis the best control strategy for this scenario.

e At 1.10 p.u. POC voltage set-point in Figure 31e, the Const. Q is the most adaptive controller.
It is followed by the Voltage Ig-Droop. Const. V precedes Const. cosd, while Voltage Q-Droop
is the least adaptive controller. Although all controllers demonstrate a highly robust response,
there is a slight voltage ramp down in the Voltage Ig-Droop, which is categorized below all the

other controllers. The operation scenario concludes that the Const. Q is the strategy of choice.

Still, at the wind speed of 14.0 m/s, the steady-state load flow analysis was performed to analyze the
response of each control strategy under steady-state conditions. As with the dynamic analysis, each
control strategy study case in this operation scenario was analyzed for different values of the point of
connection voltage set-point. The voltage match of the system high voltage (HV) bus bar to the point
of connection voltage is benchmarked against the desired +5 % limit as well as against the SANS 10142-
3:2012 and IEC TS 62749:2020 standards. The steady-state system bus voltages as per the load flow

at a wind speed of 14.0 m/s are presented in Table A2 of Appendix A.
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The last three columns in Table A2 are used for the analysis of voltage compliance to the grid voltage
desired deviation set-point. The aim is to limit the HV supply voltage to 5 % fluctuations of the POC

bus voltage.

When the POC voltage is set to 0.90 p.u., the voltage matches for Const. V, Const. cosd, Voltage Ig-
Droop, Voltage Q-Droop, and Const. Q is 0.996338, 0.911742, 1.03548, 0.994697, and 1.01553,
respectively, therefore corresponding to -0.37 %, -8.83 %, +3.55 %, -0.53 %, and +1.55 % voltage
fluctuations. Thus, for the set £5 % set margin, all control strategies but Const. cos¢ meets the set
voltage match with Const. V as the controller with the best voltage match. However, since the wind
power generation station connects to the Clarens Eskom grid from South Africa, the Const. cosd still
meets the South African set standard, SANS 10142-3:2012, as well as the international standard, IEC
TS 62749:2020. The requirement of these two standards is for the exclusion of interruption periods,
the power supplier should comply with the voltage percentiles in the boundary of 10 % under normal
operating conditions [160]. The compliance of the two standards is being met by the Const. coso,
operation continues under this control strategy, but mitigation measures should take place to meet
the local plant compliance of 5 % margin regarded as a key performance indicator (KPI). This can be
achieved by autonomously switching to a locally compliant strategy as programmed in the control

system design.

At 0.95 p.u. POC voltage set-point, the best voltage match is achieved by the Voltage Ig-Droop at -0.25
%, followed by Const. Q at 1.03 %, Const. V, Voltage Ig-Droop, and Const. Cos¢ at -3.82 %, -4.01 %,
and -9.03 % respectively. Besides the Const. cosd which only meets the requirements of the two

standards, all other control strategies are within the locally set voltage margin.

Setting the POC voltage to 1.00 p.u. allows all but the Voltage Q-Droop to attain local generation
compliance, although it still meets the standards at -7.38 % voltage deviation. It is worth highlighting
that for the Const. cosd and Const. Q, the two best scenario controllers at +0.5 % deviation, have
identical values for all bus voltages. Equally important to note, the Const. Cos¢ acts as Const. Q control
thereby enabling the specification of the active and reactive power dispatch of the generator with no
activation of the secondary controller, hence the two controllers are practically identical for this
scenario. With Voltage Ig-Droop and Const. V at-3.72 % and -3.82 %, respectively, it is only the Voltage

Q-Droop that meets the requirements of the two standards at -7.38 .

Interestingly, at 1.05 p.u. POC voltage, when the Const. Q achieves a 100 % voltage match to the POC
voltage, none of the other control strategies meets the local deviation threshold. Furthermore, the
Const. V and Voltage Q-droop at -10.40 % and -10.44 %, respectively, do not even comply with the HV

standards. Although they do not meet the local voltage KPIs, the Const. cos¢ and Voltage Q-Droop at
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-9.38 % and -6.50 %, respectively, are within the HV fluctuations limit and can therefore still be used
for power supply to the grid. However, for system optimization, switching the control mode to Const.

Q would yield an optimal performance for this particular scenario.

When the POC voltage is set to 1.10 p.u., it is only the Const. Q that complies with the 5 % local voltage
boundary limit at -0.48 %. At -7.66% and -9.50 %, the Voltage Ig-Droop and Const. cos$ only comply
with the South African and International standards, whereas- the Const. V is completely non-
compliant at a deviation of -13.38 %. Therefore, the Const. V should not be considered for voltage

control in this scenario.

4.1.2. Voltage control at 12.0 m/s wind speed
At a wind speed of 12.0 m/s, a 10-second RMS time domain simulation run for different values of the

point of connection bus voltage is presented in Figure 32. The simulation curves’ results are

interpreted as follows:

When the POC bus voltage is set to 0.90 p.u. as shown in Figure 32a, the most adaptive controller is
the Const. V with the least margin from the Khukhune bus voltage. It is, however, the controller with
the least robustness degree, having the most voltage ramps for the 10-second time domain
simulation. While the Const. Q and Voltage lg-Droop are the next adaptive controllers, followed by
Voltage Q-Droop and lastly Const. cosd, these controllers are equally robust with no ramps along the

propagation.
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Setting the POC voltage at 0.95 p.u. in Figure 32b when the wind speed is 12.0 m/s favours the
adaptation to the Voltage Q-Droop, which is followed by the equally adaptive Const. Q, Const. V, and
Voltage Ig-Droop while the Const. cosd is the least adaptive control strategy. All controllers but the

Const. cosg, the only controller with voltage ramps, are equally robust.

As observed in Figure 32c with complete robustness in all controllers beyond the overshoot settling
point, the only difference in the controllers when the POC voltage is set at 1.00 p.u. is the adaptation.
The most adaptive controller is the Voltage Ig-Droop followed by the Const. Q, and lastly, the Const.

V, Const. cosd, and Voltage Q-Droop which are at equal footing.

Figure 32d at 1.05 p.u. POC voltage set-point, the adaptation prominence lies on the Const. Q followed
by the Voltage Ig-Droop, and lastly, the Const. V. These three controllers portray a visually equal
robustness extent with no voltage amplitude fluctuations for the entire simulation period. Not only
are the Const. cosd and Voltage Q-Droop the least adaptive controllers, but they are also the only
controllers which have fluctuating voltage amplitudes, hence experiencing a compromised robustness

level.

Figure 32e for the POC voltage set-point of 1.10 p.u., the most favorable adaptive controller is the
Voltage Q-Droop followed by the Const. Q. The less adaptive controllers: the Const. V, Const. cos¢
and Voltage Ig-Droop have overlapping curves with some level of voltage ramps. With the Voltage Q-
Droop also showing a voltage magnitude fluctuation along a certain time period, the Const. Q is

recognizable as the most robust controller with a straight line on the RMS simulation curve.

When analyzing each control strategy’s steady-state response at a wind speed of 12.0 m/s, the results
for the steady-state load flow analysis are presented in Table A3, where each system’s HV bus bar is

compared to the POC voltage and evaluated for compliance.

When the voltage set-point is 0.90 p.u., the voltage match for the HV bus bars is 1.042172 for the
Const. V, 0.995328 for both the Const. cos¢ and Const. Q, 1.041035 for both the Voltage Ig-Droop and
Voltage Q-Droop, corresponding to voltage deviations of +4.22 %, -0.47 %, and 4.10 %, respectively,
meaning the compliance of all control strategies to the locally set voltage deviation of 5 %, both the
SANS 10142-3:2012 and IEC TS 62749:2020 standards that allow a maximum deviation of 10 %.
Likewise, complete compliance for all system requirements is met by all control strategies when the
POC voltage is set to 0.95 p.u., where voltage deviations of +0.26 %, -1.02 %, 0.19 %, and 0.20 % are
obtained for the Const. V, Const. cos¢ as well as the Const. Q, Voltage Ig-Droop, and Voltage Q-Droop,

respectively. This is also the case when the POC is at 1.00 p.u., where the voltage deviations are -3.40
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%, -1.51 %, -3.35, and -1.51 for the Const. V, Const. cosd, Voltage Ig-Droop as well as the Voltage Q-

droop, and Const. Q, respectively.

When the POC voltage set-point is increased to 1.05 p.u., the local voltage fluctuation compliance is
lost in three controllers. Only the Const. cos¢ and Const. Q meet the requirement of a 5 % boundary
limit at -1.97 % for both strategies. This limit is exceeded by the Const. V, Voltage Ig-Droop, and
Voltage Q-Droop, although they are still well within the grid connection limits of 10 % and therefore

can still be used while mitigation strategies are employed to meet the local voltage fluctuation KPI.

Still behaving as the Const. Q at 1.10 p.u. POC voltage, the Const. cos¢ meets all the system
requirements as per the Const. Q’s compliance, which is at -2.38 %. The other three controllers violate
the local voltage obligation, yet they still comply with the set standards as they are well within the
boundary limit of 10 %. The Const. V experiences -9.67 %, while the Voltage 1g-Droop and Voltage Q-
Droop are at -9.43 % and -9.44 %, respectively.

4.1.3. Voltage control at 7.0 m/s wind speed
At a wind speed of 7.0 m/s, a 10-second RMS time domain simulation was again run for different

values of the point of connection. The dynamic simulation results for the system bus voltages for this

scenario are presented in Figure 33.
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For the RMS simulations shown in Figure 33, the analysis of the control strategies’ response at a wind

speed of 7.0 m/s is as follows:

Figure 33a at 0.90 p.u. POC voltage set-point, the Const. Q is the controller whose amplitude is closest
to that of the point of connection. It is then followed in marginal difference by the Voltage Ig-Droop,
which is followed by the Voltage Q-Droop, Const. cosd, and lastly Const. V. Not only is the Const. Q
the most adaptive controller, but it is also the most robust controller, followed by the Voltage Ig-
Droop, Voltage Q-Droop, and lastly, the Const. cosd. Although a single voltage ramp exists for the
three least robust controllers, the extent of the robustness loss has been categorized by the duration
of each voltage deviation. Hence, the Voltage Ig-Droop is classified as more robust than the Voltage
Q-Droop and Const. cosd because its deviation has the least duration. The invisibility of the Const. V
in Figure 33 is the indication that its behavior is similar to that of one of the strategies whose curve
has overlapped and overshadowed the Const. V. As a result, the response of the Const. V is

inconclusive as it cannot be determined from the response curves.

Figure 33b with all visible controllers displaying equally complete robustness for the POC voltage at
0.95 p.u., the order of the strategies adaptation is first, the Voltage Q-Droop, followed by the Voltage

Ig-Droop, Const. Q, and lastly, the Const. cosd.

Succeded by the Const. V and Voltage Ig-Droop in Figure 33c, the Const. Q is the controller
demonstrating the highest voltage adaptation to the point of connection at 1.00 p.u. POC voltage. The
next adaptive controller is the Voltage Q-Droop, while the Const. cosd is the least adaptive strategy.
It is worth noting that despite its low adaptation ability, the Voltage Q-Droop is the only control
strategy with complete robustness for this scenario as it is the only controller without any voltage

ramps along the 10-second dynamic response analysis.

As the most robust controller without any voltage amplitude deviations at 1.05 p.u. POC voltage in
Figure 33d, the Voltage Ig-Droop is the most adaptive controller along Const. Q. The other visible

controllers are the Const. cosd and Voltage Q-Droop in descending adaptation order.

In Figure 33e there are only three visible controllers at the POC voltage of 1.00 p.u., with the Const. Q
being the most adaptive, followed by Voltage Q-Droop, and lastly, the Const. cosd. All the controllers
appear to be equally robust beyond the controllers' setting times. Therefore, the Cons. Q is the most

favorable control strategy for this particular scenario.

Still at the wind speed of 7.0 m/s, a load flow was performed for the steady-state analysis of all the

control strategies. The results for all system bus voltages are shown in Table A4.
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At a POC voltage of 0.90 p.u., all controllers meet the South African and international grid voltage
standards, with the Const. V having a voltage match of +2.73 %, the Const. cos¢ and Voltage Q-Droop
at -6.27 %, while the Voltage Ig-Droop is at +2.74 %, and Const. Q is at -3.16 %. Only the Const. cos¢
and Voltage Q-Droop do not comply with the local set voltage limit as they exceed the 5 % boundary.
Changing the POC voltage to 0.95 p.u. shifts the local non-compliance to the Const. cos¢ and Const.
Q, both at -6.48 %, while all other strategies fully comply with the local KPIs and the two standards. A
similar compliance case is observed when the POC voltage is at 1.00 p.u., with the two control
strategies still not complying with the local voltage set variation of 5 % as they both have a voltage
match of -6.66 %. It is interesting to observe that for both POC voltages of 1.05 p.u. and 1.10 p.u.,
none of the control strategies meet the local set requirement, as all HV voltages are above the 5 %
margin. However, all controllers can still be utilized with precise monitoring as they are below the grid

voltage standards of 10 % boundary limits.

4.1.4. Voltage control at 4.5 m/s wind speed
At a wind speed of 4.5 m/s, a 10-second RMS time domain simulation was once more run for different

voltage values of the point of connection. The dynamic simulation results for the system bus voltages

for this scenario are presented in Figure 34.
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In Figure 34a when the POC voltage is set to 0.90 p.u., the Voltage Q-Droop can clearly be recognised
to be the most adaptive and robust controller from its lowest voltage margin from the POC voltage,
as well as its consistent propagation without any voltage ramps. The second most adaptive Controller
which is the Const. Q experiences voltage deviations and, therefore, has a compromised level of
robustness. The response curves of the remaining controllers are intertwined, and the controllers

cannot be distinguished with high precision. Hence, their evaluation is left inconclusive.

In Figure 34b for the visible controllers at a POC voltage of 0.95 p.u., the order of adaptation is: the
Voltage Ig-Droop, Voltage Q-Droop, Const. Q, and lastly, Const. cosd, with the latter being the most

robust control strategy without voltage fluctuations.

All controllers in Figure 34 but the Const. cos¢ portray an equally high robustness degree at a POC
voltage of 1.00 p.u., with only the Const. cos¢ experiencing a fluctuation in its voltage magnitude. The
order of adaptation for visible controllers in this scenario is: the Voltage Ig-Droop, Const. V, Const. Q,

and lastly, Const. cosd.

The four controllers that can be identified in Figure 34d for the POC voltage of 1.05 p.u. by order of
adaptation are the Voltage Ig-Droop, Const. Q, and equally adaptive Const. cos¢ and Voltage Q-Droop.
The Voltage Ig-Droop and Voltage Q-Droop are the two controllers displaying consistent voltages for

the entire simulation tim, and are accordingly considered the most robust for the POC voltage of 1.05

p.u..

Beyond the controllers’ settling times, none of the controllers in Figure 34e experienced a
compromised level of robustness as none of them has any fluctuation at 1.10 p.u. POC voltage. Hence
all control strategies are considered to be equally robust. In this scenario, the Voltage Q-Droop comes
out as the most adaptive controller, followed by the Const. cosd, while the level of adaptation for the

Const. V and Voltage Ig-Droop are equal.

For the steady-state analysis performed through running a load flow at a wind speed of 4.5 m/s, the
results for all control strategies are shown in Table A5. It is observed that all control strategies fail to
meet the local voltage requirement of 5 % fluctuations in all operation scenarios. It is also observed
that the controllers’ response tends to be more similar than ever, with only two instances of a single

controller having a unique voltage control response.

At a POC voltage of 0.90 p.u., the characteristic response of the Const. V, Voltage Iq-Droop, and
Voltage Q-Droop are the same, with their HV bus voltages at a -5.87 % fluctuation, while the Const.

cos¢ and Const. Q have a -8.71 % fluctuation. The similarity in the characteristic response continues
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at a POC voltage of 0.95 p.u., where the former has -6.10 % fluctuation and the latter experiences a

voltage fluctuation of -8.71 %.

An HV match of 0.938068 for the Const. V, Voltage Ig-Droop and Voltage Ig-Droop, and 0.913068 for
the other two controllers at 1.00 p.u. POC voltage results in -6.19 % and -8.69 % voltage fluctuation,
respectively. It is at 1.05 p.u. POC voltage that a unique response is observed for the Const. V. It is the
only controller with a fluctuation of -6.46 %, with the Const. cosd and Const. Q at -8.67 %, and the
Voltage Ig-Droop and Voltage Q-Droop at -6.50 % voltage fluctuation. The unique response of the
Const. V continues at a POC voltage of 1.10 p.u.. Here, only this controller has a voltage fluctuation of
-9.18 % from the grid voltage, while the Const. cosd and Const. Q are similar, and so are the Voltage
Ig-Droop and Voltage Q-Droop at a voltage fluctuation of -8.64 % and -9.16 % from the grid voltage.
Although all controllers do not comply to the local voltage set-point, they can all be used at the wind
speed of 4.5 m/s as they all fluctuate below the 10 % boundary limit set for the SANS 10142-3:2012
and IEC TS 62749:2020 standards compliance.

4.2. Response analysis for varying wind speeds
The control strategies under study were analysed for robustness when subjected to wind speed

variations so as to investigate their consistency in maintaining HV bus voltages when there are changes
in wind speed. Each controller’s dynamic response was evaluated for different wind speeds for a
similar POC voltage. A 10-second RMS time domain simulation run for different values of wind speed

for each controller at a POC voltage of 1.00 p.u. is presented in Figure 35.
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Figure 35: Control strategies' dynamic response for varying wind speeds as 1.00 p.u. POC voltage: (a) Const. Q, (b) Const. V, (c) Const. cos¢, (d) Voltage Ig-Droop, (e) Voltage Q-Droop
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For the control strategies’ dynamic response under different wind speeds, an automatic intersection
line was inserted on the simulation plot to observe the bus voltages at each wind speed. The

observatory analysis is as follows:

For the Const. Q presented in Figure 35a, the HV bus voltages starting with the highest bus voltage in
p.u. are 0.9581 for the wind speed at 14.0 m/s, 0.9464 at 12.0 m/s, 0.9188 at 7.0 m/s, and 0.9085 for
4.5 m/s. With a difference of 0.0117, 0.0276, and 0.0103 for the successive wind speed, the average
fluctuation in the bus voltage is then calculated to be 0.0165 p.u., which is used as a robustness

measure.

For the Const. V control illustrated in Figure 35b, the HV bus voltage is 0.9581 p.u. when the wind
speed is 14.0 m/s, 0.9464 p.u. for 12.0 m/s wind speed, 0.9188 p.u. and 0.9085 p.u. for 7.0 m/s and
4.5 m/s, respectively. The average bus voltage fluctuation is, therefore, 0.0165 p.u. which is equivalent

to the robustness exhibited in the Const. Q control.

In Figure 35c, complete robustness is observed for three different wind speeds in the Const. cosd. A
bus voltage of 0.8942 p.u. exists for the wind speeds of 14.0 m/s, 12.0 m/s, and 7.0 m/s while the
speed of 4.5 m/s results in a HV voltage of 0.8843. Therefore, the average voltage fluctuation
accounting for all for the wind speeds is 0.0033 p.u., signifying a higher degree of robustness than the

two previous control strategies.

In the voltage Ig-Droop shown in Figure 35d, the highest HV bus voltage is experienced when the wind
speed is 4.5 m/s with a voltage of 0.9373 p.u.. It is followed by a wind speed of 7.0 m/s at 0.9303 p.u.,
12.0 m/s at 0.9262 p.u., and lastly, 14.0 m/s at 0.9257 to give an average fluctuation of 0.0039 p.u.

which indicate higher robustness than both the Const. Q and Const. V yet lower than the Const. cosd.

From Figure 35e, the speed of 4.5 m/s yields the highest HV bus voltage in the Voltage Q-Droop control
at 0.8994 p.u. The other three controllers have a bus voltage of 0.8983 p.u., taking the average voltage
fluctuation for this control strategy to 0.00037 p.u., which is the highest robustness of all control

strategies at a POC voltage of 1.00 p.u.

The descriptive analysis of all control strategies for wind speed variation is presented in Table 1
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Table 1: Control strategies' descriptive statistics for varying wind speeds

Descriptive Statistics

] Std. Deviation
Const.cos_phi 4 00485
Voltage_QDroop 4 00055
Voltage_lgDroop 4 00536
ConstY 4 02318
Const.Q 4 02318
Valid M {listwise) 4

Using data extracted from the dynamic simulation in Figure 35, a descriptive analysis was conducted
using IBM SPSS Statistics, as shown in Table 5. The results in the table confirm the robustness criteria
used to assess the control strategies at different wind speeds for a POC voltage of 1.00 p.u. Since "a
smaller standard deviation indicates that data points are closer to the mean, while a larger standard
deviation shows that data points are spread out over a wider range around the mean" [161], the
standard deviation is used here as a measure of robustness. By ranking the control strategies based
on their standard deviations, the most robust controller is Voltage Q-Droop, with a standard deviation
of 0.00055, followed by Const. cos¢ at 0.00495, Voltage Ig-Droop at 0.00536, and finally, Const. V and
Const. Q, both with a standard deviation of 0.02318.

4.3. Fault-tolerance and service restoration analysis
At a wind speed of 14.0 m/s, a case was established to determine the systems’ response to a grid fault.

With a POC voltage set at 1.00 p.u., a three-phase short circuit event was created on the HV bus bar

at 3.2 seconds and cleared at 3.4 seconds. The results of the simulation event are shown in Figure 36

below.
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Figure 36: Control strategies' response to short-circuit fault
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Considering the time points of 2.93 seconds (before the three-phase short circuit event) and 3.415
seconds (after fault clearance), the HV bus voltages for each controller are shown in Figure 38. As
depicted, within 0.015 seconds after fault clearance, the Const. Q controller’s bus voltage of 0.9241
p.u. at 3.415 seconds is 96% of its pre-fault voltage (0.9588 p.u.), remaining within the 5% voltage
deviation range for service restoration. The post-fault clearance values for the Const. Q, Const. coso,
Voltage Ig-Droop, and Voltage Q-Droop controllers, relative to their initial values, are 1.0108, 0.9914,
1.0242, and 0.9919, respectively. Thus, all control strategies achieve voltage restoration within the 5%

deviation range within 0.015 seconds after the fault is cleared.4.4. SCADA monitoring and control

4.4. SCADA monitoring and control
A SCADA system was designed for the control room operator to monitor the wind power plant and all

wind parameters of concern. When the system is run in manual mode, the control strategy selection
is at the discretion of the control room operator, but the automatic mode selects the best control
strategy for each operation scenario. The best control strategy is determined as the controller whose
HV bus voltage is closest to the POC bus bar voltage. Figure 37, Figure 38, and Figure 39 illustrate the

SCADA operation at different wind speeds and POC voltages.
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Figure 37: SCADA control at a wind speed of 4.5 m/s and POC voltage of 1.10 p.u.

Figure 39 shows that when the POC voltage is set to 1.10 p.u. at a wind speed of 4.5 m/s, the Const.

coso controller achieves the closest match between the HV bus voltage and the POC bus bar at 88.44V.
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The SCADA system’s controller selection aligns with the results in Table A5, where Const. cosd, along

with Const. Q had the highest HV match at 0.913636.

At a wind speed of 7.0 m/s, the SCADA system automatically selects the Voltage Ig-Droop controller
when the POC voltage is 0.95 p.u., producing an HV bus voltage of 83.76 V. This is consistent with
Table A4, where a voltage match of 1.001914 for the Voltage Ig-Droop controller was the highest
among all controllers at these wind speeds and POC voltage.

Similarly, Figure 41 aligns with Table A2 for a wind speed of 14.0 m/s. When the POC is set to 1.00

p.u., the Const. cosd controller achieves the highest voltage match, with an HV bus voltage of 88.44
V.
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Figure 38: SCADA control at a wind speed of 7.0 m/s and POC voltage of 0.95 p.u.
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Figure 39: SCADA control at a wind speed of 14.0 m/s and POC voltage of 1.0 p.u.

The HV voltage match of 1.005 for the Const. cosd and Const. Q is the highest for this operation
scenario, with an HV voltage of 88.44V when the wind speed is 14.0 m/s, and the POC voltage is 1.00
p.u..

63| Page



5. Conclusions and Recommendations

5.1. Conclusions
The study aimed to design a control system that automatically adjusts controller characteristics to

sustain overall power system performance. Five control strategies were evaluated for adaptability,
robustness, and fault tolerance. The key monitored parameters for each operational scenario included
wind speed and bus voltage at the point of connection. The Lets’eng wind farm, featuring four 9.5 MW
turbines with a total capacity of 38 MW, was used as a case study for voltage control in a renewable
energy system connected to the electricity grid. The analysis of each control strategy was conducted
for both transient and steady states, with comparisons made across different wind speeds and POC
voltages. For a 10-second RMS time domain simulation at a wind speed of 14.0 m/s, the voltage 1g-
droop was considered to be the most adaptive controller, while the Const. Q is the most robust at a
POC voltage of 0.90 p.u., the Const. Q and voltage Q-droop are the most adaptive controllers, with all
controllers equally robust. The Const. Q and Const. V are the most adaptive controllers when the POC
voltage is 1.00 p.u, while the Const. Q is the most adaptive control strategy for both 1.05 and 1.10 p.u.
POC voltages. For a steady-state load flow analysis at a wind speed of 14.0 m/s, the Const. V is the
controller with the highest voltage match to the POC voltage with -0.37 % deviation at a POC voltage
of 0.90 p.u.. However, all control strategies comply to the South African standard, SANS 10142-3:2012
and the international standard, IEC TS 62749:2020. For POC voltages of 0.95 p.u, 1.00 p.u., 1.05 p.u,
and 1.10 p.u, the controllers with the highest voltage match to the POC voltage are the voltage Ig-
droop at -0.25 % deviation, Const. cos¢ and Const. Q at +0.5 % deviation, Const. Q at 100 % voltage

match, and Const. Q at a -0.48 % deviation, respectively.

At a wind speed of 12.0 m/s, a 10-second RMS simulation resulted in the Const. V as the most adaptive
controller for a POC voltage of 0.90 p.u, with all controllers but the Const. V being equally robust with
no voltage ripples. The adaptation of Voltage Q-Droop is favoured when the POC voltage is 0.95 p.u.,
with this operation scenario resulting in an equal robustness degree for four control strategies and
the Const. cosd as the only controller with voltage ramps for a simulation time period. All controllers
have complete robustness when the POC voltage is 1.00 p.u., and the most adaptive control strategy
is the voltage Ig-droop. Although the prominence of adaptation lies on the Const. Q for a POC voltage
of 1.05 p.u, this controller is the most robust along with the voltage Ig-droop and Const. V. The most
adaptive controller for 1.10 POC voltage is the voltage Q-droop, while the Const. Q is the most robust
control strategy at this POC voltage. The steady-state response of the controllers at 0.90 p.u. shows
that all controllers comply to the £5 % locally set voltage deviation, the SANS 10142-3:2012 standard
as well as the IEC TS 62749:2020 standard. Complete compliance is also achieved for 1.00 p.u. POC

voltage. At 1.05 POC voltage, only the Cons. Cosd and Const. Q meet the 5% local boundary limit,
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although all controllers are within the 10 % grid connection limits. At a -2.38 % voltage match, both
the Const. Q and Const. cosd meet all the system requirements while the other three controllers

violate the local voltage obligation, yet still comply to the set standards.

The dynamic simulation for the wind speed of 7.0 m/s resulted in the Const. Q being the most adaptive
and robust controller when the POC voltage is 0.90 p.u. With complete robustness for all visible
controllers at 0.95 p.u. POC voltage, the voltage Q-droop, is the most adaptive controller. While the
highest adaptation lies on the Const. Q for 1.00 POC voltage, complete robustness is achieved only by
the voltage Q-droop without any voltage ramps. As the most robust controller without any voltage
amplitude deviations at 1.05 p.u. POC voltage, the voltage Ig-droop is the most adaptive controller
together with the Const. Q. There are only three visible controllers at the POC voltage of 1.10 p.u.,
with the Const. Q being the most adaptive, while all the controllers appear to be equally robust beyond
the setting times of the controllers. A steady-state load flow analysis at 7.0 m/s wind speed indicates
that even when some controllers do not meet the local voltage requirements, all controllers can still

be used as they meet the 10 % margin set for the SANS and IEC voltage margins.

For the 4.5 m/s operation scenarios, the Voltage Q-Droop is the most adaptive and robust control
strategy at 0.90 p.u. POC voltage. The Voltage Ig-Droop has the highest adaptation, while the highest
robustness degree is that of the Const. cos$ when the POC voltage switches to 0.95 p.u. It is only the
Const. cos that experiences voltage fluctuations at 1.00 p.u. POC voltage, with the voltage Iq-Droop
displaying the highest adaptation. With the voltage lg-droop and voltage Q-droop displaying
consistent voltages, it is the voltage Ig-droop that has the highest adaptation of all controllers at 1.05
p.u. POC voltage. With all the controllers equally robust at 1.10 p.u. POC voltage, the most adaptive
controller is the voltage Q-droop. It is observed from the table that all control strategies fail to meet

the local voltage requirement of 5 % fluctuations in all operation scenarios at a wind speed of 4.5 m/s.

When subjected to wind speed variations, a descriptive analysis was performed to evaluate the system
robustness of the control strategies at a POC voltage of 1.00 p.u. showed the voltage Q-droop as the
most robust controller with a standard deviation of 0.00055, followed by the Const. cos¢ at 0.00495,
then the voltage Ig-droop at 0.00536, and lastly, the Const. V and Const. Q, both with a standard
deviation of 0.02318.

A three-phase short circuit fault was introduced on the HV bus bar at 3.2 seconds and cleared at 3.4
seconds to analyze the system response during a grid fault. It was observed that all control strategies
achieved voltage deviations within 5% during service restoration within 0.015 seconds. A SCADA
system was developed to monitor and control the wind farm. In automatic mode, the system selects

the most suitable control strategy based on wind speed and POC voltage to maintain the HV voltage
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closest to the POC voltage. The SCADA evaluation results align with the findings obtained from the

DigSilent PowerFactory software analysis.

5.2. Recommendations
The study was limited to operation scenarios of four different wind speeds and five points of

connection voltage levels. For further research, the following are recommended:

1. Incorporating Arificial Neural Networks (ANNs): To enhance flexibility and performance, the
approach of investigating ANNs’application in adaptive control strategies can enable the dynamic

system’s adjustment to a broader range of wind speeds and POC voltage levels.

2. Dataset Expansion: The collection and use of larger and more varied dataset for training ANNs can
be explored. The data can include data from different geographical locations, seasonal variations, and

different geid conditions to further investigate the control strategies robustness.

3. Real-time Implementation: The investigation into the control strategies can further be expanded to
real-time systems to expore these adaptive control strategies in grid-conneceted RE Systems. Some
collaboration with industry stakeholders who can assist with validation of findings in real-time
applications can further be used in the expansion of research on adaptive and robust control strategies

in grid-intergation of Renewable Energy Technologies.
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Appendix A

Table A2: Bus voltages for steady state load flow analysis at wind speed=14 m/s

v LV v v [N [N NIV [ Sub BB Ui HV HV

BB1 BB2 BB3 BBA BEL1 BB2 BB3 BB4 11kV BB BB Match
0.90 p.u.
Const. 0.33 0.33 0.38 0.38 10.79 10.73 10.35 10.51 10.43 75.20 73.51 0556338
cos_phi 0.33 0.33 0.34 0.34 5.67 5.54 5.72 5.75 553 75.20 72.21 0511742
Ig-Croocp 0.33 0.38 0.38 0.38 10.53 10.81 10.58 11.10 10.25 75.20 82.01 103543
C-Droop 0.33 0.38 0.38 0.38 10.77 10.71 10.32 10.88 10.45 75.20 73.78 0554657
Const. O 0.37 0.38 0.37 0.38 10.63 10.53 10.32 10.57 10.04 75.20 B0.43 1.01553
0.95 p.u.
Const W 038 0.38 038 038 10.51 1087 1097 1085 10.65 8360 8041 0961347
cos_phi 0.35 0.35 035 035 10.17 10.14 10.22 10.25 10.03 8360 76.05 (0909629
Ig-Drocp 0.38 0.38 0.38 038 11.01 10.51 11.04 11.15 10.40 8360 8339 (957488
C-Droop 0.38 0.38 0.38 038 10.88 10.84 10.50 10.85 10.62 8360 B0.25 (959528
Const. @ 0.38 0.38 0.39 0.39 11.11 11.01 11.30 11.43 10.55 83.60 B446 1010287
1.00 pou.
Const. W 0.38 0.38 0.38 038 11.07 1098 11.10 1171 10.54 83.00 8454 0961318
cos_phi 0.40 0.40 0.41 041 1159 11.43 11.77 11.50 11.04 83.00 £3.44 1.005
lg-Drocp 0.38 0.38 0.38 038 11.08 10.99 11.12 11.73 10.55 83.00 8473 0962341
C-Droop 0.38 0.38 0.38 038 10.95 10.92 10.57 11.00 10.77 83.00 8151 092825
Const. O 0.40 0.40 0.41 041 1153 1143 11.77 11.50 11.04 23.00 23.44 1.005
1.05 p.u.
Const. 0.33 0.38 0.38 0.38 11.02 11.00 11.02 11.04 10.51 52.40 82.79  0.855956
cos_phi 0.359 0.33 0.33 0.33 1117 11.15 11.22 11.25 11.05 52.40 83.73 0506159
Ig-Croocp 0.33 0.38 0.33 0.33 1118 11.10 11.28 11.38 10.73 52.40 86.39 0534557
C-Droop 0.33 0.38 0.38 0.38 11.02 11.00 11.03 11.05 10.51 52.40 82.75  0.895553
Const. 0.42 041 0.42 0.43 12.07 11.57 12.24 12.37 11.54 52.40 52.10 1
110 pou.
Const. 0.33 0.38 0.38 0.38 11.07 11.08 11.07 11.08 11.03 8E5.30 83.85 0.8g6219
cos_phi 0.40 0.40 0.40 041 1168 1165 11.72 11.75 1156 95,80 8760 0904559
lg-Droop 0.39 0.39 0.40 0.40 11.50 11.43 1161 1171 11.10 9580 8938 0923247
C-Droop 0.38 0.38 0.38 038 11.09 11.08 11.09 11.10 11.05 96.80 B3.57  (0.867459
Const. O 0.43 0.43 0.44 0.44 1254 12.45 12.71 12.83 12.023 96,80 9634 (935248

Table A3: Bus voltages for steady state load flow analysis at wind speed =12 m/s

LV LV LV v [N [N [ [N Sub BB Uieos: HV HV

BB1 BE2 BE3 BB4 BB1 BB2 BB3 BB4 11KV BB BB Match
0.90 pou.
Const. W 0.38 0.38 0.38 0.38 10.91 10.81 10.94 11.03 10.35 79.20 B2S54 1042172
cos_phi 0.36 0.35 0.36 0.36 10.29 10.21 10.43 10.54 5.85 79.20 7283 0995318
lq-Droop 038 0.38 0.38 0.38 10.839 1020 10.53 11.03 1033 79.20 B245 1041035
C-Droop 0.38 0.38 0.38 0.38 10.85 10.80 10.53 11.03 10.33 75.20 82.45 1.041035
Const. O 0.36 0.35 0.38 0.38 10.29 10.21 10.43 10.54 5.85 75.20 73.33 0555323
0.95 pou.
Const. W 0.38 0.38 0.38 0.38 10.58 10.85 10.55 11.07 10.43 83.80 83.32 1002632
cos_phi 0.37 0.37 0.38 0.38 10.78 10.68 10.50 11.00 10.34 83.80 82.75 0535333
Ig-Droop 0.38 0.38 0.38 0.38 10.56 10.28 10.55 11.08 10.47 83.80 B83.76 10015914
C-Droop 0.38 0.38 0.38 0.38 10.56 10.28 10.55 11.08 10.47 83.80 83.77 1.002033
Const. O 0.37 0.37 0.38 0.38 10.78 10.68 10.50 11.00 10.34 83.80 82.75 0535333
1.00 pou.
Const W 0.38 0.38 0.38 0.38 11.03 10.96 11.04 11.11 10.61 83.00 B5.01 0966023
cos_phi 0.39 0.39 0.39 0.40 11.73 11.15 11.37 11.47 10.83 83.00 BE.57 0934886
Ig-Droop 0.38 0.38 0.38 0.38 11.03 10.96 11.05 11.12 10.61 83.00 B5.05 0966477
C-Droop 0.38 0.8 0.38 0.38 11.03 10.96 11.05 11.12 10.61 82.00 B5.05 0966477
Const. Q 0.39 0.29 0.39 0.40 11.23 1115 11.37 11.47 10.61 82.00 BE.ET 0924886
1.05 pou.
Const. W 0.38 0.38 0.38 0.38 11.08 11.02 11.08 11.14 10.73 52.40 86.20 0.5329
cos_phi 0.40 0.40 041 041 11.71 1164 11.34 11.54 1132 52.40 50.58 0530303
Ig-Droop 0.38 0.38 0.38 0.38 11.09 11.03 11.11 11.17 10.73 52.40 86.34 0534416
C-Droop 0.38 0.38 0.38 0.38 11.09 11.03 11.11 11.17 10.75 52.40 86.33 0534307
Const. O 0.40 0.40 041 041 11.71 1164 11.34 11.54 11.32 52.40 50.58 0530303
L.10 pou.
Const. W 0.38 0.38 0.38 0.38 11.13 11.08 11.14 11.20 1188 5E6.30 87.44 0503306
cos_phi 0.4z 0.42 0.43 0.43 12.18 12.12 12.31 12.40 11.81 96.80 9450 097524
Ig-Droop 0.38 0.38 0.38 0.38 11.15 11.11 11.18 11.24 10.89 96.80 B7.57 0905682
C-Droop 0.38 0.38 0.38 0.38 11.15 11.11 11.18 11.24 10.85 96.80 B7.56  0.905579
Const. O 0.4z 0.42 0.43 0.43 12.18 12.17 12.31 12.40 11.81 96.80 9450 097524
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Table A4: Bus voltages for steady state load flow analysis at wind speed =7.0 m/s

W v v LV [ [ [ [N Sub BB Ui HV HV

BB1 BEZ BE3 BEA BBL BE2 BE3 BEA 11KV BB BB Match
0.90 p.u.
Const. W 0.37 0.37 0.37 0.38 10.55 10.50 10.67 10.75 10.25 79.20 BL37 1027299
cos_phi 033 0.3z 0.33 0.33 242 2.40 9.47 851 528 79.20 7423 0937247
Ig-Drocp 0.37 0.37 0.37 0.38 10.56 10.50 10.67 10.75 10.25 79.20 B137 1027399
C-Droop 037 0.37 0.37 0.38 10.56 10.50 10.67 10.75 9.28 79.20 7423 0937247
Const. O 033 0.32 0.33 0.33 242 2.40 5.47 951 10.04 79.20 8043 1.01553
0.95 p.u.
Const. W 0.38 0.38 0.38 0.38 10.85 10.80 10.88 10.92 10.55 83.60 B3.55 1004187
cos_phi 0.34 0.34 0.34 0.35 5.51 3.58 5.56 5.59 577 83.80 73.18 0535157
Ig-Crocp 0.33 0.38 0.38 0.38 10.82 10.77 10.85 10.51 10.53 83.80 83.76 1001514
C-Droop 0.33 0.38 0.38 0.38 10.83 10.77 10.85 10.51 10.53 83.80 B83.77 1002033
Const. 0.34 0.34 0.34 0.35 5.51 3.58 5.56 5.59 577 83.80 73.18 0535157
1.00 p.u.
Const. W 0.33 0.33 0.38 0.38 10.53 10.85 10.54 10.58 10.70 23.00 85.24  05&5773
cos_phi 0.36 0.38 0.35 0.38 10.40 10.37 10.44 10.48 10.27 23.00 82.14 0533409
Ig-Crocp 0.33 0.38 0.38 0.38 10.51 10.87 10.52 10.56 10.68 23.00 85.22  0.5c8409
C-Droop 0.33 0.38 0.38 0.38 10.51 10.87 10.53 10.56 10.68 23.00 85.22  0.5c8409
Const. O 036 0.36 036 0.36 10.40 10.37 10.44 10.48 10.27 8300 8214 (0933409
1.05 p.u.
Const W 0.38 0.38 0.38 0.38 10.99 10.56 10.59 11.02 10.83 9240 BEE3 0937554
cos_phi 0.38 0.38 0.38 0.38 10.23 10.87 10.53 10.86 10.76 9240 8611 0931926
Ig-Drocp 0.38 0.38 0.38 0.38 10.58 10.96 10.59 11.02 10.83 9240 BEED (0937219
C-Droop 0.38 0.38 0.38 0.38 10.98 10.96 10.99 11.02 10.83 9240 BEED 0937229
Const. O 0.38 0.38 0.38 0.38 10.89 10.87 10.93 10.96 10.76 9240 8611 0931926
110 pou.
Const. W 0.38 0.38 0.38 0.38 11.04 11.03 11.04 11.05 10.96 96.80 B7.89  0.907955
cos_phi 0.39 0.39 039 0.40 1138 1136 11.42 1145 11.26 96.80 90.09 0930682
Ig-Drocp 0.38 0.38 0.38 0.38 11.05 11.04 11.05 11.07 10.97 96.80 87.57 0908781
C-Droop 0.38 0.38 0.38 0.38 11.05 11.04 11.05 11.07 10.97 96.80 87.95 0908678
Const. J 0.38 0.33 0,33 0.40 1138 1135 11.42 11.45 1126 86.30 50.0% 0530682

Table A5: Bus voltages for steady state load flow analysis at wind speed = 4.5 m/s

Lv LV v [AY) MV MV MV [y 5ub BB Use HV HV

BBL1 BB2 BBE3 BB4 BBE1 BB2 BE3 BB4 11kV BB BB Match
0.90 p.u.
Const. W 0.33 0.33 0.33 0.33 .44 242 5.43 5.50 5.34 79.20 7455 05941283
cos_phi 0.31 0.31 031 031 5.08 5.07 5.10 5.11 .04 79.20 7230 05912379
lg-Croop 0.33 0.33 0.33 0.33 .44 242 5.43 5.50 5.34 79.20 7455 05941283
C-Droop 0.33 0.33 0.33 0.33 .44 242 5.43 5.50 5.34 79.20 7455 05941283
Const. O 0.31 0.31 031 031 5.08 5.07 5.10 5.11 .04 79.20 7230 05912379
0.95 p.u.
Const. W 0.34 0.34 0.35 0.35 5.53 5.91 5.96 5.59 .33 83.80 7850 05938955
cos_phi 0.33 0.33 0.33 0.33 5.58 957 5.60 5.61 5.54 83.80 7832 0912919
lg-Croop 0.34 0.34 0.35 0.35 5.53 5.91 5.96 5.59 .33 83.80 7850 05938955
C-Droop 0.34 0.34 0.35 0.35 5.53 5.91 5.96 5.59 .33 83.80 7850 05938955
Const. O 0.33 0.33 0.33 0.33 5.58 957 5.60 5.61 5.54 83.80 7832 0912919
1.00 pou.
Const. W 0.36 0.36 0.38 0.38 10.44 10.42 10.47 10.45 10.34 83.00 8255  0.5933053
cos_phi 0.35 0.35 0.35 0.35 10.08 10.08 10.10 10.11 10.04 83.00 8035 05913083
lg-Croop 0.36 0.36 0.38 0.38 10.44 10.42 10.47 10.45 10.34 83.00 8255  0.5933053
C-Droop 0.36 0.36 0.38 0.38 10.44 10.42 10.47 10.45 10.34 83.00 8255  0.5933053
Const. O 0.35 0.35 0.35 0.35 10.08 10.08 10.10 10.11 10.04 83.00 8035 0913083
1.05 pou.
Const. W 0.33 0.38 0.38 0.38 10.51 10.50 10.534 10.56 10.82 5240 Be43 0.93535
cos_phi 0.37 0.37 0.37 0.37 10.55 10.58 10.60 10.61 10.55 5240 8435 05913312
Ig-Crocp 0.33 0.38 0.38 0.38 10.51 10.85 10.53 10.55 10.82 9240 B35  0.934557
C-Droop 0.33 0.38 0.38 0.38 10.51 10.85 10.534 10.56 10.82 9240 B35  0.934557
Const. O 0.37 0.37 0.37 0.37 10.55 10.58 10.60 10.61 10.55 5240 8435 05913312
L10 pou.
Const. W 0.33 0.38 0.38 0.38 11.01 11.01 11.01 11.02 1058 Be.20 8751 0908151
cos_phi 0.33 0.38 0.38 0.38 11.09 11.08 11.10 11.11 11,05 Se.30 3344 0913636
Ig-Crocp 0.33 0.38 0.38 0.38 11.01 11.01 11.01 11.02 10599 Be.20 87.52 0908353
C-Droop 0.33 0.38 0.38 0.38 11.01 11.01 11.01 11.02 10599 Be.20 87.52 0908353
Const. O 0.33 0.28 0.38 0.38 11.09 11.08 11.10 11.11 11.05 Se.20 2844 0913636
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