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ABSTRACT

This research investigated the transient stability of a power system that integrated wind
power generators (WPGSs) by considering the variability of the system load and power
they produced. The power produced by the WPGs was modelled using wind speed,
while the variability of the power system load and wind speed was modelled using
distribution functions. Power system transient stability was investigated using the
deterministic and probabilistic methods. The deterministic method was used to
investigate the power system transient stability based on 9 scenarios consisting of low,
moderate, and peak system loading and wind power generation conditions. The
probabilistic method was also used to investigate power system transient stability using
scenarios consisting of low, moderate, and peak system loading conditions. During each
of the three system loading conditions, the variable power produced by the WPGs was
modelled using 5000 samples that were randomly sampled using Monte-Carlo
Simulations. It was found that selecting distribution functions based on their fit alone did
not ensure that they modelled the load and wind speed range. Their data range
modelling ability ensured that they synthesised the low and high load and wind speed
values. It was also found through power system simulations that the transient stability
was negatively impacted when the power system’s net-load reduced because of
increased wind power generation penetration levels. These findings highlight that
distribution functions should not be selected based only on their fit to load and wind
speed data. In addition to a good fit, they should also be assessed to determine whether
they synthesise the data range. The research findings also highlight that power system
transient stability should be investigated using scenarios in which the power produced

by WPGs is high, during periods when the system’s net-load is low.
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CHAPTER 1: INTRODUCTION

1.1. Background

Society’s increased awareness of the environmental impacts of generating energy from
fossil fuels has necessitated the increased generation of energy from renewable energy
sources (RES). The United Nations’ 2030 sustainable development goal (SDG) number
7, which is to “ensure access to affordable, reliable, sustainable and modern energy for
all’, promotes increasing the share of energy produced from RES such as wind and solar
[1]. One of the initiatives to increase the production of energy from RES in power
systems is through integrating wind power generators (WPGs). The 2022 Global Wind
Report indicates that at the end of 2021, the total capacity of WPGs integrated to power
systems was 837 GW [2]. The increased integration of WPGs will impact the transient

stability because they change the dynamic operating conditions of power systems.

1.2. Research motivation

Prior to the introduction of RES, power systems had centralised generation and
distributed loads. In a centralised generation power system, the power was transferred
from the generation sources to the loads. The integration of RES results in the
decentralisation of generation owing to the distributed nature of resources. WPGs have
been integrated to several power systems to increase the generation of power from wind.
The deterministic method, which entails modelling the load and power produced by
WPGs as a percentage of their peak demand and of their capacity, respectively, has
been used in several studies to investigate the impact of WPGs on power system
transient stability [3-6]. A limitation of the deterministic method is that it does not account
for the impact of the variable power system operating conditions on transient stability
[5-8].

An increased adoption of the probabilistic method is required to account for the impact
of the variable power system operating conditions on transient stability. The probabilistic
method, which entails accounting for the variability of system load and power produced

by WPGs has been used in several studies to investigate the transient stability of power
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systems integrating WPGs and to assess numerous power system operating conditions
[9-13]. The increased penetration of WPGs increases the variability of power systems

owing to the variable power they produce.

1.3. Research objective

The research objective was to investigate the impact of load and power produced by
WPGs on power system transient stability. This research investigated whether it would
be sufficient to select distribution functions based only on their fit as opposed to also
selecting them based on their ability to synthesise the load and wind speed range. The
power produced by the WPGs was developed using wind speed. The load used in the
research was measured from three substations supplying residential load in South
Africa. The wind speed was measured from three wind speed measurement sites in
South Africa. Both the load and wind speed were randomly sampled using Monte-Carlo
Simulations to develop samples to perform probabilistic power system transient stability
studies. The power system’s transient stability was investigated using deterministic and

probabilistic methods.

1.4. Research contributions

The research performed showed that selecting distribution functions based on their fit to
load and wind speed does not ensure that they model the data range. This may result in
the synthesised load being unable to model low and peak system loading conditions.
Also, this may result in the synthesised wind speed when converted to power being
unable to model the low and peak power produced by the WPGs. Furthermore, the
research performed showed that increasing the penetration level of WPGs reduced the
system’s net load, resulting in reduced power system transient stability. This indicates
that the transient stability of power systems integrating WPGs should be investigated
using system operating conditions where the power produced by WPGs is high while the

system net-load is low.
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1.5. Research scope and limitations

This research investigated the transient stability of a power system by taking into account
the variability of the load and power produced by WPGs. The IEEE 9-bus test system
was used as a case study. Three WPGs were integrated into the test system. The
variability of the load and power produced by the WPGs was modelled using the
measured load and wind speed from three South African substations and wind speed
measurement sites. Distribution functions were fitted to the measured load’s and wind
speed’s to determine which were suitable for modelling the load and wind speed’s
variability. The research limitation is that the power produced by WPGs was developed
by converting wind speed into the power they produced using a wind turbine power
curve. This was done due to power production measurements from operating WPGs in

South Africa being unavailable for use in this research.

The approach used in this research can be applied to any power system. However, the
transient stability results presented in this research should not be generalised to other
power systems. This is because power system transient stability is dependent on the
system pre-fault operating conditions, the type of fault applied and the location of the
fault. As a result, different power systems will behave differently during system faults.

1.6. Dissertation’s layout

The dissertation is organised as follows:

e Chapter 2 presents a review of the literature on the transient stability of power
systems integrating WPGs. The reviewed literature focuses on load and wind
speed variability modelling, the assessment of the spatial correlation of power
system variables, and the assessment of power system transient stability using
deterministic and probabilistic methods.

e Chapter 3 presents the research methodology. The research process and
methods used to perform probabilistic power system transient stability analysis
are discussed. Also, the measurement uncertainty in the load and wind speed
used in this research are discussed.

e Chapter 4 presents the power system equipment modelling and discusses the

power system and WPGs dynamic models.
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Chapter 5 presents an investigation on load density modelling using distribution
functions, as well as the impact of the modelled variable load on power system
transient stability.

Chapter 6 presents an investigation on wind speed density modelling using
distribution functions. The variable power produced by WPGs that are integrated
to a power system is developed using the wind speed. The impact on power
system transient stability of the variable power produced by WPGs is also
investigated in this chapter.

Chapter 7 investigates power system transient stability using deterministic and
probabilistic methods. The power system’s low, moderate, and peak loading
conditions are studied. During each power system loading condition, three
scenarios of power produced by the WPGs are assessed using the deterministic
method, while during each power system loading condition, 5000 scenarios of
power produced by the WPGs are assessed using the probabilistic method.
Chapter 8 presents the research’s conclusions. It also discusses the research’s

findings, and proposes recommendations for future research.
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CHAPTER 2: LITERATURE REVIEW

2.1. Introduction

As discussed in Chapter 1, wind power generation integration into power systems is
increasing. In this chapter, the literature on the analysis of power system transient
stability with wind power generators (WPGSs) integrated is reviewed. The modelling of
load and wind speed is reviewed first. Then the literature on methods used to assess
the spatial correlation of power system variables is reviewed. Finally, the assessment of
power system transient stability using the deterministic and probabilistic methods is

reviewed.

2.2. Load modelling

2.2.1. Aggregated load modelling

In power system studies, load is represented by aggregated load models [14-16]. The
aggregated load models can be static or dynamic [14, 16]. In studies investigating the
impact of WPGs on power system transient stability, static models in which the load is
modelled as a hybrid constant current, constant power, and constant impedance load
have been used [17-19]. In other studies, loads have been modelled as a constant
impedance [19, 20]. However, some studies have modelled loads using dynamic load
models [15, 19]. When modelling dynamic loads, a composite load model that represents
the aggregated static and dynamic components of the loads is used [15, 21]. The impact
of load modelling on power system transient stability was investigated in [15, 16] using
static and dynamic models. The authors in [15, 16] found that compared with static load
models, using dynamic load models led to worse power system transient stability. This
was because dynamic load models increase the time it takes for voltages to recover and
stabilise after faults are isolated, causing power system voltages to be suppressed for a
longer period compared to when static load models are used [15]. This results in
reduced available network capacity to transfer the kinetic energy stored in the
synchronous generator's (SG’s) rotors during the period that faults are applied. The

inability of the SGs to adequately export the energy stored in their rotors results in higher
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rotor angle accelerations, which in turn cause larger rotor angle deviations. A limitation
of using dynamic load models is that compared with static load models, they require

additional computational resources, resulting in increased simulation times [16].

2.2.2. Load variability modelling

Loads impact the reliable operation of power systems because they affect power flows
and voltage levels. In a power system, the load varies throughout the day because of
changes in customer demand. The variability of the load is commonly modelled using
distribution functions [22-24]. The parametric Gaussian, which models load density that
is unimodal and is not skewed has been used in [22, 25, 26] to model load variability.
Some studies have modelled the load density using the non-parametric Kernel density
estimation (KDE) [23, 27] and the parametric Gaussian mixture model (GMM) [24, 28].
The benefits of modelling load density using the KDE and GMM over the Gaussian are
that they can model densities that are skewed and multimodal [23, 24, 28]. The fit of the
parametric GMM, Gaussian, log-normal, beta, and gamma to load density was
investigated in [29]. Their ability to model the load density was evaluated using the chi-
square (x?) statistic [29]. The investigation found that the GMM had a better fit to the
load density than the Gaussian, log-normal, beta, and gamma. A limitation of the studies
done in [22-29] was that the authors did not assess whether the distribution functions
modelled the load range. As a result, it was not clear from these studies whether these
distribution functions could model the load range. Their load range modelling ability
ensures that the load they synthesise can be used to model power system low and peak

demand conditions.

2.3. Wind power generation modelling

2.3.1. Aggregated wind power generator models

In WPGs, wind turbines are interconnected via a collector network to the grid integration
step-up transformer [30-32]. WPGs can be modelled using either detailed or aggregated
models. In detailed models, all of the equipment within WPGs is modelled, causing the

algorithms used for simulations to be computationally intensive [31, 33]. On the other
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hand, in aggregated models, the WPGs are modelled as parallel wind turbines, and the
collector system cable network is ignored [30-34]. The impact of WPGs on power system
transient stability is commonly investigated using aggregated WPG models [32, 35-37],
while detailed models are commonly used to assess the performance of individual wind
turbines within the WPG during power system faults [31, 34].

2.3.2. Wind speed variability modelling

Distribution functions such as the parametric Weibull [38-42], Rayleigh [38-42], Gamma
[40, 41], Gumbel [40, 41], Gaussian [42], Wakeby [41, 43, 44], Kappa [41, 43, 44], and
the non-parametric KDE [41, 42] have been used in several studies to model wind speed
variability. Their fit to wind speed density has been evaluated using metrics such as the
mean percentage error (MPE) [38], the mean absolute percentage error (MAPE) [38],
the root mean square error (RMSE) [38, 40, 41], the mean absolute error (MAE) [41], the
chi-square ( x?) statistic [38, 41, 43], the coefficient of determination (R?) [39-42, 44], the
Kolmogorov-Smirnov (K-S) test statistic [41], and the Willmott index (d) [40]. In the
studies performed in [38-40], the Weibull was found to fit wind speed better than the
Rayleigh, Gamma, and Gumbel. However, the Wakeby and Kappa have been found to
fit wind speed better that the Weibull [43, 44]. Unlike the Weibull whose shape is defined
by two parameters, the shapes of the Wakeby and Kappa are defined by five and four
parameters, respectively, allowing them to have a better fit to wind speed. Furthermore,
the non-parametric KDE has been found to fit wind speed better than the parametric
Gamma, Weibull, Gumbel, Rayleigh, Gaussian, Wakeby, and Kappa [41, 42] because
its shape is not defined by parameters unlike the parametric distribution functions. A
limitation of the studies performed in [38-44] was that the distribution functions’ wind
speed range synthesis ability was not assessed. In the literature that was reviewed, it
was not clear whether the distribution functions that were assessed are capable of
modelling the wind speed range. Distribution functions that can model the wind speed
range are able to synthesise data that can model the full range of power produced by
WPGs.
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2.3.3. Conversion of wind speed to power

Wind speed is converted to the power produced by WPGs using wind turbine power
curves. Figure 2.1 shows the shape of a typical wind turbine power curve [45, 46]. The
power curve has four regions of operation. In region 1, the wind turbine does not produce
power since the wind speed is less than the cut-in wind speed. In region 2, the power
produced by the wind turbine increases as the wind speed increases. In region 3, the
wind turbine’s rated power is produced. In region 4, the wind turbine does not produce
power to protect the machine from high wind speeds. The four regions of a wind turbine

power curve can be modelled using piecewise mathematical modelling [10, 47, 48].
A

Region 1| Region 2 Region 3 | Region 4

Power (MW)

A 4

Vv

cut-in Vrated cut-out

Wind Speed (m/s)

Figure 2.1: Wind turbine power curve
2.4. Spatial correlation of power system variables

The correlation among power system variables is evaluated using rank correlation [47,
49-51] and linear correlation [49, 52] coefficients. Rank correlation coefficients assess
the non-linear correlation of power system variables [47, 49, 51], while the linear
correlation coefficient assesses the linear correlation of the variables [47, 52, 53]. Rank
correlation is evaluated using the Kendall’s tau correlation coefficient [47, 49, 50] and
the Spearman’s correlation coefficient [47, 49, 51]. However, linear correlation is
evaluated using the Pearson correlation coefficient [49, 52]. Unlike the linear correlation
coefficient, rank correlation coefficients preserve the correlation when the data is

transformed [54].
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2.5. Power system transient stability

2.5.1. Deterministic method

The transient stability of power systems integrating WPGs has been investigated in
several studies using the deterministic method [4, 5, 35, 55]. The studies have integrated
WPGs consisting of wind turbines based on squirrel cage induction generators (SCIGs)
[55], doubly-fed induction generators (DFIGS) [4, 5, 35, 55], and fully-rated converter
generators [55]. The studies performed in [4, 5] investigated the impact of increasing the
power produced by WPGs consisting of DFIG wind turbines on power system transient
stability. It was found that increasing the power produced by WPGs, while maintaining
the power produced by SGs constant, reduced the power system’s transient stability [4,
5]. Also, in [5] it was found that increasing the power produced by a WPG while reducing
the power produced by a SG improved the power system’s transient stability. Reducing
the power produced by SGs reduces the kinetic energy stored in their rotors during
system faults. This results in improved power system transient stability because the SGs
rotors accelerate less, resulting in lower rotor angle deviations during system faults. In
[35], the number of WPGs consisting of DFIG wind turbines was increased in a power
system. It was found that increasing the number of WPGs reduced the power system’s
transient stability [35]. A study performed in [55] investigated the transient stability of a
power system using three scenarios in which a WPG consisting of SCIG, DFIGs, and
fully-rated converter generator wind turbines was integrated. The number of turbines in
the WPG was increased from one to five during the investigation [55]. It was found that
when the WPG was equipped with fully-rated converter generator wind turbines, the
power system had the best transient stability, followed by when the wind turbines were
DFIGs, and, last, when the wind turbines were SCIGs [55]. WPGs consisting of SCIGs
absorb reactive power when there are faults in the power system, resulting in reduced
system voltages [55]. As a result, the power system has less capacity to transfer the
kinetic energy stored in the SGs’ rotors during the faults. On the other hand, WPGs
consisting of DFIGs inject reactive power once the faults are isolated, helping to regulate
voltages in the power system. WPGs consisting of fully-rated converter generator wind
turbines inject reactive power both during power system faults and after the faults have
been isolated, to improve voltages. A limitation of using the deterministic method is that
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only a few system operating conditions are assessed. However, power systems have
numerous operating conditions owing to the variability of load and power produced by
the WPGs. Some of the numerous operating conditions can result in transient instability

if faults occur in the power system.

2.5.2. Probabilistic method

Several studies have used the probabilistic method to investigate the transient stability
of power systems that integrate WPGs [9-11, 56]. The studies have investigated power
systems integrating WPGs consisting of DFIGs [9-11, 56] and fully-rated converter
generators [9]. A study performed in [9] investigated the impact on power system
transient stability of the variable power produced by a WPG consisting of DFIGs and
fully-rated converter generators. It was found that when the WPG was equipped with
fully-rated converter generators, the power system was more transiently stable than
when it had DFIGs [9]. In WPGs consisting of DFIGs, to divert over-currents from the
DFIGs’ windings during system faults, DFIGs activate the crowbar system, disabling the
generators’ ability to inject reactive power [35, 37]. However, WPGs with fully-rated
converter generators are able to support voltages by injecting reactive power both during
and after power system faults have been isolated [57]. Transient stability is improved
because the power system’s transfer capacity is improved, thereby enabling SGs to
expel quickly the kinetic energy stored in their rotors during the system faults. In [10],
the deterministic and probabilistic methods were used to assess the impact on a power
system’s transient stability of the power produced by a WPG equipped with DFIGs. The
investigation found that when using the deterministic method, increasing the power
produced by the WPG resulted in the power system becoming transiently unstable [10].
However, using the probabilistic method showed that the power system was transiently
unstable during 78% of the scenarios that were assessed [10]. Unlike the deterministic
method, the probabilistic method assessed numerous power system operating
conditions. As a result, the probabilistic method can be used to identify operating
conditions in which a power system becomes transiently unstable. The authors in [11]
used the probabilistic method to investigate the impact on power system transient
stability of the power produced by WPGs consisting of DFIGs. It was found in [11] that

increasing the power produced by the WPGs resulted in the increased probability that
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the power system would become transiently unstable. In [56], the impact of a WPG
consisting of DFIGs on a power system’s transient stability was investigated by
generating random values of the power it produced using Monte-Carlo Simulations
(MCS) and the conditional probability theorem. It was found that compared with the
conditional probability theorem, using MCS resulted in an optimistic probability of the
power system remaining transiently stable [56]. A limitation of the studies performed in
[9-11, 56] is that they focused on assessing the impact of the power produced by WPGs
on transient stability, and did not consider the role played by the power system load.

2.6. Summary

The literature reviewed in this chapter showed that WPGs can be modelled using
aggregated or detailed models. Also, power system load can be modelled using
aggregated static or dynamic load models. It was found that dynamic load models are
computationally intensive, resulting in increased power system simulation time. The
literature review also suggested that the variability of load and wind speed is commonly
modelled using distribution functions. It was found that distribution functions are
commonly selected based on their fit to load and wind speed data, without considering
whether they also model the data range. The literature review also showed that the
transient stability of power systems that integrate WPGs can be assessed using the
deterministic and probabilistic methods. It was also found that increasing the power

produced by WPGs operates power systems closer to transient instability.
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CHAPTER 3: METHODOLOGY

3.1. Introduction

In the previous chapter, the literature on the modelling of load and wind speed was
reviewed. Also, the analysis of power system transient stability using the deterministic
and probabilistic methods was reviewed. The research process and methods used in
this research are discussed in this chapter. A quantitative research process is used in
this research. The research process entails using distribution functions to model load
and wind speed variability in a power system integrating wind power generators (WPGS).
The variable power produced by the WPGs is developed using the wind speed. Power
system transient stability is then assessed considering the variable load and power
produced by WPGs.

3.2. Distribution functions

The substation load used in this study has been measured using three-phase four-wire
statistical meters with a 0.5% active power measurement uncertainty, and a 1% reactive
power measurement uncertainty. The wind speed used in this study has been measured
using cup anemometers with a 1% wind speed measurement uncertainty, mounted at a
height of 10 m on a mat mast. The measured load and wind speed densities are each
modelled using seven distribution functions. The load density is modelled using the
parametric Rayleigh, Gaussian, Wakeby, Gaussian mixture model (GMM) and Kappa,
and the non-parametric Kernel density estimation (KDE) and Logspline density
estimation (LDE). The wind speed density is modelled using the parametric Rayleigh,

Weibull, Wakeby, Gumbel and Kappa, and the non-parametric KDE and LDE.

The Weibull probability distribution function (PDF) is given in equation (3.1) [39, 58].

fw =43 @)

where v is the modelled variable such as wind speed or load, and § and g are the shape

parameter and scale parameter, respectively.
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The Rayleigh PDF is given below in equation (3.2) [59].

v-g T8
f)="5e (3.2)

where v is the modelled variable such as wind speed or load, and 8 and ¢ are the scale

and location parameters, respectively.

The Gumbel PDF is given below in equation (3.3) [40, 59].

=9
) [-e k ]
e

f) =2

; (3.3)

where vis the modelled variable such as wind speed or load, and ¢ and g are the

location and scale parameters, respectively.

The Gaussian PDF is given below in equation (3.4) [59, 60].

2
1 _=w

flv) = ame 252 (3.4)

where v is the modelled variable such as wind speed or load, and ¢ and u are the

standard deviation and mean parameters, respectively.
The Wakeby PDF is given below in equation (3.5) [41, 43, 59].

f) = (alt = F@)F* +y[1 - F)] 1) (3.5)
where v is the modelled variable such as wind speed or load, a and S are the first and

second scale parameters, respectively, ¢ is the location parameter, and y and § are the

first and second shape parameters, respectively.
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The Kappa PDF is given below in equation (3.6) [41, 43, 44, 61].

f@) = a1 = KO s [ryja-m (3.6)

where v is the modelled variable such as wind speed or load, « is the scale parameter,
K and h are the first and second shape parameters, respectively, and ¢ is the location

parameter.

The GMM PDF is given below in equation (3.7) [60]. The GMM models data using a
mixture of several Gaussian distribution functions.

_(-pp)?
2

1 o2
f(U) = ?’=1 w; Gi\/ﬁe 29 (37)
where vis the modelled variable such as wind speed or load, N is the number of
Gaussian distribution functions used in the mixture model, w;, g;, and y; are the it

Gaussian distribution function’s weight, standard deviation and mean, respectively.

The KDE PDF is given below in equation (3.8) [62-64]. The KDE’s bandwidth is
evaluated using equation (3.9) [41, 62, 63]. The KDE PDF fits Gaussian kernels given
by equation (3.10) when modelling data [42, 62].

fv) = -3, Kk (52) (3.8)
h= ()0 3.9)
K@) = \/%_ne_g (3.10)

where v is the modelled variable such as wind speed or load, n is the number of samples,
K is a Gaussian kernel, his the kernel bandwidth, o is the standard deviation of the

modelled variable, and v; is the i" measurement of the modelled variable.
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The LDE PDF is given in equation (3.11) [65, 66]. The LDE PDF uses basis-splines (B-
splines) to model data [66].

F(v) = eZi=18nBa(v) ~C(6) (3.11)

where v is the modelled variable such as wind speed or load, C(6) is the normalising

constant, 6,, are coefficients of B-splines, and B, (v) are B-splines.

3.3. Power system variables spatial correlation

The Kendall's tau correlation coefficient is used to assess whether the modelled load
and wind speed preserves the spatial correlation of the measured load and wind speed
data. The Kendall’s tau correlation coefficient of two variables is given by equation (3.12)
[51, 52, 67]. The correlation coefficient should be used only when data from two data
sets X and Y has unique pairs in the form (x4, y;1), (x5, y2) up to (x,, ¥,). The data sets
are correlated if both x; > x; and y; > y; or both x; <x; and y; <y; [51, 52, 67].
Otherwise, the data sets are uncorrelated if x; > x; while y; < y; or if x; < x; while y; >

y; [51, 52, 67].

2

T=——30 Yic;sgn|[(xi — x) i — ¥)] (3.12)

- n(n-1)

where n is the sample size, sgn is the sign function, x; and x; are observations from the

data set X, and y; and y; are observations from the data set Y.

3.4. Datarange

Load and wind speed samples from the fitted distribution functions are sampled using
Latin hypercube sampling (LHS) [68, 69]. The samples are used to test whether the
distribution functions model the data range. LHS subdivides the sample space into equal
intervals using the required sample size, and randomly samples from each interval [68,
69]. LHS samples probabilities from the sample space. Quantile functions (QFs) of the
fitted distribution functions are then used to convert the sampled probabilities to synthetic

load and wind speed values. The low and high measured and synthesised load and wind
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speed values are then compared to determine whether the fitted distribution functions

model the data range.

3.5. Wind turbine power curve

The Enercon E-82 E2, 2.05 MW wind turbine power curve [70] is used to convert wind
speed to the power produced by the WPGs. Equation (3.13) is the piecewise
mathematical model used to represent the Enercon wind turbine power curve. A two-
parameter Weibull cumulative distribution function (CDF) given in equation (3.14) is used
to model the wind turbine power curve [71]. The total power produced by a WPG with

several wind turbines is given by equation (3.15) [72].

Py = {P E)v) 0 i ; Z:“’ } (3.13)
P(v) =P. (1 - e_(%) ) (3.14)
Pype = 2711 ch;n (3.15)

where v,, is the wind turbine cut-out wind speed, v is the wind speed, § and g are the
Weibull CDF’s shape and scale parameters, respectively, Py, is the power produced by
the n wind turbine in a WPG, n is the number of wind turbines in a WPG, and P. is the

wind turbine’s rated power.

3.6. Probabilistic transient stability assessment

3.6.1. Transient stability assessment

In a power system, synchronous generator (SG) rotor angular accelerations are defined
by the swing equation shown in equation (3.16) [14, 73]. Based on the swing equation,
the rotor of a SG does not accelerate if the generator’'s mechanical torque and the power
system’s electromagnetic toque at its terminals are balanced. Should the SG’s
mechanical torque become greater than the power system’s electromagnetic torque,
then the generator’s rotor accelerates, however, this could result in transient instability

Page 16 of 81



if the machine has a loss of synchronism with the power system. Similarly, if the SG’s
mechanical torque becomes less than the power system’s electromagnetic torque, then
the generator’s rotor decelerates.

dazs

— = (Pn— P) (3.16)

where § is the rotor angle, w is the rotor’s angular velocity, H is the SG’s inertia constant,

P,, is the SG’s mechanical torque, and P, is the power system’s electromagnetic torque

at the SG’s terminals.

3.6.2. Load and wind power generation sample size

The power system’s probabilistic transient stability is assessed in this study using
samples of load and power produced by WPGs. The samples are randomly sampled
using Monte-Carlo Simulations (MCS). The required sample size for the load and the
WPG’s power production is quantified using the law of large numbers given by equation
(3.17) [74]. The law of large numbers indicates that as the number of samples taken
from a population is increased, the samples’ mean approaches the population’s mean
[12]. The sample size becomes representative of the population when the sample mean
stabilises.

X=limyr, (3.17)
where X is the population mean, X; is the i" sampled value, and n is the number of

samples taken.

3.6.3. Wind power generation penetration level

The wind power generation penetration level in the power system is quantified using
equation (3.18) [75, 76]. Supplying a larger proportion of the load using WPGs increases
their penetration level. As the wind power generation penetration level increases, the
system net-load given by equation (3.19) is the portion of load that has to be supplied
by SGs in the power system.
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Penetration Level = 22WG (3.18)
XPL

System Net — Load = Y, P, — ). Py (3.19)
where Py, is the power produced by WPGs, and P; is the total system load.

3.7. Goodness of fit

The distribution functions’ fit to the measured load and wind speed density is assessed
using the root mean square error (RMSE) and the mean absolute error (MAE). Also, the
similarity between the power system’s transient stability results produced using modelled
and measured load and wind speed is assessed using the RMSE and MAE. The RMSE
given in equation (3.20) quantifies the square root of the squared mean error between
two variables [41, 77], while the MAE given in equation (3.21) quantifies the mean of the

absolute error between two variables [41, 77].

~ 2
RMSE = \/%Z?’zl(ﬂ —F) (3.20)

MAE =—%N,|F, - F| (3.21)

where F; and F; are probabilities of the i*" independent and dependent variable, and N

is the number of samples.

3.8. Summary

The research process used in this study was presented in this chapter, and the research
methods used were discussed. The research process considers the variability of the
load and power produced by WPGs when assessing power system transient stability.
The research process entails modelling the power system load and wind speed
variability using distribution functions. The wind speed is then converted to the variable
power produced by the WPGs. The impact of the variable load and power produced by
the WPGs is assessed using the probabilistic method.
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CHAPTER 4: POWER SYSTEM MODELLING

4.1. Introduction

The research methodology was presented in the previous chapter. This chapter
discusses the power system and wind power generator (WPG) models used in this
research. The power system equipment modelling discussed is load modelling, line
modelling, transformer modelling, synchronous generator (SG) modelling, and WPG
modelling. First, the IEEE 9-bus test system used as a case study in this research is
introduced. Second, the modelling of the test system’s components is discussed. Last,

the WPG model and the integration of the WPGs to the test system are discussed.

4.2. Power system case study

Figure 4.1 shows the IEEE 9-bus test system single line diagram [78]. The test system
is used as a case study. Gen 1 is operated as the reference machine, and it controls the
balance between the load and power produced by the generators in the test system.
Gen 2 is operated in synchronous condenser operation (SCO) mode to ensure that
during periods of high wind power generation and low loading, the reference machine
does not absorb active power because of excess generation. Furthermore, when
operating in SCO mode, Gen 2 assists with the regulation of voltages in the test system.
The test system load is located at buses 5, 6 and 8. Also, three WPGs are integrated at
buses 5, 6 and 8.

Bus 7 | Bus 9
%

Gen 2 | | Gen 3
Bus 2 \ Bus 8 Bus 3
WPG1 WPG2
| Y | Y
’;D ';b
Bus 5 Bus 6

= 13,8kV
= 16,5kV
= 18 kV
230kV
Bus 4 S=wpG
Load

Bus 1
Gen1

Figure 4.1: IEEE 9-bus test system single line diagram
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4.3. Load modelling

The IEEE 9-bus test system load’s active and reactive power components are modelled
as constant power loads. The load’s active and reactive power components are
modelled using the polynomial load model shown below in equations (4.1) and (4.2),
respectively [14]. The polynomial load model can model a constant impedance (2),
constant current (I), and constant power (P) load. To model a constant power load, the
polynomial load model’s active power coefficients p, and p, are set to 0 and p5 is set to
1. Also, the polynomial load model’s reactive power coefficients q; and g, are setto 0
and gsis set to 1.

P =P, [p;V*+p,V +p;] (4.1)

Q=0Q,lq: V*+q,V+qsl (4.2)

where P, and @, are the load’s constant active and reactive power, p, , p, and p; are the
active power coefficients, g, , g, and g; are the reactive power coefficients, and V is the
load’s voltage dependency factor given by the load’s bus voltage divided by the nominal

load bus voltage.

4.4. Line modelling

The IEEE 9-bus test system’s power lines are modelled using the = model shown in
Figure 4.2 [14, 79]. The line’s inductive reactance (X;) absorbs reactive power, while
the line’s susceptance (B) generates reactive power. The line’s resistance (R,) causes

heat losses when current flows.

R, X,
Vssds A V.26,
— B B
2 2

Figure 4.2: T model of aline
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The line’s inductive reactance and susceptance are given below in equations (4.3) and

(4.4), respectively.

X, = 2nfL (4.3)

B = 2nfC = — (4.4)

Xc
where L is the line’s inductance, X; is the line’s inductive reactance, f is the power
system frequency, B is the line’s susceptance, X is the line’s capacitive reactance, and

C is the line’s capacitance.

The reactive power absorbed or generated by the line’s inductive reactance and

susceptance is given below by equations (4.5) and (4.6), respectively.

QL =I’X, (4.5)

_y2p "
Qc=V"B =+

(4.6)

where X, and X, are the line’s inductive reactance and capacitive reactance,
respectively, B is the line’s susceptance, I is the current flowing across the line, and V

is the line’s bus voltage.

4.5. Transformer modelling

The IEEE 9-bus test system transformers are modelled as two-winding transformers
shown in Figure 4.3 [14, 80]. The magnetising reactance (X,,;) models the transformer’s
saturation [14].
© 4w 2 @
N e
A A

- > -
il i?.

V] Xml Vs

Figure 4.3: Model of a two-winding transformer
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The transformer’s impedance at each winding is given below in equation (4.7) [14, 80].
Z; = R; + jX; (4.7)

where R; and X; are the resistance and inductive reactance, respectively, of the

transformer’s primary winding (i.e., i = 1) or secondary winding (i.e. i = 2).

The winding ratio given below in equation (4.8) [14, 80] transfers the transformer’s

parameters from the primary winding to the secondary winding, and vice versa.

a=2 (4.8)

nz
where n; and n, are the transformer’s primary and secondary side number of windings.

The voltage at the transformer’s primary (v;) and secondary (v,) side terminals is given
below in equations (4.19) and (4.10), respectively [14, 80].
Ul = Zlil + avz - aZZiz (49)

172 = Zziz + %vl - %Zlil (410)

where Z; and Z, are the transformer’s primary and secondary side impedances,
respectively, i; and i, are the transformer’s primary and secondary side currents,

respectively, and a is the transformer’s winding ratio.

4.6. Synchronous generator modelling

4.6.1. Synchronous generator mathematical modelling

The IEEE 9-bus test system is operated at a nominal frequency of 50 Hz. The SGs’
synchronous speed (n) is given by equation (4.11) below [14]. The dynamic operation of
the SGs is modelled using the GENROU dynamic model, which models the dynamic
operation of round-rotor SGs. The parameters of the GENROU models for each of the
IEEE 9-bus test system’s SGs are given in Appendix A.
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n =1 (4.11)
P
where n is the SGs’ synchronous speed, f is the power system frequency , and p is the

SGs’ number of poles.

The SGs are modelled in the d-q axis using Park’s transformation to convert the
machines’ equations from the abc coordinate system to a d-gq coordinate system [14,
81]. This is done to eliminate inductance variables in the formulation when the machines
are modelled in the abc axis [14]. Based on the d-g coordinate system, the d-axis
consists of the damper winding and excitation winding, while the g-axis consists of the
1q and 2q damper windings, as shown in Figures 4.4 and 4.5, respectively [81, 82].

o rey X Xrid Xfd Md Ifd

[ 1 -
Tiw

X1d Vig
Ug Xad I
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Figure 4.4: d-axis circuit of a round-rotor synchronous generator
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Figure 4.5: g-axis circuit of a round-rotor synchronous generator

During power system faults, the SGs’ dynamic behaviour is a result of the transient
behaviour of the stator and rotor. The SGs’ per-unit stator voltages in the d-q axis are
described below in equations (4.12) to (4.14) [14, 81, 82].
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1 dyg

Ug = _rstrid - Tll/)q + w_n? (412)
. 1 dy

uq = _rstrlq + Tll/)d + w_nd_tq (413)
. 1 dy,

Uy = —Tserlp + w_n? (414)

where u,; and u, are the d-axis and g-axis stator voltages, respectively, u, is the zero-
sequence voltage, iz and i, are the d-axis and g-axis stator currents, respectively, i, is
the zero-sequence current, ¥, and 1, are the d-axis and g-axis stator flux linkages,

respectively, Y, is the zero sequence stator flux linkage, n is the rotor’s synchronous

speed, w, is the rotor’s operating speed, and ry, is the stator resistance.

The SGs' rotor voltages in the d-axis are described below by equations (4.15) and (4.16)
[14, 81, 82].

_ . 1 dyra
de = rfdlfd + o, dt (415)
. 1 dy
0 =r1y4i1q4 + o dtld (4.16)

where vy, is the d-axis field voltage, 7y, is the d-axis field winding resistance, r4 is the
d-axis 1d damper resistance, i, is the d-axis field winding current, ¥, is the d-axis field

winding flux linkage, ¥4 is the d-axis 1d damper flux linkage, and w, is the rotor’s

operating speed.

The SGs' rotor voltages in the g-axis are described below by equations (4.17) and (4.18)
[14, 81, 82].

. 1 dy
0 =Triqirg + - d;q (4.17)
0 = 1yqlzg +— 2020 (4.18)

wyn dt

where 11, and r,, are the g-axis 1q damper and 2q damper resistances, i;, and i,, are
the g-axis 1q damper and 2q damper currents, y,, and y,, are the g-axis 1q damper

and 2q damper flux linkages, and w,, is the rotor’s operating speed.
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4.6.2. Excitation system

The IEEE 9-bus test system’s SGs are equipped with the IEEET1 excitation system to
regulate their terminal voltages at the setpoints shown in Table 4.1. The parameters of
the SGs’ IEEET1 excitation systems are given in Appendix A. The SGs’ terminal voltages
are kept constant at the setpoints to regulate the voltages in the test system [14]. The
SGs’ terminal voltages are maintained at the setpoints by the excitation systems which
control the field current, that in turn controls the machine’s field voltage [14, 83].

Table 4.1: Synchronous generator voltage setpoints

Generator Voltage Setpoint (pu)
Gen 1 1.040
Gen 2 1.025
Gen 3 1.025
4.6.3. Governor system

The IEEE 9-bus test system SGs are equipped with BPA_GG governor system dynamic
model. The governor system parameters for each of the SGs are given in Appendix A.
The power produced by the SGs is regulated by controlling the generators mechanical
torque [83], which in turn is controlled by regulating the steam driving the turbines [83].
The governor system measures the turbine’s speed and determines whether it is less or
greater than the required speed. The feedback from the governor system is used to

adjust the steam driving the turbine [83].

4.7. Wind power generator modelling

4.7.1. wind power generator system

The WPGs integrated into the IEEE 9-bus test system are modelled using the IEC
61400-27-1 Type 4B generic WPG model, whose structure is shown in Figure 4.6 [84].
The model consists of five systems, namely, the control system, the generator system,
the grid protection system, the electrical equipment, and the mechanical system. The
control system models the WPGS’ reactive power control (Q control), current limitation,

reactive power limitation (Q limitation), and power control (P control). The generator
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system models the dynamics of the generator, while the grid protection system controls
the conditions under which during power system disturbances, the WPGs should not
disconnect from the grid. The electrical equipment consists of the WPGSs’ buses,
transformers, and circuit breakers, while the mechanical system models the interactions

between the turbine and the generator.
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Figure 4.6: Type 4B wind power generator model
4.7.2. Mechanical model

The turbine and generator are modelled as a two-mass system shown in Figure 4.7 [84].
A spring and damper system models the interactions between the two masses. The two-
mass system accounts for oscillations between the turbine and the generator during

power system disturbances.
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Figure 4.7: Wind power generator mechanical model

4.7.3. Generator system

The generator is integrated into the power system via a fully-rated converter [84]. As a
result, the generator’s dynamics are decoupled from the power system. The parameters

of the generator are shown in Table 4.2.

Table 4.2: Generator parameters

Parameters Symbol Values
Time constant (s) Ty 0.01
Reactive minimum current ramp rate (lase/s) digmin -100
Active current maximum ramp rate (/base/S) dipmax 1
Reactive current maximum ramp rate (/base/s) digmax 100
4.7.4. Electrical equipment

The WPGSs’ electrical equipment consists of 0.69/20kV collector system step-up
transformers. The collector system step-up transformers step-up the power produced by
the wind turbines. There is a 20/132kV grid integration step-up transformer that
integrates the WPGs to the 132kV distribution network. Also, the electrical equipment
consists of 0.69kV, 20kV, and 132kV buses and circuit breakers.

Page 27 of 81



4.7.5. Grid protection model

The WPGS' grid protection model is configured so that the plant has voltage ride-through
characteristics stipulated in the South African grid connection code for renewable power
plants (RSA RPP Grid Code) [85]. The RSA RPP Grid Code’s voltage ride-through
requirement for inverter-based generators is shown in Figure 4.8 [85]. Based on the
voltage ride-through requirements, the WPGs should remain synchronised to the test
system for as long as the voltages at their point of connection (POC) remain within areas
A, B, and D [85, 86].
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Figure 4.8: Inverter-based generator voltage ride-through capability

4.7.6. Control models

The control of the wind turbines is performed by different controllers. The controllers
used in the model are a P-controller, a Q-controller, a Q-limitation controller, and a

current-limitation controller [84]. The four controllers are integrated as shown in Figure
4.9 [84].
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Figure 4.9: Type 4B wind turbine control model structure

The wind turbines’ active power production is managed by the P-controller [87], which
reduces the error between the wind turbines’ reference rotational speed and their
measured rotational speed [87]. The signals produced by the P-controller are fed to the
wind turbines and the current-limitation controller. The wind turbines’ reactive power
production is managed by the Q-controller. The wind turbines can operate in power
factor control, voltage control, reactive power control, open-loop reactive power control,
and open-loop reactive power factor control modes [84]. In this research, the wind
turbines are operated in voltage control mode, with a 1.03 pu voltage setpoint. The Q-
limitation controller manages the wind turbines’ low and high reactive power limits [84].
The reactive power limits from the Q-limitation controller are fed into the Q-controller.
The current limitation controller combines the wind turbines’ limits with the other
controller limits, and produces active and reactive power current limits [84, 87]. The
signals produced by the current-limitation controller are fed to the wind turbines and the

P-controller.

Page 29 of 81



4.7.7. Wind power generator integration

Figure 4.10 shows the WPG models and their integration to the IEEE 9-bus test system.
Each WPG has a capacity of 10.25 MW, and is modelled by aggregating five 2.05 MW
fully-rated converter wind turbines. The WPGs are integrated into the test system at
buses 5, 6, and 8 using 132/230kV transformers. Each WPG integrates to the 132/230kV
transformers using a single circuit, 40km, 132kV Wolf line, templated at 50° Celsius.
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Figure 4.10: Wind power generator diagram

Page 30 of 81



4.8. Summary

In this chapter, the IEEE 9-bus test system and the WPG models used in this research
were discussed. The test system loads are modelled as constant power loads. The
GENROU dynamic model is used to model the SGs dynamic performance. The SGs
excitation systems are modelled using the IEEET1 excitation system dynamic model.
Furthermore, the SGs are equipped with the BPA_GG governor system dynamic model.
The WPGs are modelled using the IEC 61400-27-1 Type 4B generic WPG model. The
WPGSs’ generic model consists of a control system, a generator system, a grid protection
system, electrical equipment, and a mechanical system. The WPGs are operated in

voltage control mode, with a 1.03 pu voltage setpoint.
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CHAPTER 5: LOAD VARIABILITY MODELLING

5.1. Introduction

In the previous chapter, the modelling of the IEEE 9-bus test system and the wind power
generators (WPGs) was discussed. In this chapter, measured load is assigned to each
of the three IEEE 9-bus test system load buses to model power system variability. The
load is then modelled using seven distribution functions consisting of the parametric
Gaussian, Rayleigh, Wakeby, Gaussian mixture model (GMM) and Kappa, and the non-
parametric Kernel density estimation (KDE) and Logspline density estimation (LDE).
Then, the impact of the modelled load on the transient stability of the test system is

investigated.

5.2. Power system load variability modelling

5.2.1. Measured load data

Substation loading data from three South African substations supplying residential load
is used in this study. The load was measured in five-minute intervals from 1 January
2019 to 31 December 2019. The substation load is assigned to the IEEE 9-bus test
system load buses. Peak load demand at each of the test system load buses is used to
normalise the assigned load. Table 5.1 shows the range of the test system load at each

load bus.

Table 5.1: IEEE 9-bus test system load range

Load Range Load Bus 5 (MW) Load Bus 6 (MW) | Load Bus 8 (MW)
High 125.000 90.000 100.000
Low 31.604 27.640 14.366
5.2.2. Load modelling using distribution functions

The load is modelled using the parametric Rayleigh, Gaussian, Wakeby, GMM, Kappa
and the non-parametric LDE and KDE. The fitted Rayleigh, Gaussian, Wakeby, and
Kappa parameters are shown in Tables 5.2 to 5.5, respectively, while Tables 5.6 to 5.8

show the fitted GMM’s weight, mean, and standard deviation parameters, respectively.
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Table 5.2: Rayleigh parameters

Load Bus Location Scale
Load Bus 5 31.983 26.506
Load Bus 6 36.640 16.317
Load Bus 8 11.079 23.273

Table 5.3: Gaussian parameters

Load Bus Mean Standard Deviation
Load Bus 5 65.204 17.246
Load Bus 6 57.091 10.617
Load Bus 8 40.247 15.142

Table 5.4: Wakeby parameters

Load Bus Location Scale 1 Scale 2 Shape 1 Shape 2
Load Bus 5 35.731 62.955 1.268 0.664 0.613
Load Bus 6 34.966 73.354 5.394 14.914 -0.400
Load Bus 8 9.044 462.876 32.365 19.568 -0.129

Table 5.5: Kappa parameters

Load Bus Location Scale Shape 1 Shape 2
Load Bus 5 51.782 27.165 0.499 0.505
Load Bus 6 52.773 11.587 0.341 0.098
Load Bus 8 30.877 13.190 -0.017 0.244

Table 5.6: GMM’s weight parameters

Load Bus Weight 1 Weight 2 Weight 3
Load Bus 5 0.249 0.678 0.073
Load Bus 6 0.336 0.441 0.223
Load Bus 8 0.091 0.571 0.338

Table 5.7: GMM’s mean parameters

Load Bus Mean 1 Mean 2 Mean 3
Load Bus 5 44.544 70.002 91.089
Load Bus 6 46.095 58.896 70.053
Load Bus 8 20.480 33.864 56.386

Table 5.8: GMM’s standard deviation parameters
Load Bus Standard Deviation 1 | Standard Deviation 2 | Standard Deviation 3
Load Bus 5 5.303 12.202 12.993
Load Bus 6 6.004 5.056 5.800
Load Bus 8 1.336 6.240 15.621

Figure 5.1 shows the density plots of the three IEEE 9-bus test system load buses that
are modelled using the Gaussian, Rayleigh, Wakeby, Kappa, GMM, KDE, and LDE.

Load bus 5 had a bimodal load density because it had two peaks. The Gaussian,
Rayleigh, Wakeby, and Kappa do not model load bus 5’s bimodal load density because
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they only model densities with a single peak. However, the GMM, KDE, and LDE model
load bus 5’s bimodal load density. The GMM models load bus 5’s bimodal load density
because the three Gaussian distribution functions that it fitted can model densities with
two peaks. Also, the KDE and LDE model load bus 5’s bimodal load density because
they use Gaussian kernels and basis-splines (B-splines), respectively, which can fit
bimodal densities. The load density at load buses 6 and 8 has a single peak, and the

seven distribution functions assessed can model unimodal densities.
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Figure 5.1: PDF modelled load: (a) bus 5 load, (b) bus 6 load, (c) bus 8 load

5.2.3. Load spatial correlation

Table 5.9 shows the spatial correlation of the three loads in the IEEE 9-bus test system.
The load’s spatial correlation is evaluated using the Kendall’s tau correlation coefficient.
The assessment is performed to determine whether the modelled load maintains the
measured load’s spatial correlation. The spatial correlation between the measured load
at buses 5 and 6, buses 5 and 8, and buses 6 and 8 is similar to the spatial correlation
of the load that was modelled when using the seven distribution functions at the same

buses. These results show that the modelled load preserves the measured load’s spatial

correlation.
Table 5.9: Load spatial correlation
Load Load Buses 5 and 6 | Load Buses 5 and 8 | Load Buses 6 and 8

Measured Load 0.418950 0.499111 0.317247
Gaussian Load 0.418930 0.499083 0.317221
Rayleigh Load 0.418930 0.499083 0.317221
Wakeby Load 0.418946 0.499101 0.317241
Kappa Load 0.418944 0.499101 0.317239
GMM Load 0.418930 0.499083 0.317221
KDE Load 0.418950 0.499111 0.317247
LDE Load 0.418930 0.499083 0.317221
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5.2.4. Distribution functions fit to load

Figure 5.2 shows the IEEE 9-bus test system’s measured load empirical cumulative
distribution functions (ECDFs). Figure 5.2 also shows the cumulative distribution
functions (CDFs) of the fitted Gaussian, Rayleigh, Wakeby, Kappa, GMM, KDE, and
LDE. The shapes of the fitted distribution functions’ CDFs are similar to the measured
loads’ ECDFs. However, compared with lower loads, at higher loads the fitted
distribution functions’ CDFs are closer to the measured loads’ ECDFs. This indicates

that the fitted distribution functions have a better fit to higher loads than to lower loads.

(a) Bus 5 Load (b) Bus 6 Load fc) Bus 8 Load
Q. Q. Q.
@ @ | @ |
>0° ] >° >
8o, * LoadECDF | B 9~ * LoadECDF | B &- * Load ECDF
Qo - o o B
o ¢ Gaussian CDF | '© ¢ GaussianCDF | o ¢ Gaussian CDF
0 g | Rayleigh CDF | O « | Rayleigh CDF | O « | Rayleigh CDF
e * Wakeby CDF | B © ¢ Wakeby CDOF | B © * Wakeby CDF
9 ¢ Kappa CDF ] * Kappa CDF 9 * Kappa CDF
g *+ GMM CDF 3 * GMM CDF g * GMM CDF
¢ KDE CDF ¢ KDE CDF * KDE CDF
ol *+ KDE CDF o * KDE CDF ol * KDECDF
© ULLLLLLRLE R AR R R LR RLRE R AR ) R R R R B I R L R LR g | o T I T T T I T AT T T L T T T T T T T L T T T I T I T T LTIl © T T T T T T T T T T T T T e Ty
28 37 46 55 64 73 82 91 101 113 125 26 32 38 44 50 56 62 68 74 80 86 92 11 19 27 35 43 51 59 67 75 83 91 99

Load (MW) Load (MW) Load (MW)

Figure 5.2: CDF modelled load: (a) bus 5 load, (b) bus 6 load, (c) bus 8 load

Tables 5.10 and 5.11 show the root mean square error (RMSE) and mean absolute error
(MAE) of the fitted Gaussian, Rayleigh, Wakeby, Kappa, GMM, KDE and LDE CDFs. At
the three IEEE 9-bus test system load buses, the KDE has the best fit to the load,
followed by the LDE and then the GMM. The Wakeby has the fourth-best fit when
modelling load at buses 5 and 6, followed by the Kappa, then the Gaussian, and last the
Rayleigh. The Kappa has the fourth-best fit when modelling load at bus 8, followed by
the Wakeby, then the Rayleigh, and last the Gaussian.

Table 5.10: RMSE of distribution functions fitted to the load

Load Bus | Gaussian | Rayleigh | Wakeby Kappa GMM KDE LDE
Load Bus 5 | 0.02746 0.03403 0.01417 | 0.02019 | 0.00907 | 0.00141 | 0.00473
Load Bus 6 | 0.00997 0.03167 0.00580 | 0.00850 | 0.00286 | 0.00228 | 0.00234
Load Bus 8 | 0.07020 0.04329 0.02465 | 0.02237 | 0.00621 | 0.00117 | 0.00413
Table 5.11: MAE of distribution functions fitted to the load

Load Bus | Gaussian | Rayleigh | Wakeby Kappa GMM KDE LDE
Load Bus 5 | 0.02190 0.02880 0.01093 | 0.01742 | 0.00750 | 0.00118 | 0.00429
Load Bus 6 | 0.00740 0.02644 0.00438 | 0.00710 | 0.00228 | 0.00201 | 0.00216
Load Bus 8 | 0.05541 0.03448 0.02013 | 0.01912 | 0.00530 | 0.00091 | 0.00347
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5.2.5. Load range synthesis

Table 5.12 shows the load range synthesised by the fitted Gaussian, Rayleigh, Wakeby,
Kappa, GMM, KDE, and LDE. The load range synthesised by the different distribution
functions differ due to some of the distribution functions having longer lower and upper
tails than others. The distribution functions’ lower and upper tails determine the low and
high load values, respectively, that can be synthesised. A comparison of the measured
low and high load values in Table 5.1 with the synthesised low and high load values in
Table 5.12 shows that some of the distribution functions do not synthesise the load range
at the three test system load buses. The Gaussian synthesises the load range at load
bus 6, while at load buses 5 and 8, it synthesises maximum load only. Also, at load
buses 5 and 8, the Gaussian synthesises negative low load, while Table 5.1 shows that
the measured low load is positive. The Rayleigh synthesises the load range at load bus
8, but at load buses 5 and 6, it synthesises maximum load only. The Wakeby synthesises
the load range at load bus 8, however, at load bus 5, the Wakeby synthesises maximum
load only, and does not synthesise both low and high loads at load bus 6. The Kappa
synthesises the load range at load bus 8, while at load buses 5 and 6, the Kappa
synthesises low load only. The GMM synthesises the load range at load buses 5 and 6,
but at load bus 8, it synthesises maximum load only. Furthermore, at load bus 8, the
GMM synthesises negative low load, while Table 5.1 shows that the low load should be
positive. The KDE and the LDE synthesise the load range at the three load buses. The
distribution functions’ ability to synthesise the load range indicates that their lower and

upper tails extend to the low and high load values at each load bus.

Table 5.12: Synthesised load range

Loads Statistic Gaussian | Rayleigh | Wakeby | Kappa GMM KDE LDE
Load Bus 5 |__High (MW) 143.923 | 166.605 | 3020.107 | 106.125 | 142.809 | 125.025 | 128.183
Low (MW) -12.733 32.049 35.732 20.746 | 15.864 | 31574 | 24.554
Load Bus 6 | High (MW) 105.380 | 119.268 85.620 86.299 | 94.543 | 90.029 | 95.132
Low (MW) 7.201 36.667 34.966 19.181 | 19.252 | 27.606 | 17.470
Load Bus 8 | High (MW) 107.803 | 127.030 | 144.367 | 212.721 | 122.354 | 100.030 | 101.794
Low (MW) -26.757 11.151 9.047 13.147 | -8.984 | 14.327 | 12.749
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5.3. Load variability modelling impact on transient stability

5.3.1. Load sample size

Monte-Carlo Simulations are used to randomly sample 2000 load values from each of
the measured and the modelled load data. Figures 5.3 to 5.5 show the moving means
of the normalised sampled load of buses 5, 6, and 8, respectively. The required load
sample size to perform the probabilistic transient stability studies is quantified based on
the law of large numbers given by equation (3.17). The sample size is based on the
number of samples required for the load’s moving mean to stabilise. About 768 samples
are required for buses 5 and 8 loads’ moving mean to stabilise, and about 532 samples
are required for bus 6 load’s moving mean to stabilise. Therefore, at each load bus, a
minimum of 768 load samples is required to ensure that the sampled load represents
the measured load data. In this study, 1000 load samples are used to investigate power
system transient stability using the probabilistic method.
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5.3.2. Transient stability of power system with variable load

For each of the 1000 load samples taken for load buses 5, 6, and 8, studies are
performed to determine the impact of load variability modelling on the IEEE 9-bus test
system’s transient stability. Figure 5.6 shows Gen 3’s maximum rotor angle deviation
ECDFs produced when the test system’s load variability is modelled using measured
and modelled load. When three-phase faults are applied sequentially on line 6-9 and line
8-9, close to bus 9, Gen 3’s rotor angle deviation ECDFs produced when load variability
is modelled using the KDE and LDE closely follow those produced when measured load
is used. However, Gen 3’s rotor angle deviation ECDFs produced when load modelled
using the Gaussian, Rayleigh, Wakeby, Kappa, and GMM is used do not closely follow
those produced when measured load is used. Modelling load using the Gaussian and
GMM produces Gen 3’s maximum rotor angle deviation ECDFs that are located above
those produced when measured load is used. This indicates that modelling load
variability using the Gaussian and GMM results in the power system operating with a
lower risk of transient instability than when measured load is used. In Figure 5.6, it can
also be seen that compared with when measured load is used, modelling load using the
Gaussian and GMM results in a larger proportion of Gen 3’s maximum rotor angle
deviations being located within lower rotor angle deviation values, indicating better
power system stability. However, modelling load using the Rayleigh, Wakeby, and
Kappa produces Gen 3’s maximum rotor angle deviation ECDFs located below those
produced when measured load is used. This indicates that modelling load variability

using the Rayleigh, Wakeby, and Kappa results in the power system operating with a
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higher risk of transient instability than when measured load is used. Referring to Figure
5.6, it can also be seen that compared with when measured load is used, modelling load
using the Rayleigh, Wakeby, and Kappa results in a larger proportion of Gen 3’s
maximum rotor angle deviations being located within higher rotor angle values,

indicating worse power system stability.
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Figure 5.6: Gen 3 maximum rotor angle deviation ECDFs owing to load variability when faults
were applied close to bus 9 on: (a) line 6-9, (b) line 8-9.

Tables 5.13 and 5.14 show the respective RMSE and MAE results that compare Gen
3’s maximum rotor angle deviation ECDFs obtained when measured and modelled load
is used. The results show that Gen 3’s maximum rotor angle deviations obtained when
load is modelled using the KDE, LDE, and GMM have the best, second-best, and third-
best RMSE and MAE, respectively.

Table 5.13: Gen 3 maximum rotor angle deviation ECDFs RMSE owing to modelled load

Fault | Gaussian | Rayleigh | Wakeby Kappa GMM KDE LDE
Data Data Data Data Data Data Data
Line 6-9 | 0.024701 | 0.021240 | 0.013894 | 0.012772 | 0.007134 | 0.001094 | 0.001182
Line 8-9 | 0.024482 | 0.021713 | 0.012737 | 0.012803 | 0.006232 | 0.000852 | 0.000915

Table 5.14: Gen 3 maximum rotor angle deviation ECDFs MAE owing to modelled load

Fault | Gaussian | Rayleigh | Wakeby Kappa GMM KDE LDE
Data Data Data Data Data Data Data
Line 6-9 | 0.019452 | 0.016406 | 0.010640 | 0.009718 | 0.004534 | 0.000646 | 0.000742
Line 8-9 | 0.019085 | 0.016824 | 0.009858 | 0.009708 | 0.004128 | 0.000569 | 0.000607
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5.4. Discussion of results

In section 5.2, the density of the IEEE 9-bus test system load is modelled using the
Gaussian, Rayleigh, Wakeby, Kappa, GMM, KDE, and LDE. In Table 5.9, the results
show that the load modelled by the distribution functions preserves the measured load’s
spatial correlation at the three test system load buses. Also, Tables 5.10 and 5.11 show
that based on fit, the distribution functions that do not rely on parameters to determine
their shape (i.e., KDE and LDE) fit the load density better than those that rely on
parameters (i.e., Gaussian, Rayleigh, Wakeby, Kappa, and GMM). This is because
distribution functions with parameters have defined shapes they can model, and so are
limited in the shapes of load densities they model. In Table 5.12, when considering the
distribution functions load range modelling ability, it is found that only the KDE and the
LDE model the load range at the three test system load buses. These findings show that
not all of the distribution functions can model the load range. As a result, it is important
that when assessing the distribution functions’ ability to model load density, in addition
to their fit, they should also be assessed to determine whether they model the load
range. Distribution functions’ ability to model the load range ensures that they synthesise

low and high power system loading conditions.

In section 5.3, the impact of load variability modelling on the IEEE 9-bus test system’s
transient stability is assessed. Tables 5.13 and 5.14 show that load modelled using
distribution functions that do not have parameters (i.e., KDE and LDE) produces power
system transient stability results similar to those produced when measured load is used.
The power system transient stability results produced using load modelled by distribution
functions whose shapes depend on parameters (i.e., Gaussian, Rayleigh, Wakeby,
Kappa, and GMM) are less similar to those produced when measured load is used. This
is because the KDE and the LDE fit the load density better than the Gaussian, Rayleigh,
Wakeby, Kappa, and GMM. These findings show that the KDE and LDE are good

candidates for modelling power system load variability.

Page 40 of 81



5.5. Summary

In this chapter, seven distribution functions, namely, the Gaussian, Rayleigh, Wakeby,
Kappa, GMM, KDE, and LDE were used to model the IEEE 9-bus test system’s load
variability. The distribution functions were assessed on the basis of their fit and their
ability to synthesise the load range. Furthermore, the impact of the modelled load on the
transient stability of the test system was investigated. It was found that of the seven
distribution functions that were assessed, the KDE and the LDE had the best fit to load
density at the test system load buses. It was also found that some of the distribution
functions did not model the load range. Furthermore, it was found that load modelled
using the KDE and the LDE resulted in the test system having transient stability results

similar to those produced when measured load was used.
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CHAPTER 6: WIND SPEED VARIABILITY MODELLING

6.1. Introduction

In the previous chapter, load variability from three South African substations supplying
residential load was modelled using seven distribution functions. Furthermore, the
impact of the variable load on the IEEE 9-bus test system’s transient stability was
assessed. In this chapter, wind speed is modelled using seven distribution functions
consisting of the parametric Rayleigh, Weibull, Wakeby, Gumbel and Kappa, and the
non-parametric Logspline density estimation (LDE) and Kernel density estimation (KDE).
The variable power produced by wind power generators (WPGSs) that are integrated to
the IEEE 9-bus test system is developed using the wind speed. An investigation is then
performed to assess the impact of the integrated WPGs on power system transient

stability.

6.2. Wind speed modelling

6.2.1. Measured wind speed data

Five-minute interval wind speed, measured at a height of 10 m at three sites in South
Africa from 1 January 2019 to 31 December 2019, is used in this study. To develop the
power produced by WPGs with wind turbines that have a 100 m hub height, the wind
speed is converted to a height of 100 m using the power exponent formula shown below
in equation (6.1). Table 6.1 shows the measured wind speed range at a height of 100

m.

Uy =1; (2)0[ (6.1)

hy

where v, is height h; wind speed, v, is height h, wind speed, and the wind speed shear

exponent is a.
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Table 6.1: Wind speed range

Wind Speed Range Site 1 (m/s) Site 2 (m/s) Site 3 (m/s)
High 25.845 23.899 22.371
Low 0.556 0.417 0.417

6.2.2.

Wind speed modelling using distribution functions

The parametric Gumbel, Weibull, Wakeby, Rayleigh, Kappa, and the non-parametric
LDE and KDE are used to model the wind speed. The fitted Gumbel, Weibull, Wakeby,

Rayleigh, and Kappa parameters are shown in Tables 6.2 to 6.6, respectively.

Table 6.2: Gumbel parameters

Site Location Scale
Site 1 3.601 2.617
Site 2 3.873 2.859
Site 3 2.987 2.041

Table 6.3: Weibull parameters

Site Shape Scale
Site 1 1.597 5.745
Site 2 1.837 7.096
Site 3 1.333 3.795

Table 6.4: Wakeby parameters

Site Location Scale 1 Scale 2 Shape 1 Shape 2
Site 1 0.501 6.199 17.201 5.879 -0.377
Site 2 0.000 14.355 19.282 7.087 -0.472
Site 3 0.717 3.821 3.585 2.788 -0.066
Table 6.5: Rayleigh parameters
Site Location Scale
Site 1 -1.082 4.942
Site 2 -1.242 5.398
Site 3 -0.665 3.853
Table 6.6: Kappa parameters
Site Location Scale Shape 1 Shape 2
Site 1 1.269 5.428 0.344 0.888
Site 2 1.519 6.160 0.413 0.819
Site 3 2.208 2.572 0.050 0.497

Figure 6.1 shows the three sites’ wind speed density plots fitted with the distribution

functions. The three sites have a unimodal wind speed density because it has a single

peak. The Gumbel, Weibull, Wakeby, Rayleigh, and Kappa model the unimodal wind
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speed density because they have a single peak. Also, the KDE and the LDE model the
unimodal wind speed density because they use Gaussian kernels and basis-splines (B-

splines), respectively, which can fit densities with a single peak.
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Figure 6.1: PDF modelled wind speed: (a) site 1, (b) site 2, (c) site 3

6.2.3. Wind speed spatial correlation

Table 6.7 shows the three sites Kendall's tau correlation coefficients. The wind speed’s
spatial correlation is assessed to determine whether the modelled wind speed maintains
the measured wind speed’s spatial dependency. The spatial correlation of the measured
and modelled wind speed between sites 1 and 2, sites 1 and 3, and sites 2 and 3 is
similar. This shows that the modelled wind speed maintains the measured wind speed’s

spatial dependency.

Table 6.7: Wind speed spatial correlation

Wind Speed| Sites 1 and 2 Wind Speed| Sites 1 and 3 Wind Speed | Sites 2 and 3 Wind Speed
Measured 0.295982 0.149902 0.171913
Weibull 0.295979 0.149907 0.171872
Rayleigh 0.295979 0.149907 0.171873
Gumbel 0.295979 0.149907 0.171873
Wakeby 0.295982 0.149902 0.171913
Kappa 0.295982 0.149902 0.171913
KDE 0.295982 0.149902 0.171913
LDE 0.295979 0.149907 0.171872

6.2.4. Distribution functions fit to wind speed

Figure 6.2 shows the empirical cumulative distribution functions (ECDFs) of the
measured wind speed as well as the fitted Gumbel, Weibull, Wakeby, Rayleigh, Kappa,

KDE, and LDE cumulative distribution functions (CDFs). The measured and modelled
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wind speed ECDFs and CDFs, respectively, at the three sites have similar shapes.
However, the fitted distribution functions CDFs are closer to the measured wind speeds’
ECDFs at higher wind speeds than they are at lower wind speeds. This indicates that

the distribution functions fit higher wind speeds better than they do lower wind speeds.
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Figure 6.2: CDF modelled wind speed: (a) site 1, (b) site 2, (c) site 3

Tables 6.8 and 6.9 show the root mean square error (RMSE) and the mean absolute
error (MAE) of the distribution functions fitted to the wind speed data, respectively. The
results show that the KDE, followed by the LDE, has the best fit when modelling the wind
speed at the three sites. The Wakeby and Kappa have the third-best and fourth-best fit,
respectively, when modelling wind speed at sites 1 and 3. However, the Kappa and the
Wakeby have the third-best and fourth-best fit, respectively, when modelling wind speed
at site 2. The Gumbel, Weibull, and Rayleigh have the fifth-best to seventh-best fit,
respectively, to wind speed at site 1. At site 2, the Gumbel, Rayleigh, and Weibull have
the fifth-best to seventh-best fit, respectively, to wind speed. However, at site 3, the
Rayleigh, Gumbel, and Weibull have the fifth-best to seventh-best fit, respectively, to

wind speed.

Table 6.8: RMSE of distribution functions fitted to wind speed

Site Weibull Rayleigh | Gumbel | Wakeby | Kappa KDE LDE

Site 1 0.01955 0.02880 0.02744 | 0.00792 | 0.00805 | 0.00411 | 0.00744
Site 2 0.07920 0.02229 0.03160 | 0.01389 | 0.01152 | 0.00337 | 0.00652
Site 3 0.08713 0.03758 0.02713 | 0.01049 | 0.01056 | 0.00561 | 0.01000

Table 6.9: MAE of distribution functions fitted to wind speed

Site Weibull Rayleigh | Gumbel | Wakeby | Kappa KDE LDE

Site 1 0.01680 0.02427 0.02375 | 0.00700 | 0.00702 | 0.00325 | 0.00691
Site 2 0.07150 0.01600 0.02672 | 0.01178 | 0.00953 | 0.00237 | 0.00614
Site 3 0.07889 0.03310 0.02257 | 0.00893 | 0.00928 | 0.00489 | 0.00921
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6.2.5. Wind speed range synthesis

Table 6.10 shows the wind speed range synthesised by the fitted Gumbel, Weibull,
Wakeby, Rayleigh, Kappa, KDE, and LDE. At each site, the distribution functions
synthesise different low and high wind speed values. This is because the distribution
functions have different lower and upper tails that limit the low and high synthesised wind
speed values. In Tables 6.1 and 6.10, comparing the low and high wind speeds from the
measured and synthesised data, respectively, indicates that some of the distribution
functions do not sythesise the three sites’ wind speed range. At the three sites, only the
Weibull and the KDE synthesise low and high wind speeds. At site 2, the Rayleigh
synthesises only maximum wind speed because its upper tail extends to the site’s
maximum wind speed. However, the Rayleigh synthesises negative low wind speed at
the three sites. The Gumbel synthesises maximum wind speed at the three sites,
however, it also synthesises negative low wind speed. The synthesis of negative wind
speed by the Rayleigh and the Gumbel indicates that they do not model low wind speed
at the three sites because the low wind speed should be positive, as shown in Table 6.1.
The Wakeby synthesises low wind speed at sites 1 and 2, while at site 3 it synthesises
maximum wind speed only. The Kappa synthesises the wind speed range at site 3, while
it does not synthesise both low and high wind speed at site 1, and at site 2 it synthesises
low wind speed only. The LDE synthesises the wind speed range at sites 2 and 3, and
at site 1 it synthesises low wind speed only. The ability of the distribution functions to
synthesise the wind speed range is due to their lower and upper tails extending to low

and high wind speed values at the three sites.

Table 6.10: Synthesised wind speed ranges

Sites Statistic Weibull | Rayleigh | Gumbel | Wakeby | Kappa | KDE LDE
Site 1 | High (m/s) 28.039 23.698 36.500 16.325 | 16.818 | 25.981 | 25.454
Low (m/s) 0.002 -1.068 -2.990 0.501 0.612 | 0411 | 0.047
Site 2 | High (m/s) 28.709 26.319 41.138 15.735 | 16.369 | 24.058 | 24.677
Low (m/s) 0.009 -1.226 -3.306 0.000 0.238 | 0.292 | 0.004
Site 3 | High (m/s) 26.042 19.005 20.576 | 26.087 | 26.904 | 22.572 | 25.679
Low (m/s) 0.000 -0.663 -2.782 0.717 0.377 | 0.243 | 0.000
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6.3. Wind power generation impact on transient stability

6.3.1 Power produced by wind power generators

Three WPGs are integrated into the IEEE 9-bus test system at buses 5, 6, and 8, as
shown in Figure 4.1. The variable power produced by the WPGs at buses 5, 6, and 8 is
developed using the sites 1, 2, and 3 wind speed, respectively. The wind speed is
converted to the power produced by the WPGs using the Enercon E-82 E2, 2.05 MW
wind turbine power curve shown in Figure 6.3. The Weibull CDF is used to model the
shape of the Enercon wind turbine power curve. The fitted Weibull CDF has a shape
and scale parameter of 4.081 and 9.097, respectively. The variable power produced by
each of the three WPGs is modelled by converting the measured and modelled variable

wind speed at the WPGs’ locations to power using the fitted Weibull CDF.
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Figure 6.3: Wind turbine power curve modelling

6.3.2. Wind power generation production sample size

Monte-Carlo Simulations is used to randomly sample 5000 samples from each of the
WPGSs’ active power values developed using measured and modelled wind speed.
Figures 6.4 to 6.6 show the sampled WPGs 1, 2 and 3 normalised turbine power
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production moving means, respectively. The law of large numbers given by equation
(3.17) is used to determine the required sample size, which is quantified based on the
number of samples required for the normalised turbine power production moving mean
to stabilise. About 2787 samples are required for the normalised turbine power
production moving means of WPGs 1 and 2 to stabilise, while about 4180 samples are
required for WPG 3’s normalised turbine power production moving mean to stabilise. A
minimum of about 4180 samples is required to ensure that each of the WPGS’
normalised turbine power production moving means stabilise. In this study, the
probabilistic method is used to assess power system transient stability using 5000
samples of the power produced by the three WPGs.
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Figure 6.5: WPG 2 normalised power production moving mean
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WPG 3 Turbine Power Production
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Figure 6.6: WPG 3 normalised power production moving mean
6.3.3. Wwind power generation impact on transient stability

For each of the 5000 power production samples for WPGs 1, 2, and 3, probabilistic
studies are performed to investigate their impact on the IEEE 9-bus test system’s
transient stability. The test system’s transient stability is investigated by applying three-
phase faults sequentially on line 6-9 and line 8-9, close to bus 9. During the analysis,
Gen 3’s rotor angle deviations are monitored. Figure 6.7 shows Gen 3’s maximum rotor
angle deviation ECDFs. The results show that developing the power produced by the
WPGs using the measured and modelled wind speed produces Gen 3’s maximum rotor

angle ECDFs with similar shapes.

(a) (b)
< QL
@ | «@ |
(=] (=]
> © > o
=8 =3
o o
© ©
o o
O <« <«
0 s * Measured Data 0 s * Measured Data
Weibull Data Weibull Data
Rayleigh Data Rayleigh Data
o | * Gumbel Data o~ | * Gumbel Data
S * Wakeby Data S ® \Wakeby Data
+ Kappa Data ® Kappa Data
+ KDE Data * KDE Data
= * LDE Data = ® |DE Data
(=] (=]
2 4 6 8 10 17 18 19 20 21
Rotor Angle (Degrees) Rotor Angle (Degrees)

Figure 6.7: Gen 3 maximum rotor angle deviation ECDFs owing to wind power generation
variability when faults were applied close to bus 9 on: (a) line 6-9, (b) line 8-9
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Tables 6.11 and 6.12 show the respective RMSE and MAE results that compare Gen
3’s maximum rotor angle deviation ECDFs obtained using measured and modelled wind
speed. The results show that wind speed modelled by the KDE, LDE and Kappa results
in Gen 3’s maximum rotor angle deviation ECDFs with the best, second-best, and third-
best RMSE and MAE, respectively.

Table 6.11: Gen 3 maximum rotor angle deviation ECDFs RMSE owing to modelled power

Fault Weibull Rayleigh | Gumbel Wakeby Kappa KDE Data | LDE Data
Data Data Data Data Data
Line 6-9 | 0.036437 | 0.015180 | 0.016763 | 0.008582 | 0.007776 | 0.001212 | 0.002598
Line 8-9 | 0.031970 | 0.011322 | 0.015659 | 0.006288 | 0.005881 | 0.000858 | 0.001852

Table 6.12: Gen 3 maximum rotor angle deviation ECDFs MAE owing to modelled power

Fault Weibull Rayleigh | Gumbel Wakeby Kappa KDE Data | LDE Data
Data Data Data Data Data

Line 6-9 | 0.027182 | 0.011476 | 0.011148 | 0.005842 | 0.005528 | 0.000868 | 0.001858

Line 8-9 | 0.024045 | 0.008307 | 0.010222 | 0.004991 | 0.004608 | 0.000617 | 0.001283

Figures 6.8 to 6.10 show the reactive power injected by the WPGs during system faults
when the power they produce is developed using measured wind speed and wind speed
modelled by the KDE and LDE, respectively. The diagrams of the reactive power injected
by the WPGs when the power they produce is modelled using the Gumbel, Weibull,
Wakeby, Rayleigh, and Kappa are shown in Appendix B. It can be seen that during the
faults, the WPGs inject reactive power to support the test system’s voltages. Once the
applied faults are isolated, the WPGs reduce the reactive power they inject into the test

system.
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Figure 6.8: WPGs’ reactive power injection with power production developed using measured
wind speed: (a) WPG1 reactive power with the fault applied on line 6-9, (b) WPGL1 reactive power
with the fault applied on line 8-9, (c) WPG2 reactive power with the fault applied on line 6-9, (d)
WPG2 reactive power with the fault applied on line 8-9, (e) WPG3 reactive power with the fault
applied on line 6-9, and (f) WPG3 reactive power with the fault applied on line 8-9
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Figure 6.9: WPGs’ reactive power injection with power production developed using wind speed
modelled by the KDE distribution function: (a) WPG1 reactive power with the fault applied on line
6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) WPG2 reactive power with the

fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3
reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault
applied on line 8-9
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Figure 6.10: WPGs’ reactive power injection with power production developed using wind speed
modelled by the LDE distribution function: (a) WPG1 reactive power with the fault applied on line
6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (¢c) WPG2 reactive power with the
fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3
reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault
applied on line 8-9

6.4. Discussion of results

In section 6.2, wind speed from three South Africa measurements sites is modelled using
the Gumbel, Weibull, Wakeby, Rayleigh, Kappa, LDE and KDE. The results in Table 6.7
show that modelling the wind speed using the distribution functions preserves the spatial
correlation of the measured wind speed at the three sites. The results in Tables 6.8 and
6.9 show that distribution functions such as the KDE and the LDE, whose shapes are
not defined by parameters, fit wind speed density better than distribution functions such
as the Gumbel, Weibull, Wakeby, Rayleigh, and Kappa, whose shapes are defined by
parameters. Unlike distributions functions that have parameters, those without
parameters do not have a limitation on the wind speed density shapes they can model.
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A comparison of Tables 6.1 and 6.10 shows that only the KDE and Weibull model the
wind speed range at the three sites. The Gumbel, Wakeby, Rayleigh, Kappa, and LDE
do not synthesise low and high wind speed values at all the sites. These findings
highlight the importance of assessing the distribution functions’ wind speed range
modelling ability. As a result, selecting distribution functions based on their fit only does

not ensure that they also synthesise the wind speed range.

In section 6.3, the impact of the variable power produced by WPGs on the IEEE 9-bus
test system’s transient stability is assessed. The variable power produced by the WPGs
is developed using the measured and modelled wind speed. The results in Tables 6.11
and 6.12 show that wind speed modelled by distribution functions such as the KDE and
the LDE cause the power system to have similar transient stability to that observed when
measured wind speed is used. However, distribution functions such as the Gumbel,
Weibull, Wakeby, Rayleigh, and Kappa result in the power system transient stability
being dissimilar to that observed when measured wind speed is used. This is because
the KDE and the LDE fit the wind speed density better than the Gumbel, Weibull,
Wakeby, Rayleigh, and Kappa. This shows that the KDE and the LDE are good

candidates for modelling wind speed density.

6.5. Summary

In this chapter, wind speed variability from three sites was modelled using seven
distribution functions consisting of the Gumbel, Weibull, Wakeby, Rayleigh, Kappa, KDE,
and LDE. The distribution functions were assessed on the basis of their fit and wind
speed range modelling ability at each site. The wind speed was converted to the power
produced by three WPGs located in the IEEE 9-bus test system. The Enercon E-82 E2,
2.05 MW wind turbine power curve was used to convert the wind speed to power
produced by the WPGs. It was found that the KDE and the LDE have the best fit to wind
speed. It was also found that some of the distribution functions such as the Gumbel,
Wakeby, Rayleigh, Kappa, and LDE, did not synthesise low and high wind speed values
at all the sites. Investigating the impact of the variable power produced by the WPGs on
the transient stability of the IEEE 9-bus test system showed that wind speed modelled
using the KDE and the LDE caused the system to have similar transient stability as those

produced when measured wind speed was used.

Page 54 of 81



CHAPTER 7: TRANSIENT STABILITY ASSESSMENT USING
THE DETERMINISTIC AND PROBABILISTIC METHODS

7.1. Introduction

In the previous chapter, wind speed variability from three South African wind speed
measurement sites was modelled using seven distribution functions. The wind speed
was then used to develop the variable power produced by three wind power generators
(WPGS) integrated into the IEEE 9-bus test system. Furthermore, the impact of the
power produced by the WPGs on the test system’s transient stability was then assessed.
In this chapter, power system transient stability is assessed using the deterministic and
probabilistic methods. The two methods are used to investigate the impact of increasing
the load and varying the power produced by WPGs on the transient stability of the IEEE
9-bus test system.

7.2. Deterministic power system transient stability

7.2.1 Deterministic method power system scenarios

The deterministic analysis of transient stability entails developing a few power system
operating conditions which are then used to assess stability. The deterministic
assessment of the IEEE 9-bus test system’s transient stability is performed using the
scenarios shown in Table 7.1. Overall, nine scenarios are developed for the study.
Scenarios 1to 3, 4 to 6, and 7 to 9 represent the low, moderate, and peak system loading
conditions, respectively. During the low, moderate, and peak system loading conditions,
the total system load is set to 20%, 60%, and 100%, respectively, of peak system
demand. During each of the three system loading conditions developed, the power
produced by the three WPGs is also set to 20%, 60%, and 100%, of their peak
generation capacity. This is done to develop power system operating conditions with
different wind power generation penetration levels and system net-loading conditions.
The developed power system operating conditions are used to assess the impact of wind
power generation penetration levels and system net-loading on power system transient

stability.
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Table 7.1: Study scenarios

Scenario Bus 5 Bus6 | Bus8 | WPG1 | WPG 2 | WPG3
(MW) (MW) | (MW) | (MW) | (MW) | (MW)
1 25 18 20 2.05 2.05 2.05
2 25 18 20 6.15 6.15 6.15
3 25 18 20 10.25 10.25 10.25
4 75 54 60 2.05 2.05 2.05
5 75 54 60 6.15 6.15 6.15
6 75 54 60 10.25 10.25 10.25
7 125 90 100 2.05 2.05 2.05
8 125 90 100 6.15 6.15 6.15
9 125 90 100 10.25 10.25 10.25

Figure 7.1 shows the resulting wind power generation penetration levels and system net-
load for each of the nine scenarios developed. The wind power generation penetration
level and the system net-load for each scenario are quantified using equations (3.18)
and (3.19), respectively. The wind power generation penetration level is maximum when
the total system load is low, while the power produced by the WPGs is high. The inverse
is true for the low wind power generation penetration level. Scenario 3 has the highest
wind power generation penetration level (48.81%) because the total system load is at
20% of peak demand, while the power produced by the WPGs is at 100% of their
generation capacity. On the other hand, scenario 7 has the lowest wind power
generation penetration level (1.95%) because the total system load is at 100% of its
peak demand, while the power produced by the WPGs is at 20% of their generation
capacity. Scenarios 1, 5, and 9 each have a wind power generation penetration level of
9.76%. This indicates that different power system operating conditions with different
loading conditions and wind power generation power production conditions can produce
similar wind power generation penetration levels. This is because the penetration level,
as seen in equation (3.18), is based on the ratio between the total system load and the

total power produced by WPGs in a power system.

It can also be seen in Figure 7.1 that Scenario 3, which has the highest wind power
generation penetration level (48.81%), results in a system net-load of 32 MW. On the
other hand, scenario 7, which has the lowest wind power generation penetration level
(1.95%) has a system net-load of 309 MW. This shows that the system net-load reduces
when the wind power generation penetration level increases. This is because a larger
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proportion of the system load is supplied by the WPGs when the power they produce

increases.
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Figure 7.1: Wind power generation penetration level and system net-load

7.2.2 Deterministic power system transient stability results

The IEEE 9-bus test system’s transient stability is assessed by applying three-phase
faults sequentially on line 6-9 and on line 8-9, close to bus 9. Table 7.2 shows the study’s
results. During low (scenarios 1 to 3), moderate (scenarios 4 to 6) and maximum
(scenarios 7 to 9) system loading conditions, increasing the power produced by the
WPGs increases the wind power generation penetration level and reduces the system
net-load. In scenarios 1 to 3, the wind power generation penetration level increases from
9.76% to 48.81%, while the system net-load reduces from 57 MW to 32 MW. In scenarios
4 to 6, the wind power generation penetration level increases from 3.25% to 16.27%,
while the system net-load reduces from 183 MW to 158 MW. Also, in scenarios 7 to 9,
the wind power generation penetration level increases from 1.95% to 9.76%, while the
system net-load reduces from 309 MW to 284 MW. The reduction in the system net-load
results in Gen 3’s maximum rotor angle deviations increasing, thereby reducing the

system’s transient stability.
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Table 7.2: WPGs penetration levels, system net-load, and Gen 3 maximum rotor angle deviations

Scenario | Total Load | Total Wind Power | Penetration | Net-Load | Fault on Fault on
(MW) Generation (MW) Level (MW) line 6-9 line 8-9
1 63 6.15 9.76% 57 88.18° 84.11°
2 63 18.45 29.29% 45 91.920 87.350
3 63 30.75 48.81% 32 95.80° 90.62°
4 189 6.15 3.25% 183 43.280 45690
5 189 18.45 9.76% 171 47.03° 48.72°
6 189 30.75 16.27% 158 50.990 51.930
7 315 6.15 1.95% 309 3.960 17.62°
8 315 18.45 5.86% 297 6.540 19.390
9 315 30.75 9.76% 284 9.950 21.320

Referring to Table 7.2, it can also be seen that reducing the system load, while
maintaining the power produced by the WPGs constant (scenarios 7, 4, and 1, scenarios
8, 5, and 2, and scenarios 9, 6, and 3), results in Gen 3’s maximum rotor angle deviations
increasing. In scenarios 7, 4, and 1, the wind power generation penetration level
increases from 1.95% to 9.76%, and the system net-load reduces from 309 MW to 57
MW. In scenarios 8, 5, and 2, the wind power generation penetration level increases
from 5.86% to 29.29%, and the system net-load reduces from 297 MW to 45 MW. Also,
in scenarios 9, 6, and 3, the wind power generation penetration level increases from
9.76% to 48.81%, and the system net-load reduces from 284 MW to 32 MW. These
results show that increasing the wind power generation penetration level reduces the

system’s net-load, resulting in reduced transient stability.

In Table 7.2, scenarios 1, 5, and 9 have a wind power generation penetration level of
9.76%. However, the same scenarios have system net-loads of 57 MW, 171 MW, and
284 MW, respectively. Also, among the three scenarios, scenario 9 has the lowest Gen
3 maximum rotor angle deviations, followed by scenario 5 and then scenario 1. These
results show that power system operating conditions with similar wind power generation
penetration levels can result in different transient stability. The results also show that the
reduction in the power system’s net-load results in reduced power system transient

stability.
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7.3. Probabilistic power system transient stability

7.3.1 Probabilistic method power system scenarios

The probabilistic assessment of power system transient stability is conducted using
numerous samples of power produced by the three WPGs integrated into the IEEE 9-
bus test system. The system load, like in section 7.2 where the deterministic method is
used, is maintained at 20%, 60%, and 100% of peak demand to model low, moderate,
and peak loading conditions, respectively. The 5000 samples of power developed for
the three WPGs from measured wind speed in Chapter 6 are used in this investigation.
The numerous power system operating conditions are developed to create system
operating conditions with various wind power generation penetration levels and system
net-loading. They are used to assess the impact of varying levels of wind power
generation penetration and varying system net-loading on transient stability. For each of
the three loading conditions and the 5000 samples of power produced by the WPGs,
probabilistic studies are performed to assess the IEEE 9-bus test system’s transient
stability. Three-phase faults are applied sequentially on line 6-9 and line 8-9, close to

bus 9, and Gen 3’s maximum rotor angle deviations are monitored.

7.3.2 Probabilistic power system transient stability results

Figures 7.2 and 7.3 show scatter plots of the wind power generation penetration level
against Gen 3’s maximum rotor angle deviations when faults are applied on line 6-9 and
line 8-9, respectively, during low, moderate, and peak system loading conditions. The
wind power generation penetration level is quantified using equation (3.18). When faults
are applied on line 6-9, Gen 3’s maximum rotor angle deviations range between 86.52°
and 95.77° during low system loading conditions. During moderate system loading
conditions, Gen 3’s maximum rotor angle deviations range between 41.61° and 50.95°,
and they range between 2.82° and 9.91° during peak system loading conditions. When
faults are applied on line 8-9, Gen 3’s maximum rotor angle deviations range between
82.61° and 90.60° during low system loading conditions. During moderate system
loading conditions, Gen 3’s maximum rotor angle deviations range between 44.27° and

51.90°, and they range between 16.75° and 21.30° during peak system loading
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conditions. These results show that increasing the system load reduces Gen 3’s
maximum rotor angular deviations, thereby improving the power system’s transient
stability. Also, in Figures 7.2 and 7.3 there is a directly proportional relationship between
the wind power penetration level and Gen 3’s maximum rotor angle deviations. These
results show that increasing the penetration level of WPGs in a power system reduces

the system’s transient stability.
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Figure 7.2: Scatter plots of the penetration level of WPGs against Gen 3 maximum rotor angle
deviations when faults were applied on line 6-9: (a) low system loading, (b) moderate system
loading, (c) peak system loading
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Figure 7.3: Scatter plots of the penetration level of WPGs against Gen 3 maximum rotor angle
deviations when faults were applied on line 8-9: (a) low system loading, (b) moderate system
loading, (c) peak system loading
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Figures 7.4 and 7.5 show scatter plots of the system’s net-load against Gen 3’s
maximum rotor angle deviations when faults are applied on line 6-9 and line 8-9,
respectively, during low, moderate, and peak system loading conditions. Equation (3.19)
is used to quantify the system net-load. When the system load increases from low to
peak loading conditions, the system’s net-load also increases. It can also be seen that
there is an inversely proportional relationship between the system net-load and Gen 3’s
maximum rotor angle deviations. These results show that the power system’s transient
stability reduces because of the reduction in the system’s net-load caused by the

increased power produced by the WPGs.
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Figure 7.4: Scatter plot of the system net-load against Gen 3’s maximum rotor angle deviations
when faults were applied on line 6-9 during: (a) low system loading, (b) moderate system
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Figure 7.5: Scatter plot of the system net-load against Gen 3’s maximum rotor angle deviations
when faults were applied on line 8-9 during: (a) low system loading, (b) moderate system
loading, (c) peak system loading
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7.4. Discussion of results

In section 7.2, the transient stability of the IEEE 9-bus test system is assessed using the
deterministic method. The power system’s stability is assessed using nine scenarios of
load and power produced by the WPGs. In section 7.3, the probabilistic method is used
to assess the transient stability of the IEEE 9-bus test system. The power system’s
transient stability is assessed using three system loading conditions and 5000 scenarios

of power produced by the WPGs.

Table 7.2, and Figures 7.2 and 7.3 show that when using the deterministic and
probabilistic methods, respectively, when the load is increased, Gen 3’s maximum rotor
angle deviations reduce when faults are applied. This indicates that increasing the
system load improves power system transient stability. These results show that when
assessing the transient stability of a power system with integrated WPGs, the system’s
low loading conditions should be used as they result in the worst system operating
conditions for transient stability. It can also be seen in Table 7.2, and Figures 7.2 and
7.3 that increasing the wind power generation penetration level increases Gen 3’s
maximum rotor angle deviations. These results indicate that the power system’s

transient stability reduces when the wind power generation penetration level increases.

Table 7.2, and Figures 7.4 and 7.5 show that when using the deterministic and
probabilistic methods, respectively, reducing the system’s net-load results in increasing
Gen 3’s maximum rotor angle deviations, thus reducing the power system’s transient
stability. The system’s net-load reduces when the power produced by the WPGs
increases. Increasing the power produced by the WPGs results in a larger proportion of
the system load being supplied by the WPGs, causing the system’s net-load to reduce.
These results show that when assessing the transient stability of a power system
integrating WPGs, scenarios in which the system net-load is low should be used since

they result in the worst system operating conditions for transient stability.
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7.5. Summary

In this chapter, the impact of the variable power produced by WPGs on the transient
stability of the IEEE 9-bus test system was assessed using the deterministic and
probabilistic methods. When using the deterministic and probabilistic methods, three
system loading conditions were assessed, namely, low, moderate, and peak loading.
Also, when using the deterministic method, three wind power generation scenarios were
investigated, and 5000 wind power generation scenarios were investigated when using
the probabilistic method. When using both methods, it was found that increasing the
system load improved power system transient stability. It was also found that increasing
the penetration level of WPGs reduced the system’s net-load, causing the power system

to operate closer to transient instability.
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CHAPTER 8: CONCLUSION

8.1. Research conclusion

In this research, load and wind speed variability modelling using distribution functions
has been presented. The distribution functions were selected based on their fit and their
ability to model the data range. Also, the transient stability of a power system integrating
fully-rated converter wind power generators (WPGs) was investigated using
deterministic and probabilistic methods. The load and wind speed variability were
modelled using seven distribution functions each. The load was modelled using the
parametric Gaussian, Rayleigh, Wakeby, Kappa and Gaussian Mixture Model (GMM),
and the non-parametric Kernel density estimation (KDE) and Logspline density
estimation (LDE). While the wind speed was modelled using the parametric Rayleigh,
Weibull, Wakeby, Gumbel and Kappa, and the non-parametric KDE and LDE. It was
found that only the KDE and LDE had a good fit and modelled the load range for all the
loads. It was also found that only the Weibull and KDE modelled the wind speed range
at all the sites. However, only the KDE and LDE had a good fit to the wind speed at all
the sites. These findings show that not all distribution functions can synthesise the range
of the data they are modelling. Based on these findings, distribution functions should be
selected based on their fit and their ability to model the data range to ensure that they
can synthesise both low and high values. In this research, the distribution functions’
ability to synthesise the data range ensures that the load they synthesise can model low
and high power system loading conditions. It also ensures that the wind speed they
synthesise when converted to the power produced by WPGs can model low and high

power production conditions.

In addition to selecting distribution functions for modelling purposes, the impact of the
modelled load and wind speed on the IEEE 9-bus test system’s transient stability was
assessed. The power produced by WPGs integrated into the test system was developed
using the wind speed. It was found that the load modelled using the KDE and the LDE
produced transient stability results that were similar to those produced when measured
load was used. It was also found that wind speed modelled using the KDE and LDE

resulted in the WPGs producing power that caused the test system to have similar
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transient stability results to those produced when measured wind speed was used.
These results show that the KDE and the LDE can be used to model load and wind
speed variability in power systems integrating WPGs. This finding highlight that when
modelling load and wind speed variability, in addition to the commonly used distribution
functions, the KDE and LDE should also be considered because the data they
synthesise can result in similar power system transient stability results as those

produced when measured load and wind speed are used.

Furthermore, the deterministic and probabilistic methods were used to investigate the
impact of the variable power produced by fully-rated converter WPGs on the transient
stability of the IEEE 9-bus test system. Using both methods, it was found that when the
system load increased, the power system’s transient stability improved. An increase in
power system load improves transient stability because synchronous generation
operates with a larger margin to instability than when system load reduces. It was also
found that when the power produced by WPGs increased, the power system’s net-load
reduced, and this resulted in the power system’s transient stability also reducing. A low
system net-load reduces transient stability because synchronous generation operates
with a reduced margin to instability than when the system net-load is larger. These
findings highlight the fact that the transient stability of power systems integrating WPGs
should be studied using scenarios in which the power produced by WPGs is high, during
periods when the system load is low. These scenarios can result in low system net-
loading, causing synchronous generators to operate closer to transient instability,
thereby increasing the risk the power system becomes transiently unstable should faults

occur in the system.

8.2. Future research

It is recommended that future research investigate why a power system operates closer
to transient instability when its net-load reduces because of the increased power
produced by WPGs. Also, it is recommended that future research investigates system
loading and wind power generation conditions that increase the risk of power system

small-signal, voltage, and frequency instability.
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APPENDIX A: IEEE 9-BUS TEST SYSTEM PARAMETERS

Table A.1: IEEE 9-bus test system synchronous generator GENROU dynamic model data

Quantity G1 G2 G3
H(s) 2.6312 | 4.1296 | 4.768
D 2 2 2
ra (pu) 0.004 | 0.0016 | 0.004
xd (pu) 1.7 1.7 | 1.22
xq (pu) 1.65 162 | 1.16
*'d (pu) 027 | 0.256 | 0.174
¥'q (pu) 047 | 0.245 | 025
x'd (pu) 0.2 0.185 | 0.134
x"q (pu) 0.2 0.185 | 0.134
xlorxp (pu) | 0.16 | 0.155 | 0.0078
T'd0 (s) 3.8 48 | 897
T'q0 (s) 0.48 0.5 05
T"d0 (s) 0.01 0.01 | 0.033
7740 (s) 0.0007 | 0.0007 | 0.07
5(1.0) 0.09 | 0.125 | 0.1026
5(1.2) 0.4 045 | 0432

Table A.2: IEEE 9-bus test system synchronous generator IEEET1 exciter model data

Quantity G1 G2 G3
Tr(s) 0 0 0.06
Ka (pu) 200 30 25
Ta (s) 0.395 0.4 0.2
Ke (pu) 1 -0.02 | -0.0601
Te (s) 0 0.56 | 0.6758
Kf (pu) 0.0635 0.05 0.108
Tf (s) 1 1.3 0.35
E1 (pu) 2.88 2.5875 | 24975
Se1 (pu) 0 0.7298 | 0.0949
E2 (pu) 3.84 3.45 3.33
Se2 (pu) 0 1.3496 | 0.37026
Vrmin (pu) -3.84 -4.59 -1
Vrmax (pu) 3.84 4.59 1
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Table A.3: IEEE 9-bus test system synchronous generator BPA_GG governor system model data

Quantity G1 G2 G3
T2 (s) 0.05 0 0
T1 (s) 0.15 0.1 0.083

K1 (pu) 1 1 1
T (s) 0 0 0
R (pu) 0.00976 | 0.01852 0.04
T3 (s) 0.3 0.259 0.2
F5 (pu) 0.27 0.272 0.28
B (s) 1 1 1
T5 (s) 8 10 5
K2 (pu) 1 1 1
T4 (s) 0.26 0.1 0.05
PN (MW) 0 0 0
D 2 2 2
Pinitial (pu) [ 0.155663 | 0.710894 | 0.802105
Pmin (pu) 0 0 0
Pmax (pu) 0.8984 0.8518 1.056
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APPENDIX B: WIND POWER GENERATORS’ REACTIVE
POWER RESPONSE DURING SYSTEM FAULTS
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Figure B1: WPGS’ reactive power injection with power production developed using wind speed
modelled by the Weibull distribution function: (a) WPG1 reactive power with the fault applied on
line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) WPG2 reactive power with
the fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3

reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault
applied on line 8-9
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Figure B2: WPGSs’ reactive power injection with power production developed using wind speed
modelled by the Rayleigh distribution function: (a) WPGL1 reactive power with the fault applied on
line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (¢c) WPG2 reactive power with
the fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3

reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault
applied on line 8-9
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Figure B3: WPGS’ reactive power injection with power production developed using wind speed
modelled by the Gumbel distribution function: (a) WPGL1 reactive power with the fault applied on
line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (¢c) WPG2 reactive power with
the fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3

reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault
applied on line 8-9
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Figure B4: WPGS’ reactive power injection with power production developed using wind speed
modelled by the Wakeby distribution function: (a) WPG1 reactive power with the fault applied on
line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (¢c) WPG2 reactive power with
the fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3

reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault
applied on line 8-9

Page 80 of 81



(a

-

Reactive Power (MVAR)
- o - N w » L4 o ~

(b

~

Reactive Power (MVAR)
- o - N w » o o ~

0 1 2 3 4 5 6 T 8 9 10 0 1 2 3 4 5 6 4 8 9 10
Time (s) Time (s)

(c

-~

Reactive Power (MVAR)
-0 =2 N WA OO N OO

(d

-

Reactive Power (MVAR)
- 0 =2 N W s O N ©® O

Time (s) Time (s)

®

(e

-

Reactive Power (MVAR)
-0 =2 N W bHd OO N®®®WOo

Reactive Power (MVAR)
L 0o aNwaAEOON®O

Time (s) Time (s)

Figure B5: WPGSs’ reactive power injection with power production developed using wind speed
modelled by the Kappa distribution function: (a) WPGL1 reactive power with the fault applied on
line 6-9, (b) WPG1 reactive power with the fault applied on line 8-9, (c) WPG2 reactive power with
the fault applied on line 6-9, (d) WPG2 reactive power with the fault applied on line 8-9, (e) WPG3
reactive power with the fault applied on line 6-9, and (f) WPG3 reactive power with the fault
applied on line 8-9
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