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Abstract

Electrical energy is the most widely used form of energy worldwide. The world is
currently experiencing severe energy shortages as the fossil-fuel deposits are decreasing
at an alarming rate. The increased awareness about environmental hazards, caused by
the burning of fuels, is also forcing governments towards exploiting renewable-energy
resources. Wind is one the important renewable resources, abundantly available, and
offers the lowest cost per MWh as compared to most other renewable-energy resources.
Harvesting energy from the wind as an alternative to fossil fuels has many advantages
in terms of protecting the environment and promoting sustainability. However, voltage
profile of distribution networks with interconnected Wind Power Plant (WPP) can be
significantly affected ascribable to the limited capability of Wind Turbine Generators
(WTGsS) in regulating terminal voltage through reactive power control.

The interconnection of the WPPs to distribution networks must ensure that the
Point of Common Coupling (PCC) bus voltage is maintained within the allowable
steady-state voltage range defined in the grid codes. Furthermore, the overall X/R ratio
in distribution networks is small when compared to transmission networks. This makes
the voltage regulation more challenging in distribution networks. Given all these,
voltage stability at the PCC of a WPP is a key concern in the interconnection of WPPs
to distribution networks. The Short Circuit Capacity (SCC), line parameters, and the
corresponding system X/R ratio are the most important parameters which can be
calculated at a given point looking back to the distribution substation. These parameters
are very critical in dictating the voltage stability of a distribution network connected

WPP.



Abstract

This thesis addresses issues concerned with the interconnection of WPPs to
distribution networks through detailed voltage stability analysis studies. As the main
contribution of this thesis, a voltage stability analytical model has been developed for
modelling the relations between the PCC bus voltage (Vrecc), wind power generation
(Pwind), SCC, and the X/R ratio.

A sensitivity analysis was first carried out to gather datasets, which were used to
identify a numerical relation between the voltage and X/R ratio at the PCC of various
IEEE test systems with different SCR values. Analysis was carried out based on two
types of WTGs commonly used in the WPPs: Induction Generator (IG) and Double Fed
Induction Generator (DFIG). For each generator type, the obtained V-X/R data points
were then used to develop general forms of equations capable of modelling the relations
between the voltage, Pwind, and the PCC parameters. A Genetic Algorithm (GA) based
approach was then used to identify the coefficients of the developed equations. The
accuracy of the proposed equations was then evaluated using different scenarios
involving a wide range of operating conditions.

The work is novel and the proposed analytical model makes significant
contributions to knowledge by demonstrating the effects of key network PCC
characteristics on the PCC bus voltage stability. The proposed analytical model would
enable the network and grid interconnection engineers with a methodology that can be
used for the initial predictive assessment of viable interconnection sites from a steady-
state voltage stability view. The novel SCC and X/R based voltage-stability model has
high accuracy and enables a predictive analytical assessment on siting and sizing of
WPPs in distribution networks. It enables to promptly conduct three important voltage

stability criteria at potential distribution network interconnection points for 1G and
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DFIG-Based WPPs. These criteria are: Vpcc profile, the step-Vecc variation in response
to the change of Pwind, and the maximum permissible wind power capacities that would
satisfy grid code requirements in regards to steady-state voltage stability. The proposed
model simplifies the challenges concerned with finding optimal allocation and sizing of
WPPs in distribution networks using the existing approaches and removes the need to
carry out time consuming calculations.

A follow-on benefit of this work is the fact that it would enable a predictive
assessment on the quantity, structure, and cost of reactive compensation mix that would

be required at a given connection point.
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Chapter 1 Introduction

1.1 Background

Currently, many countries are faced with increasing demands of electricity, but
yet limited petroleum resources. Environmental concerns due to the release of
greenhouse gas emissions in fossil fuel combustion have become a major issue all over
the world [1]. These concerns have resulted in a trend towards higher penetration of
renewable energy generation systems in power networks and more investment in these
types of energy resources [2-5]. Wind power is one of the fastest growing and abundant
renewable energy resources. In relation to the advantages of wind power, it could
constitute an easily available, cost effective, sustainable, and environmentally-mild
energy source [6]. The global wind capacity in 2014 was around 370 GW, 16 percent
higher than the capacity in 2013. It increased by 17 percent to around 433 GW in 2015
and leaped to a new peak at around 487 GW in 2016. Considering the advancement of
the wind industry and the increased size of Wind Power Plants (WPPs) all over the
world, more research and investigations are needed and are being carried out into the
design, control, and interconnection of WPPs to power systems [7].

A significant portion of wind power is being installed in distribution networks as
small WPPs. In a distribution network, the network short circuit impedance angle ratio,
called the X/R ratio, is one of the most important characteristics that can be calculated at
any point looking back to the distribution substation. Short Circuit Capacity (SCC) is
another important characteristic of a distribution network. SCC determines the amount

of power flowing at a specific point in case of a short circuit [8]. The values of SCC and
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the overall system X/R depends on the location of the PCC point. Moreover, research in
the literature has demonstrated that there is a close relation between the distribution
network characteristics (X/R seen at the PCC and SCC) and the voltage stability at the
PCC connection point [9-12]. Considering the close relation between PCC location,
PCC parameters, and PCC bus voltage stability, the WPP size and interconnection site
selection must ensure the voltage stability requirements.

This thesis focuses on the issues concerned with the interconnection of WPP to
distribution network and develops a novel analytical model to simplify WPP site

allocation and voltage stability analysis in distribution systems.

1.2 Problem statement

As discussed in the previous section, X/R and SCC are the most important
parameters seen from a given point of a distribution network. A thorough literature
review about the significance of SCC and X/R seen from a given PCC point in PCC bus
voltage stability has been performed in Chapter 2. The majority of the works in the
literature dealt with the impact of the PCC parameters on voltage in general terms and
using simple scenarios.

The X/R ratio in distribution lines is considerably smaller than that in
transmission lines as the value of line resistance is high and near to line reactance [12,
13]. On the other hand, conventional approaches applied for voltage regulation through
reactive power compensation are mainly based on the reactance of the distribution
impedances and the resistance is ignored. Hence, these approaches are not appropriate
for distribution networks where the X/R ratio is small [8]. Therefore, continuous

increase in wind power penetration is likely to influence the operation of existing utility
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distribution networks, especially in terms of voltage stability under the existing reactive
power control schemes.

The value of SCC at a given point depends on nominal voltage and the inverse of
the equivalent impedance value seen from that point [8]. In a distribution network
connected WPP, the ratio between SCC of the system and rated wind active power
(Pwing) is called Short Circuit Ratio (SCR). SCR signifies the amount of Pwing that can be
injected to the distribution network without an adverse impact on voltage stability and
Power Quality (PQ) at the PCC [14]. Larger values for the SCR parameter indicate
lower PQ concerns. However, the SCR value in distribution networks connected WPP is
generally small. The reason is the fact that, from planning and operation perspectives,
one of the motivations for allocating WPPs is to have suitable condition for collecting
efficient wind power. However, sites with a suitable wind condition are generally
located far from the distribution substation. This makes Zeq seen at the PCC large [15].
Furthermore, the voltage value in distribution networks is smaller than that in
generation and transmission networks. Hence, at the PCC point of a distribution
network connected WPP, high Zeg and small voltage value make SCC small.
Consequently, a small SCC results in small SCR values and imposes serious problems
in terms of voltage stability and PQ requirements at the PCC point, especially in large
wind power penetration [11].

In each country, the electricity markets specify particular technical rules, namely
grid codes, in regards to voltage regulation according to their regional network
characteristics. A comparison of several grid codes legislated in Australia, Canada, and
European countries can be found in [16]. For removing the voltage stability issues

mentioned earlier, the WPP size allocating process must ensure that the PCC bus
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voltage (Vrcc) stays within the acceptable steady-state voltage range defined by the grid
codes.

In Chapter 2, a detailed literature review has been performed to envisage the
recent approaches proposed for finding optimal allocation and sizing of WPPs in
distribution networks. The majority of these approaches are based on modelling and
simulation of the whole system and/or calculating the bus impedance matrix (Z-bus),
inverse of the bus admittance matrix (Y-bus™), and the Jacobean matrix [17-22]. The
assumptions used for the simplifications of the calculation of these matrices are not
valid in distribution systems [23]. Moreover, the simulation of distribution networks is a
demanding process due to the size and complexity of these networks. Therefore,
proposing a novel method which simplifies the WPP optimal size allocation process is a

noticeable gap in the literature.

1.3 Research objectives

The research presented in this thesis aimed to investigate the issues related to the
interconnection of WPP to distribution networks through detailed voltage stability
analysis. To eliminate the various weaknesses of optimal WPP siting and sizing
methods proposed in the literature, an analytical voltage stability model was proposed
during the course of this research. The proposed model relies on the mathematical
relation between PCC bus voltage and the PCC characteristics of a distribution network
penetrated by WPP.

The specific aims of this research were to:

e Model different test distribution networks based on IEEE standard distribution
models, IEEE 37-bus and IEEE 9-bus networks in Simulink, and carry out voltage

stability analysis studies using these standard networks
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¢ Investigate the effect of the PCC characteristics of a distribution system connected
WPP on the PCC bus voltage stability through Power-Voltage (PV), Reactive
Power-Voltage (QV), Power—Reactive Power (PQ), Voltage-SCR (V-SCR), and
Voltage-X/R ratio (V-X/R) analysis studies comparing and contrasting results
among the test systems.

e Propose a novel voltage stability analytical model demonstrating the mathematical
relations between Vpcc, Pwind, SCC, and X/R ratio seen at the PCC using a Genetic
Algorithm (GA)—Based approach.

e Validate the accuracy of the proposed analytical model in predicting three
important voltage stability criteria at a given connection point of a distribution
network penetrated by wind power, including: Vpcc profile, step variation of Vpcc
due to the change of Pwind (AVrcc), and the WPP maximum permissible size
ensuring the grid code requirements (Pmax-wind).

1.4 Research methodologies and techniques
In this research, a step by step approach was followed to achieve the research
objectives mentioned above. These steps are summarised in the following.
e Step 1 - Literature review on voltage stability analysis in WPPs
A broad literature review on the voltage stability issues due to the interconnection
of the WPPs to the distribution systems has been completed. Preparing this literature
review resulted in achieving a holistic view of the existing knowledge as well as the
problems and challenges. The effect of distribution system characteristics seen from a
given PCC site on Vpcc stability was overviewed in details. The recent Research and
Development (R&D) works concerned with the optimal PCC site selection and sizing of

WPP with the aim of Vpcc stability improvement have been investigated in details.
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Moreover, the review of the literature focused on knowledge gaps yet to be addressed
and possible future work in this field of Power/Electrical Engineering.
e Step 2 — MATLAB simulation modelling for voltage stability analysis
studies
Following the wide-scoped literature review explained above, research work has
been dedicated to investigate the effects of SCC, X/Rpcc, and wind power injection on
Vece stability. For this purpose, different distribution test systems were considered,
modelled and simulated using MATLAB/Simulink. The test systems are based on IEEE
standard distribution models: the IEEE 9-bus and IEEE 37-bus systems. The
distribution network topologies and the PCC bus location, as well as the PCC
parameters (X/Recc and SCC) values are different amongst the test models. The
designed simulation models are then used to carry out voltage stability analysis studies
regarding different PCC parameters. Analysis studies were carried out for two common
two types of WTGs: Induction Generator (IG) and Double Fed Induction Generator
(DFIG). This step was particularly important to analyse the behavior and effects of such
parameters on the Vpcc stability since the proposed analytical model has to account for
them. The development of the proposed voltage stability analytical model was heavily
based on these findings.
e Step 3 - Design of a novel voltage stability analytical model
Once the necessary investigations concerned with the effect of PCC location and
the value of the PCC parameters on the Vpcc stability was completed, a novel voltage
stability analysing method has been designed. This new method is based on an
analytical model considers a series of mathematical relations between PCC bus voltage,

SCC, X/Rrcc, and Pwing. In this respect, a sensitivity analysis was carried out to find a
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numerical relation between Vecc and X/Recc in different test systems with different
SCR values. In each test system, the X/Rpcc ratio was changed to monitor the Vpcc
profile for each X/Rpcc value in a fixed SCR network. The obtained numerical results
were used to plot the Vpecc-X/Recc characteristics for each test system. Taking the
advantage of the Vpcc-X/Recc characteristics, a series of equations were developed to
show the general forms of the mathematical relations between Vpcc, X/Rpcc, and SCR.
This was the first step before further detailed studies on the proposed numerical models
could be conducted. At this step, the values of the coefficients of the equations were not
determined.

Later on, a GA based approach was used to determine the values of the
coefficients of the developed equations for the lowest deviation with respect to the
reference V-X/R characteristics obtained in the first step. Considering that the SCR ratio
is the ratio between the grid SCC and the power injected by the WPP, the proposed
equations were rewritten in terms of Vpcc as a function of X/Recc, SCC, and wind
active power. These equations enabled to estimate the Vpcc value for different wind
power penetrations at a given PCC site with specific SCC and X/Rpcc values.
Furthermore, the equations were developed in terms of wind active power as a function
of Vpcc and PCC parameters, which enabled to calculate the maximum power that could
be injected by the WPP to a given connection point ensuring that the PCC voltage stays
within the acceptable steady—state range defined by the grid codes.

e Step 4 - Validation and development of the proposed analytical model

At this step, the main idea was to evaluate the accuracy of the proposed equations

in predicting the most important voltage stability criteria at a given connection point of

a distribution network connected WPP, including: Vecc profile for different wind power
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penetration, AVpcc, and Pmax-wind. In this regards, the proposed equations were initially
verified using different scenarios based on the test systems designed and simulated in
Step 3. Later on, it was shown how the proposed equations could be developed for
predicting voltage stability criteria in new test distribution systems with different PCC
characteristics and parameters. The presented validation results confirmed the high
capability of the proposed equations in predicting the voltage stability criteria at a given

connection site of a distribution network penetrated by WPP.

1.5 Research contribution and significance
As the main contribution of this research, very informative mathematical
equations have been proposed to simplify the initial WPP site and size analysis
challenge and enable engineers compute an initial predictive assessment on the voltage
stability at a given connection point without the need to carry out complex and time
consuming computational tasks or modelling of test systems.
In summary, the major contributions of this thesis are:
e Investigation into the impact of the WPP interconnection on PCC bus
voltage stability
This research addresses issues concerned with the interconnection of WPPs to
distribution networks through detailed voltage stability, PQ, QV, PQ, V-SCR, V-X/R
analysis studies. The analysis provided a holistic view about the impact of PCC
parameters on PCC voltage stability in grid connected WPPs.
o Development of mathematical equations for projecting Vecc and Avecc
The detailed development of the mathematical relations between Vpcc, SCC,

X/Rpcc, and Pwing has been presented for both IG and DFIG-Based WPPs. This is a very
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important contribution for achieving an analytical model that enable to conduct an
initial predictive assessment on voltage stability and predict the value of voltage and
step—voltage variation in response to the change of wind power at a potential PCC bus
in a distribution network connected to WPP.
e Development of mathematical equations for projecting WPP maximum
allowable size

A series of mathematical equations were developed to estimate the maximum
power which can be injected to the distribution system while the PCC bus voltage stays
within the acceptable steady-state range. PCC parameters, which can be easily
calculated at any point looking back to the distribution substation, are the only unknown
of the proposed equations. PCC parameters can be easily computed using power flow
analysis software. Hence, the proposed equations enable to promptly compute the size
of a WPP without the need to solve complex and time consuming computational tasks.
1.6 Thesis structure

Chapterl gives an overview of the thesis, its objectives and contribution to the
knowledge. It also sheds some light on the methodologies used in the research. Chapter
2 provides a comprehensive literature review with regard to the interconnection of the
WPPs to the distribution systems and introduces the concepts of X/R ratio at a given
PCC point (X/Rrecc), SCC, and SCR. Furthermore, it envisages the recent techniques
and approaches used for optimal placement and sizing of WPP in distribution systems.
Correspondingly, the knowledge gaps and potential research directions for future
development in this field have been identified.

Following this review and the detection of the research field, Chapter 3

investigates the significance of X/R, SCC, and SCR on voltage stability at a given PCC
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point of a distribution system connected WPP. For this purpose, PV, QV, PQ, and V-
SCR analysis studies have been carried out using test systems simulated in
MATLAB/Simulink. The test systems are based on IEEE distribution models connected
IG and DFIG-Based WPPs.

As the main contribution of this research, in Chapter 4, a novel voltage stability
analytical model was developed to show the mathematical relations between Vpcc,
X/Rpcc, SCC, and Pwing. The proposed model consists of six equations developed for
predicting the most important voltage stability criteria regarding the WTG type and the
range of X/Recc. Three equations were proposed to calculate the voltage profile and the
step variation of voltage due to the change of wind power injection at a given
connection point. Furthermore, three equations were proposed to estimate the maximum
wind power could be injected to the grid while the Vpcc is maintained within the
acceptable steady-state range.

Chapter 5 gives the details of the simulation works and numerical analysis studies
undertaken to validate and confirm the intellectual contributions made in the preceding
Chapters. Validation studies have been carried out using different scenarios based on
test systems designed in Chapter 4 to evaluate the capability of the proposed model in
estimating and calculating the considered voltage stability criteria.

Upon validating the proposed voltage stability analytical model for the test
systems designed in Chapter 4, the model is further developed in Chapter 6, such that it
satisfies new test distribution systems with different PCC parameters. Also, the
developed model will be validated using different scenarios involving a wide range of
operating conditions. Finally, Chapter 7 summarises the whole research work,

highlights the contributions made and draws the conclusions.

10



Chapter 2 - Literature Review on Site and Voltage
Stability Analysis in WPPs

2.1 Introduction

Distribution networks are one of the most important parts of the electrical
networks as they are the interface between transmission system and individual
consumers. Distribution systems must supply the consumer demand with an appropriate
quality and continuity [24]. This signifies that a distribution network service provider
must provide the requirements and limitations concerned with supply voltage range,
voltage fluctuations, voltage dips, and step voltages [25].

The ability of a power system in providing proper supply of electrical energy,
expressed as the reliability of that system, is an important factor in the designing and
planning process [26]. Power shortage due to an unexpected mismatch between
generation and demand is the most important concern in systems with low reliability.
Apart from low reliability, power shortage happens as a result of voltage instability [27,
28]. The system enters into a state of voltage instability when the increase in load or
changes in the system condition results in a continuous decrease in voltage. A
distribution feeder has to ensure a high quality power supply to customers connected on
that feeder with an appropriated voltage profile. Furthermore, a distribution network
service provider has to ensure minimum loss in transferring power from source to the
customers. Hence, three main criteria in the planning and design of distribution
networks are increasing the reliability of the distribution system, reduction of power
losses, and making improvements in the voltage profile over that network. In achieving
these aims, Distributed Generation (DG) could play a key role. DG can reduce power

losses, improve Power Quality (PQ) to end users, and sort out peaks in demand patterns

11
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[29, 30]. DG technology was principally used as a backup power source to supply
electricity for individual customers during grid power outages. Nowadays, the recent
advances in DG technologies enabled this power solution not only to feed small
personal customers but also support the entire network in parallel with the grid.

Wind power is one of the fastest growing and abundant renewable energy
resources. It constitutes an easily available, cost effective, sustainable, and clean energy
source [6, 31, 32]. Large installations of Wind Power Plants (WPPs) are often
connected to transmission networks. However, a significant portion of wind power is
being installed in distribution systems as small WPPs. The impact of WPPs on reducing
power losses, voltage stability improvement, and increasing the reliability of the system
are very critical in designing WPPs. However, the effect of WPPs on the voltage
stability is more important than the two other criteria [33]. This effect is ignorable in
low wind power penetration. However, high wind power penetration influences the
voltage stability of utility distribution networks, which is a key concern from a planning
and operation perspective [34, 35] .

Works in the literature have shown that there is a relation between size and
location of WPPs, voltage profile and voltage variation due to the change wind power
generation [10, 36-39]. Allocating WPPs in traditional distribution systems may inflict
unwanted challenges in terms of voltage stability and PQ concerns. In traditional
distribution networks, voltage profile at the buses is generally close to the boundaries of
the allowable steady-state voltage range [14]. This adversely impacts on the system
security [15]. Under these circumstances, the size and location of WPPs connected to
distribution systems must ensure the voltage stability limitations [10, 36, 40, 41].

Identification of the optimal size and location of a WPP could help to reduce voltage

12
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stability requirements and save extra costs concerned with voltage regulation. Therefore,
correct WPP size allocation is of great importance in designing and planning process.

Many researchers have proposed different approaches to find optimal siting and
sizing of WPPs in distribution networks. Most are based on Artificial Intelligence (1A)
approaches. Few other solutions are based on analytical approaches or Optimal Power
flow (OPF) [17, 42-45]. However, the main drawback of these studies is the need to
compute large dimensional matrices or simulate and model test distribution systems,
which is computationally demanding and takes a long time [17]. As discussed, the
location of a WPP has a significant impact on voltage at the connection point. As a
result, many Research and Development (R&D) needs have evolved as a necessity to
allocate WPP in distribution systems. However, the problems mentioned above
adversely impact the useability and simplicity of the existing WPP allocation
approaches. These problems can be eliminated through developing mathematical
formula that would allow a predictive assessment of a candidate Point of Common
Coupling (PCC) by studying the relations between PCC voltage (Vrcc) and the key
characteristics of distribution networks. This is highly recommended in [46].
Development of such mathematical formulations would ideally remove the need to
simulate the test systems and collect data pertaining to different components of the
system, and serve as a preliminary assessment tool.

A distribution system is characterised by different parameters. Short Circuit
Capacity (SCC) is one of the most important parameters of a system, which measures
the amount of power flowing at a specific point in case of a short circuit [8]. The ratio
between SSC of the system and rated power of the WPP is called Short Circuit Ratio

(SCR) and indicates the amount of power that can be accepted by the power system
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without affecting PQ at the PCC [14]. Another important factor to characterise the
distribution system is the system short circuit impedance angle ratio, called the X/R
ratio. The X/R ratio, a means of expressing the Power Factor (PF) of the source system,
is simply the ratio of the system reactance to the system resistance, and can be
calculated at any point looking back to the power source [11]. It is important because it
affects the operation of a power system network [41].

This chapter presents a detailed review of the literature with regard to the
interconnection of the WPPs to the distribution systems by outlining the existing
knowledge as well as the problems and challenges being encountered. It also provides
an overview of mathematical formulations between Vpcc and most important parameters
of distribution networks, i.e. SCR and X/R ratios. Finally, it focuses on knowledge gaps
yet to be addressed and possible future work in this field of Power/Electrical

Engineering.

2.2 Wind energy systems and interconnection into distribution systems

The increase in wind power penetration in power systems necessitates methods
and schemes to control WPPs similar to the way that conventional power plants are
controlled [47]. This signifies that the interconnection of WPPs to power grids have to
satisfy grid code requirements. This section investigates challenges concerned with
voltage stability in WPPs according to the acceptable voltage ranges defined by
Australian grid code.
2.2.1 Power quality standards - VVoltage:

Interconnection of the WPPs to distribution networks must ensure that Vpcc is
maintained within the allowable steady-state voltage range defined in the grid codes.

Referring to grid code requirements with regards to voltage control in various countries

14
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such as UK, Australia, and Canada [48, 49], the acceptable steady-state voltage range at
the PCC of a power system connected to rotating electrical machines, specifically
WTGs, is between 95% and 105% of network rated voltage (0.95 p.u. < Vpcc < 1.05
p.u).

Apart from Vecc profile, the magnitude of Vpcc fluctuation is another important
criterion has to be considered in the interconnection of WPPs to distribution systems.
This signifies that the step voltage variation as response to the change, either increase or
decrease, of wind power injection must be maintained within acceptable levels defined
by the grid code. Table 2.1 includes a list of recommended limits for step voltage
changes at a given PCC point regarding the grid voltage level [50, 51]. In Table 2.1,
medium voltage refers to V < 44 kV and high voltage refers to V > 44 kV.

Table 2.1  Indicative planning levels for step-Vecc changes as a function of the number of
such changes per hour [50, 51].

Step voltage variations (%)
Number of Changes per hour (n) 7 oiage (HV) Medium Voltage
n<1 4 3
1 <n<10 3 2.5
10 < n < 100 2 1.5
100 < n < 1000 1.25 1

Distribution networks are classified as MV networks. As shown in Table 2.1, the
step-Vpcc Vvariation in MV networks should normally be maintained around 3%.
According to the grid code requirements in regards to voltage control, it is concluded
that at the point of common coupling, and under normal operating conditions, voltage
profile must be maintained between 0.95 p.u. and 1.05 p.u. and a voltage fluctuation

will generally not exceed 3 %, although fluctuations of up to 4% may occur.
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2.2.2 Voltage stability challenges in WPPs

The continuous increase in wind power penetration is likely to influence the
operation of distribution networks, especially in terms of voltage stability [52, 53].
Figure 2.1 shows a simple single line diagram of a WPP connected to a distribution
network [54]. According to Figure 2.1, each Wind Turbine Generator (WTG) has a
transformer to increase the WPP voltage to the level of the distribution system voltage.
WTGs are connected to the distribution system through one of the network buses, called
PCC bus. Reactive power compensators are often used at the PCC to regulate the
voltage and maintain it within the normal operation range. From Figure 2.1, the
distribution line is modelled using its reactance (X) and resistance (R) values, and the

line capacitance is usually ignored.

Distribution lines

X R
Other feeders Distribution
._/V\A,_,‘YYY)_
transformer
Higher voltage
Reactive power W grid
compensator
— \I @ AAN =YY
I ) : Wind turbine \
Wind turbine transformer Point of Common Coupling
generator (PcC)
3 _ Wind turbine .
Wind turbine  ¢ransformer .
generator

Figure 2.1 Single line diagram of a distribution system connected WPP [54].

Using the Thévenin theorem, from the perspective of a specific point on the

distribution system, the whole system can be modelled as a Thévenin voltage source
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connected in series with a Thévenin equivalent impedance. Figure 2.2 shows the

Thévenin equivalent circuit of the distribution system as seen from PCC [11].

Vth Vpce VwraG

7 Wind farm
s¢ transformer

Rsc + j Xsc ( g i ) WTG

Figure 2.2 Thévenin equivalent circuit of distribution system [11].

In Figure 2.2, Thévenin voltage source (V) equals the open circuit voltage seen
from the PCC. Furthermore, all the components between PCC and the distribution
substation can be modelled using an equivalent Thevenin impedance, so called the grid
short circuit impedance (Zsc). Thévenin theorem signifies that the system short circuit
impedance is the ratio between the Thévenin voltage source (V) and three phase short
circuit current (lsc) at the given point.

As discussed, the system short circuit impedance angle ratio, namely the X/R ratio,
is one of the most important characteristics of the system [55]. Existing technologies
used for voltage regulation through reactive power control are mainly based on the
reactance of the distribution impedances and the resistance is ignored. Hence, these
approaches are most appropriate for transmission systems where the value of the line
reactance is greater than the line resistance resulting in a high system X/R value [32].
However, in distribution systems, the line reactance is low resulting in a low X/R ratio.
This often hinders the feasibility of common reactive power compensation schemes and
other, unconventional, ways of voltage control may need to be used [26].

Another important factor to characterise the power system is the SCC [10, 11, 55,

56]. The SCC of a distribution system can be calculated from Eg. (2.1) [57]:
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2
SSC = 3 XV ey X lye = 3 X Vi)™ (2.1)
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Where V .., IS the rated voltage of the system, which is normally 1 p.u.

The SCR is the ratio of the grid short circuit power level to the WPP MVA rating
as shown in Eq. (2.2):

Grid Short Circuit Power Level ~ SSC
Rated Wind Farm MVA P

rated

SCR = 2.2)

Generally, systems with an SCR greater than 20 are rated as stiff systems where
grid code requirements are met [11].

Referring to Eq. (2.2), the value of SCC at a given point mainly depends on the
rated voltage and the inverse of the absolute value of the equivalent impedance seen at
this point [8]. Considering that sites with good wind conditions are generally located far
from the substation, WPPs are usually connected to grids through long lines making Zsc
seen at the PCC large [54], which results in a small SCC at the PCC. Referring to Eq.
(2.2), a low SCR value is therefore common in WPPs due to the high grid impedance
and low SCC. This leads to PQ concerns such as poor voltage regulation, voltage dips
and voltage swells depending on the network strength, connected generation capacity,

type of the generator, and etc [52].

2.3 Voltage regulation in the WPPs

Existing technologies used for voltage control are based on reactive power
compensation. The cost of voltage control through reactive power compensation is one
of the most important challenges hindering the penetration of WPPs regardless of the

generator types used in WPPs or the type of the reactive compensation approach (static
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or dynamic) [58]. This problem is more critical in the small WPPs connected to the
distribution system, where investors try to save costs as much as possible.

Another disadvantage of voltage regulation through reactive power compensation
is that it decreases system reliability [53]. Generally, a system controller coupled with
the generators controls real and reactive power generated by individual generators based
on the thermal capability and/or voltage limits of the individual generators. WTGs
interpret received commands and excite their generators to produce the reference
reactive power. Real and reactive power commands are received by the system
controller from a utility grid operator [59]. Considering that the WPP is usually at the
terminal of grid, communication between the grid operator and control system for
exchanging the commands is a big challenge and adversely impacts on the voltage
stability margin [53].

As discussed above, voltage regulation approaches through reactive power control
suffer from economic and technical problems. Therefore, investigation of the factors
that impact on the voltage stability is critical in the interconnection of WPPs to
distribution networks. One of the important factors that affect the Vpcc of the WPPs is
the type of the generator connected to the wind turbine. The following sub-sections

review the effect of WTG type on voltage stability.

2.3.1 Effect of generator type on voltage

There are various WTG designs, classified by machine type and control speed
capabilities, which can be used in WPPs. Modern WPPs utilize machines that are
designed to harvest the highest energy from wind. However, older types of WTGs have
widely been installed and are expected to continue to operate for the remainder of their

economic life [60]. This section investigates four common types of generators used in
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the WPPs. The advantages and disadvantages of each type are discussed in terms of the

capability of the generator in voltage regulation, cost, and etc.

2.3.1.1 Types 1 and 2

The use of Induction Generators (IGs) connected directly to the distribution
network is one of the simplest approaches of running a WPP. In this case, WTGs are
categorised into two types. Type 1 is fixed-speed wind turbine based on Squirrel Cage
Induction Generator (SCIG). This type of WTGs can run within a speed range which is
very close to the synchronous speed. Hence, it is required that the turbine blades rotate
at a nearly constant speed.

The second type of 1G-Based wind turbines are semi variable-speed wind turbine
based on wound rotor IG. In this construction, a thyristor-controlled variable resistance
is connected to the rotor windings. Taking the advantage of thyristor-controlled variable
resistance, the generator operating point can be adjusted up to 10% greater than the
synchronous speed. Type 2 wind turbine generators are generally preferred to Type 1.
However, in both constructions, the generators cannot control reactive power and
require reactive power support for magnetization [61].

Despite the incapability of IGs in reactive power control and voltage regulation,
there are numerous installations of WPPs based on 1Gs throughout the world. The main
advantages of IG are: simple construction, low cost, maintenance and operational
simplicity, self-protection against overload and faults, etc. [62]. There are many SCIG
based fixed speed WPPs operating across USA, India, and Canada with significantly
high installed capacities [62]. A large number of WPPs in the National Energy Market
(NEM) in Australia are based on IGs, especially Type 2. According to Australian

Energy Market Operator (AEMO) report in 2013, 1160 MW or 45% of the WPP
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installations in Australia are based on Types 1 or 2 [60]. Most of these installations are
located in New South Wales (NSW), South Australia (SA), Tasmania (TAS), and
Victoria (VIC). Few of these installations have been listed in Table 2.2 including the
name of the WPP installation, region, overall size, manufacturer name, generator type
and model [60].

Table 2.2 Summary of NEM installations based on Type 1 and Type2 WTGs [60].

Capacity

Name Region (MW) Factory Model | Type
Blayney Wind Farm NSW 9.9 Vestas V47 2
Lake Bonney Stage 1 wind farm SA 80.5 Vestas V66 2
Woolnorth Wind Farm Stages 1 and 2 TAS 54 Vestas V66 2
Toora Wind Farm VIC 21 Vestas V66 2
Starfish Hill Wind Farm SA 34.5 NEG Micon | NM64 1
Challicum Hills VIC 52.5 NEG Micon | NM64 1

As mentioned, 1Gs cannot supply reactive power. Therefore, the required reactive
power is drawn from an external source such as grid. The absorption of reactive power
from the grid reduces the voltage at the system buses. If the reactive power absorption
reduces the voltage below the supply range, then another reactive power source would
be required to compensate for the lack of reactive power and regulate the voltage. In this
the use of case, fixed capacitor banks is the simplest method for reactive power control
in 1Gs. However, the use of 1Gs with fixed capacitor banks increases the risk of self-
excitation during off grid operation [63].

Apart from capacitor banks, Flexible Alternating Current Transmission System
(FACTS) devices are also used to improve the voltage regulation process. Static Var
Compensator (SVC) and Static Synchronous Compensators (STATCOMS) are the most
common types of FACTS devices used in the power system. However, the main
disadvantage of the former is that SVC provides reactive current proportional to the

voltage. This means that reactive power supply is decreased at low voltages [64]. The
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poor operation of SVCs and fixed capacitor banks is more critical when the Wind
Energy Converters (WECS) do not have the Under-voltage Ride Through capability.

To overcome the problems caused by SVC, Static Synchronous Compensators
(STATCOMS) have been applied in most of the WPPs. The works discussed in [65-67]
proposed a reactive power control scheme based on STATCOM and Battery Energy
Storage System (BESS) in a grid connected wind power system. The BESS is used as
an energy storage source to control voltage. The shunt connected STATCOM with
battery energy storage is connected with the interface of IG and load at the PCC in the
grid system. The BESS naturally maintains DC capacitor voltage constant and sustains
the real power source under fluctuating wind power. However, high costs for electrical
infrastructure and additional energy storage system and the costs for STATCOM
maintenance are the disadvantages of these approaches [58]. These costs could be saved
using WEC with "STATCOM inside" capability [68, 69]. With this technology, the grid
operator has the opportunity to constantly dispatch the reactive power of wind power
plants. This type of STATCOMs also provides dynamic reactive power supply in the
event of faults with transient over- and under-voltages, as well as voltage vector jumps
at the WEC terminals. However, additional costs for control unit and communication

link are still required [58].

2.3.1.2 Types 3 and 4

Apart from IGs, Double-Fed Induction Generator (DFIG) is another common type
(Type 3) of generator used in wind power systems. The main advantage of DFIG is that
this type of generators have the capability of controlling the reactive power and the
reactive power demand is not sensitive to terminal voltage variations [70]. An additional

advantage associated with type 3 turbines is that the grid is not significantly impacted
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by variations in the prime mover, which results in a reduction in flicker levels. These
turbines however require higher maintenance when compared to SQIG machines. This
is due to the connection arrangements between the rotor and converter which consists of
brushes and slip rings. Grid performance capability is not affected with these turbines.
Due to the current trend of turbine installations across the NEM, which shows an
increasing popularity for the use of Type 3 machines, it is expected that by 2020 these
machines will constitute a high percentage of new installations across the NEM [60].

Generators based on Full Converter (FC) are the new generation of WTGs
(Typed), in which all power extracted from the wind is managed and transferred to
utility grid by a power electronics converter. Enercon and Siemens introduced the
concept of FSC for Wind Turbine Systems. In this case, ABB has delivered nearly
10,000 SQIGs for FC application to leading wind turbine manufacturers since 2003.
This structure is a suitable alternative to high speed Permanent Magnetic (PM)
generators as SQIGs offer robust conventional technology with good efficiency and
small size [71]. However, the costs for employing a full scale power electronics
converter make Type 4 more expensive than Types 1 and 2 [72]. Currently, Type 4
WTGs are mainly used in large-scale WPPs and off-shore wind turbines [72].

Therefore, the cost for the voltage control through reactive power compensation is
a big challenge in penetrating WPPs [10, 58, 73]. This is more problematic in the weak
feeders where the high impedance seen from causes many PQ concerns [52, 54].
Therefore, a better design of the WPP plays a pivotal role in decreasing the PQ concerns
and the need to voltage regulation through reactive power compensation. This increases

the reliability of the systems and saves many costs.
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2.4 Interconnection Site Selection

It is clear that wind resources assessment, i.e. determining the annual energy
production and thus the revenue, is the preliminary step of the WPP planning process.
Consequently, safe and economical grid interconnection is another issue that is being
discussed upon planning the initial development of the WPP. In this respect, site
selection for connecting the WPPs to the distribution network is an important phase in
the design and planning process.

Effect of DG placement on the voltage variation and power losses has been
widely investigated in the literature [40, 41, 43, 45, 74, 75]. DG allocation techniques
proposed in the literature can be divided into two groups: analytical approaches and Al
approaches. However, few other solutions such as mathematical approach have been

proposed in the literature. These approaches are discussed in the following sub-sections.

2.4.1 Analytical approaches

In analytical approaches, an objective function is formulated in order to find the
best site for the connection of a DG to the grid. Then, the objective function is
optimised in order to ensure lowest active power losses and/or maintain Vpcc variation
[38].

Gozel and Hocaoglu proposed an analytical methodology for the optimal
allocation of DGs in distribution systems [43]. The main idea was to minimise active
power losses. The authors carried out sensitivity analysis based on the equivalent
current injection. Most analytical approaches are based on the exact power loss formula
[17]. An exact formula-based solution for real power loss allocation was proposed in
[18, 76-78]. Khan and Choudhary developed a similar method for optimal DG

allocation in order to reduce the power losses and improve Vpcc stability [75]. However,

24



Chapter 2—L iterature Review on Site and Voltage Stability Analysis in WPPs

these approaches are based on the inverse of bus admittance matrix (Y-bus?), or
Jacobean matrix. The calculation of the inverse of the Jacobean and Y-bus matrices is
not a serious concern thanks to various algorithm proposed for computing matrix
inversion [79, 80]. The proposed algorithms avoid the need for large storage space in
the digital computer and save computational time in off-line analysis. However, the
efficiency of the proposed algorithms is adversely impacted in real-time applications
and/or systems with a large number of buses [17]. More importantly, the assumptions
used for the simplifications of the calculation of these matrices are often not valid in
distribution systems [23]. This makes it difficult and time consuming to form the Y-bus
and Jacobean matrices for distribution networks. In particular, the inverse of Y-bus
method is not applicable to distribution systems consisting of overhead lines as the
shunt admittance of these kinds of lines is ignorable resulting in singular Y-bus matrix
[38, 81]. The analytical approaches reviewed in this section explored technical network
related optimal placement. Few papers addressed the application of DG placement
approaches considering practical issues, such as the wind resource, distance to

transmission and distribution lines, and etc [82, 83].

2.4.2 Artificial intelligence approaches
Artificial Intelligence (Al) approaches are heuristic techniques exhibited by
computers. These techniques are used in complex optimization problems in order to
optimise an objective function. The Al methods enable computers to mimic cognitive
functions peculiar to human mind such as learning and problem solving [84].
DG optimal siting using 1A based approaches has widely been investigated in the
literature. For example, researchers from University Politehnica of Bucharest-Romania

applied a GA-Based method to select the best site for the interconnection of DG to an
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IEEE 69-bus distribution test system. The aim of DG siting was to improve voltage
profile after the connection of DG to the distribution system. It was demonstrated that
GA can provide better results compared with analytical approaches such as nonlinear
optimization method when the number of DGs is high. However, for small number of
DG units, the results acquired by both methods had similar accuracy. In fact, the
nonlinear optimization method cannot cope with the complexity of the system as the
number of DG increases, whereas in GA-Based method, there is no need for
computational derivatives. However, the accuracy of GA depends on properly coding a
fitness function and determining specific parameters to use [85]. The improper tuning of
the parameters may increase the computational effort and adversely impact the accuracy
of results [38].

Apart from GA, other 1A-Based solutions such as Artificial Bee Colony (ABC)
[20], Particle Swarm Optimisation (PSO) [21], evolution programming [22], GA and
Tabu Search (GA-TS) [86] have been used in the literature in order to select the
optimal place for the DG connection ensuring the lowest PQ concerns. However, a
mathematical or simulation model of the test distribution systems is required before
using these methods. Considering the size and complexity of distribution networks,
modelling and simulation of these systems takes a long time [17].

Apart from time consuming computational tasks, analytical and Al-Based
methods consider the DG types which can inject only active power to the system while
the value of the injected or absorbed reactive power is assumed to be zero [17].
However, this assumption is not applicable to WTGs. As discussed, Types 1 and 2 draw
reactive power from the grid, and only Types 3 and 4 can supply reactive power to the

distribution system. Therefore, the value of the reactive power absorption or injection is
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not zero. These issues indicate that the optimal placement of WPPs using suitable

techniques needs further research and study.

2.4.3 Mathematical formulation for selecting the best PCC location

As an appropriate solution for allocating WPPs into the distribution networks,
Golieva in [46] proposed a mathematical relation between Vpcc and the SCR ratio. The
work was supported by the Siemens Wind Power Company. The author carried out a
sensitivity analysis to find a numerical relation between Vpcc and SCR in an invented 4-
bus test distribution system. Then, a best curve fit equation was identified for the Vpcc-
SCR data points. It was demonstrated that the relation between Vpcc and SCR can be

expressed through a polynomial function with an order two as in (2.3) [46]:
Vpee =V, x(0.0067 x SCR? —0.063x SCR +1.1142) (2.3)

Where Vy is the voltage profile at the PCC before WPP connection.

The work by Golieva [46] is one of the most valuable preliminary works
discussing mathematical formulation of any formula to express the relationships
between Vpcc and SCR for the steady-state operation of the WPPs. As claimed by the
author, taking advantage of this relation, the voltage profile can easily be predicted
using the SCR value at each distribution feeder. This is a great achievement as it would
allow WPP planning engineers select the best site for the interconnection of a WPP
without the need to carry out complex and time consuming computational tasks and
modelling test systems.

As mentioned earlier, In [46], the author proposed a polynomial equation with an
order of two to model the relation between Vpcc and SCR. However, the author did not

consider the results for other possible mathematical functions such as exponential or
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logarithmic functions. Therefore, the work lacks the analysis of different possible
functions which can be used for modelling the relation between Vpcc and SCR. The
author also did not consider all the necessary steps for validating the proposed equation.
For example, the analysis was carried out based on an invented test system with 0 <
SCR < 2.5. Referring to an AEMO documentation [87], an SCR < 2 adversely impacts
the voltage stability in the steady-state operation and may lead to generator tripping.
Therefore, an SCR < 2 should be avoided in WPPs [87]. This indicates that the results
presented in [46] have low accuracy in real distribution systems. The most important
drawback of the relation proposed in [46] is that it also did not consider the relation
between Vpcc and the X/R ratio. As mentioned earlier, in distribution systems, the
voltage regulation requirements highly depend on the X/R ratio at the PCC (X/Rpcc).
Therefore, a lack of consideration of the relation between Vpcc and X/R ratio adversely
impacts the accuracy and validation of (2.3).

Authors in [88] proposed an analytical approach to simplify the estimation of the
maximum permissible active power that can be injected by an IG without voltage
collapse. Analysis studies were carried out based on a small WPP with the total capacity
of 20 MVA consists of twenty 1-MVA squirrel-cage induction generators. However, the
work did not explore about the effect of SCC and X/R ratio on the voltage stability.
Furthermore, the proposed formulation cannot be used for calculating other important
voltage stability criteria, eg. voltage profile and voltage variation in response to changes
in IG penetration. Furthermore, the work only dealt with IG systems but lacks an
investigation on the permissible active power in a DFIG based systems.

Sifting the literature, it is clear that a holistic relation between Vpcc and the key

parameters of the distribution systems, i.e. SCR and X/R ratio, is still a noticeable gap.
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Obviously, investigating the effect of SCR and X/R on Vpcc is the mainstay of
developing such a holistic relation. The next two sections review the significance of

SCR and X/R ratios in distribution systems and their effects on Vpcc.

2.5 Significance of the Short Circuit Ratio
The grid ‘strength’ at the PCC is numerically expressed as the SCR value or

parameter [54]. Generally, if the SCR is smaller than 10, then the grid is considered as
weak [8, 9, 89]. As mentioned, an SCR < 2 should be avoided in WPPs [87]. Hence, in
weak WPPs, the range of SCR is usually between 2 and 10. In this SCR range, WPP
connections impose the following issues:

e Low thermal limit of cables

¢ High voltage variations due to the injection of wind power

e High impact of flicker and harmonic emissions

These issues are more serious as SCR gets closer to 2. As mentioned earlier, sites
with good wind conditions are usually located far from the distribution substation.
Therefore, long distribution lines, high grid impedance, and low SSC values are
common in WPPs [9]. Consequently, large amounts of wind penetration with limited
SSC results in a low SCR, weakening the system strength [54]. SCR is therefore a key

parameter in choosing the best site for the WPP connection [90].

2.5.1 Effect of SCR on voltage control

Most works in the literature dealt with the effect of SCR on transient stability of
weak systems under a fault condition. Few proposed solutions, such as the one in [91]
where it was proposed to increase SCR values by wind active power curtailment as a

means of post-fault voltage recovery, especially for the weak grids. The reason for this
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solution is the fact that there is a strong connection between the feeder voltage and the
active power delivered to the feeder through the WPP [92]. However, the main aim in
WPPs is to harvest as much active power from the WPP as possible. Therefore, active
power curtailment is against with the primary purpose of WPPs making the proposed
solution far from ideal.

In most modern WPPs, voltage regulation is carried out through a Power Plant
Controller (PPC). During the steady-state operation, PPC sends the reference active and
reactive power values to WTGs in order to ensure a bus voltage within the 0.95 p.u.<
Vpce <1.05 p.u range [59]. Normally, a P1 controller or droop controllers are used in the
control loop within the PPC [54]. However, exchanging data between the WPP
voltage/reactive power controller and the WTG controller causes time delays. The slow
operation of the PPC imposes a coordination problem between PPC and WTG during
and after fault condition. In post-fault condition, WTGs receive wrong reactive power
references from PPC making voltage stability issues such as over-voltage or large
voltage oscillation.

A fast voltage controller was proposed in [54] in order to control the voltage under
the disturbance of sudden grid SCR change in a weak distribution test feeder. The
proposed scheme was based on the PPC concept. The main idea was to provide a
coordinated control by integrating slow PPC voltage/reactive power controller with fast
WTG voltage controller [54]. It was presented that the proposed scheme can satisfy the
grid code requirements at the PCC of the test grid connected WPP during and after the
fault condition.

The proposed strategy in [54] could enable a WPP to be controlled as an integral

generation unit to regulate voltage based on grid code requirements. Meanwhile, it
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decreases the need for any other reactive power compensator such as STATCOM.
However, the proposed method suffers from problems concerned with the reliability of
a communication-based approach [53]. Furthermore, the distribution system is
vulnerable to a shunt frequency resonance between the proposed controller and grid
impedance when the voltage controller bandwidth is large and the grid SCR is small.
The effect of the SCR on the transient stability, Low Voltage Ride Through
(LVRT), and WPP oscillations was investigated in [93]. The test system was based on
DFIG (Type 3) and FC (Type 4) WTGs connected to a very weak 138 kV transmission
feeder with an SCR < 2. However, this range of SCR rarely occurs in transmission
feeders in the real world. Furthermore, FC is typical for all power electronic appliances
and has limited SCC [46]. On the other hand, recovering voltage through increasing the
reactive power requires higher current injection. This is a big issue in weak transmission
networks, where dV/dQ sensitivity is particularly high as a small amount of reactive
power compensation would lead to a large voltage variation [94]. The results presented
in [93] did not consider distribution networks. More importantly, the study investigated
generator dynamic performance, which is not expressively relevant for the WPP

planning process.

2.5.2 Worldwide projects

Various research projects are being conducted to investigate the effect of wind
power injection and SCR on weak grids. Majority of these studies focused on specific
cases. For example, E. Muljadi and et al in [95] compared the performance of a DFIG-
Based WPP with a DG unit based on conventional generator. The study was conducted
on a specific portion of the Western Electricity Coordinating Council (WECC) system,

the largest and most diverse of the eight Regional Entities with delegated authority from
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the North American Electric Reliability Corporation (NERC) and Federal Energy
Regulatory Commission (FERC). The selected area was electrically far from main
generation units and was weakly connected to the bulk network. It was demonstrated
that the WPP could provide a better damping performance compared with the
conventional generator due to the LVRT ability in DFIG. It was shown that DFIG can
improve the stability of the system. However, E. Muljadi and et al in [95] did not
discuss about the problems caused by connecting WPP to the network.

A similar study was carried out in [96] where the authors carried out dynamic
simulations to compare the voltage disturbance response of a DFIG-Based WPP versus
a conventional synchronous generator and present relevant control design. However, the
model used was developed specifically for the General Electric (GE) 1.5 and 3.6 MW
WTGs and is not intended to be used as a general purpose WTG. The results were based
on a constant SCR value and did not consider different values of SCR. Furthermore,
only dynamic simulations were presented to analyse the transient stability problem
during a fault condition. However the steady-state voltage stability which is the main
issue in safe interconnection of WPP to distribution feeder was not addressed.

Researchers from ERCOT investigated the dynamic and steady-state voltage
stability considering the SCR value [94]. Reference [94] is one of the few works in the
literature discussing the voltage stability in the steady-state operation of a WPP in order
to show SCR’s role in the planning and design of a WPP. The project was supported by
the Public Utility Commission of Texas. The case study was in the Panhandle area,
which is a remote area from the generation center, and consists of many WPPs and
SVCs making this area an extremely weak grid. PV analysis was carried out to

investigate the voltage variation in response to an increase in wind power generation
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under no contingency event. A significant observation was that the voltage collapse
occurred at a relatively high voltage range where all bus voltages were higher than 0.96
p.u. at the nose point of the PV curve. Indeed, it was shown that a very high penetration
of wind power can lead to voltage collapse even if the voltage remained in the normal
operation range, i.e. 0.95 p.u. < Vpcc < 1.05 p.u.

In the case of dynamic voltage stability, three reactive power compensation schemes
were tested in [94]. The three schemes were proposed as possible solutions to enhance
the SCR level in the case of a fault. These include the SVC, Synchronous Condenser
(SC), and Variable Frequency Transfer (VFT) solutions. The case study considered two
types of faults, including: overvoltage cascading and voltage oscillation. It was shown
that SVC has not the capability of decreasing the equivalent system impedance. Hence,
although SVCs are a common remedy for VRT and voltage stability issues, it cannot
improve system strength and increase the SCR value. VFT is a new technology
compared with SVC. VFTs can be controlled in a bidirectional way to transfer active
and reactive power between asynchronous networks [97]. Reactive power flow through
VFT is determined by the rotary transformer series impedance and the difference in
voltage value on the primary and secondary windings [98]. However, in [94], it was
demonstrated that SC installation is a better solution compared with VFT and SVC
because SCs could effectively increase SCR value in weak test feeders. However, SCs
has slow response times compared with SVCs.

S.H. Huang, and et al [99] presented extensive study of the voltage stability issues
occurring when a large WPP is connected to a weak grid. The grid model used
represented a specific case of the ERCOT region grid in Texas. Voltage quality, thermal

capability and WPP stability were the three main topics discussed in [100]. The test
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model was based on the Norwegian power network when the connected WPP worked at
its highest capacity. Hence, the value of SCR was constant and the work failed to
discuss the impacts of different values of SCR and wind power generation on the three
topics considered.

Referring to Sections 2.5.1 and 2.5.2, it is clear that most works in the literature
proposed dynamic voltage control solutions to improve the transient voltage stability
under fault conditions. However, the works in the literature lack investigation into the
impact of SCR on steady-state voltage stability at a given point of a distribution system,
which is a key factor in WPP siting studies. The proposed solutions suffer from serious
problems such as over-voltage, and voltage oscillations due to fast uncoordinated
reactive control [101]. On the other hand, most of the transient problems can be
prevented by connecting WPPs to suitable feeders to ensure lowest PQ concerns after

WPP connection.

2.6 Significance of the X/R ratio in distribution systems

The grid impedance angle, called the X/R ratio, is the ratio of the Thévenin
equivalent reactance and Thévenin equivalent resistance seen from a given point on the
distribution system (see Figure 2.2. for further details). X/R ratio is one of the most
important characteristics of a distribution system as it has a profound impact on the
system voltage stability [10].

Many works in the literature have dealt with the relation between the X/R ratio
and Vpcc in the distribution system [9-12]. The majority of these works analysed the
effect of X/R variation on the Vecc and Vpcc variation under a constant SCR value.

Although the X/R ratio cannot be dynamically changed in a power system, investigating
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the voltage variation in response to the change in X/R is the principal step for finding
how X/R impacts the Vpcc.

As mentioned earlier, existing technologies used for voltage regulation through
reactive power control are mainly based on large X/R ratios. However, the low X/R
ratio in distribution networks often hinders the feasibility of common reactive power
compensation schemes. Therefore, the effect of the X/R ratio on the system voltage
stability is of great importance from a design and operation prospective. This section
reviews the significance of X/R ratio on voltage control in WPPs. Consequently, the
effect of X/R on Vpcc, and X/R-Based voltage control solutions in distribution systems

are discussed below.

2.6.1 X/R value

The design of power system lines and choice of the conductor types mainly
depend on two factors, the current and power carrying capacity of the line and the
maximum permissible voltage drop limit. The former is more important in the design of
transmission networks as the current flowing through the lines is very high [102, 103].
In transmission systems, the distance between conductors is much greater than that in
distribution systems [102, 104]. Therefore, the flux linkages between the conducting
phases are greater and the external component of the line inductance is noticeably high.
For this reason, the inductive reactance of a transmission line is three or more times
greater than its resistance, diminishing the effect of the line resistance on the modular
impedance and X/R value [12]. Therefore, the value of X/R in transmission systems is
high.

In the case of distribution lines, the maximum permissible voltage drop limit is the

priority as the value of the current is noticeably smaller than that in transmission lines,
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and the current density is small [105]. It is obvious that the reactive component of the
overall system X/R ratio is affected by the reactance of distribution lines. Figure 2.3
shows a simple model of a three phase line [106].

In Figure 2.3, g and r stand for the electric charge and radius of the conductor in
each phase, respectively. Parameter D is the equivalent distance between phases, called

the Geometric Mean Distance (GMD), and is calculated through Eq. (2.4) [107].
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Figure 2.3 A three phase distribution line [106].

The reactance per meter of the line and the voltage in each phase can be

formulated as follows [108]:
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GMD

X, =2x10" xln(GMR) (2.5)
V, = Gy xin (CHP) 26)
L&y r

Where g is the permittivity of free space and equals with 8.85x1072 (F/m) and
Vp is the voltage in each phase of the conductor. GMR stands for Geometric Mean

Radius of the conductor and is calculated from Eq. (2.7) [107, 109]:

GMR:rxe’% (2.7)

From Eqg. (2.5), it is clear that the line reactance depends on the GMD and GMR
of the conductor. On the other hand, there is a direct relation between voltage and GMD,
as shown in Eq. (2.6). Considering the fact that voltage in distribution systems is lower
than in transmission networks, the value of GMD in distribution systems will be small.
Referring back to Eq. (2.5), a small GMD value, in turn, leads to a small reactance value
in distribution lines. Therefore, in distribution systems, the external inductance
component is smaller and the reactance will be smaller. It can then be concluded that the
overall X/R ratio in distribution lines is small when compared to transmission lines.

Generally, in overhead distribution lines, the value of X/R ratio is slightly greater
than 1. Moreover, in cable lines, the X/R value is slightly smaller than 1 [13]. Referring
to [10], the value of X/R can be divided into three ranges regarding the type of
distribution line and the distance of the feeder to the distribution transformer. Table 2.3
discusses the need for voltage control through reactive power compensation in each
range.

Table 2.3  Voltage control requirement and X/R values in distribution networks [10].

X/R value distribution line Feeder location Voltage control
Greater than 1 Overhead line Close to substation rarely necessary
Nearly 1 Overhead line The whole network | It might be necessary; however,
Under-ground cable | Close to substation it will be strongly limited.
Less than 1 Under-ground cable | Far from substation | It is difficult and often needed.

37




Chapter 2—L iterature Review on Site and Voltage Stability Analysis in WPPs

From Table 2.3, it can be observed that voltage control through reactive power
injection is rarely needed at feeders based on overhead distribution lines located near
the distribution transformer. In this case, the equivalent impedance seen from the feeder
Is small due to the small distance between the feeder and substation. This leads to a
large SCC and strong feeder where the grid code requirements are usually met [13].
However, voltage control is required as X/R decreases.

As shown in Table 2.3, voltage control can be problematic when X/R is
approximately 1. In under-ground distribution networks (based on under-ground cables),
X/R will approximately equal 1 in feeders located close to the substation. For overhead
distribution systems (based on overhead lines), this will be the case throughout the
whole network [13].

The value of line reactance could be less than resistance (X/R < 1) if the feeder is
located further from the substation and the network is based on under-ground cables. In
this situation, the small changes in DG units' generation or load demands significantly
impact on Vecc. Hence, Vecc cannot be maintained between the steady-state range, i.e.
between 0.95p.u. and 1.05 p.u [13]. Therefore, voltage control is highly required.
However, it is difficult to control Vpcc through reactive power compensation, as the
value of line inductance is noticeably low [110] .

Next section deals with the effect of X/R ratio value on the voltage stability at

distribution networks connected WPP.

2.6.2 Impact of X/R effect on voltage variations
In the steady-state operation, there is an inverse relation between Vpcc and
X/Rpcc. The steady-state voltage tends to increase for small X/Rpcc ratios, while Vpcc

decreases for large X/Rpcc ratios [9, 12]. Furthermore, the voltage drop due to an
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increase in X/RPCC is more serious in distribution systems with low SCR values (weak
systems) compared with that in the distribution feeders with larger SCR values (stiff
systems) [10, 56].

Although high X/Rpcc ratios lead to high Vecc drops, small values of X/RPCC
adversely impact the step-Vpcc variations when Vpcc varies in response to an increase
in wind power penetration.

The effect of variation of active load, reactive load and X/R ratio on a terminal
voltage of a single line was investigated in [12]. It was concluded that high X/R ratio
declines the maximum power transferred and adversely impacts voltage stability.
However, the scenarios considered in this work were simple and only related to
understanding the principal concepts on the effect of the X/R ratio on the terminal
voltage of a single distribution line. Furthermore, the work lacks an investigation into
the X/R ratio effect on voltage in a real distribution system or a system based on IEEE
standard.

The effect of X/Rpcc on voltage variation versus wind power characteristic of a
simple test distribution system was presented in [57] as shown in Figure 2.4. From
Figure 2.4, it is clear that the voltage variation in response to an increase in wind active
power is over 6% for the X/Rpcc = 0.5 case. However, the absolute value of AVpcc was
around 2% for high X/Rpcc ratios (X/Recc = 5). This signifies that the adverse impact of
small X/Rpcc ratios on voltage variation is even more significant than the impact large
X/Recc ratios have. Figure 2.4 shows that the lowest voltage variation happened when

X/Rpec = 2.
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Figure 2.4  Step-voltage variations versus SCR for different X/R ratios [57].

R. Reginato, M. G. Zanchettin, and M. Tragueta carried out a similar study in

[56], where the authors dealt with the effect of X/Recc and the inverse of SCR, so called

the integration level (p), on three criteria: Vpcc variation, internal Vecc angle, and WPP

active power margin (Pmargin). The study considered both fixed speed SQIG (Type 1)

and variable speed DFIG wind turbines (Type 3). Six scenarios were considered when

the system was operating under steady-state condition:

SQO case: A SQIG without Power Factor (PF) compensation,

SQN case: A SQIG without load PF compensation,

SQF case: A SQIG with full load PF compensation,

DFQ case: A DFIG with reactive power controller considering Qref = 0,

DFP case: A DFIG with PF regulation considering PFres= 0.95 leading,

DFV case: A DFIG with terminal voltage regulator considering Vierminal-ref = 1pul.

Figures 2.5 and 2.6 present the X/R-p characteristics for the scenarios considered

when 0.95 p.u. < Vpcce < 1.05p.u.
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Figure 2.6 Limit of p and X/R for 0.95p.u. < Vpcc < 1.05p.u. in a DFIG-Based WPP [56].

From Figure 2.5, in SQIG-Based WPPs with SCR<10 and without any reactive
power compensation, the Vpecc can be maintained in the normal operation range if
X/Rpcc is less than 5. Higher X/Rpcc values are attainable if p < 0.1 or SCR > 10.
Figure 2.5 and Figure 2.6 show that p-X/R characteristic follows similar patterns for the
two other scenarios considered for the SQIG-Based WPP and DFQ and DFP scenarios

in DFIG-Based WPP.
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In the case of DFIG-Based WPPs with voltage regulation set to 1 p.u., Figure 2.6
shows that the Vpcc increases to very high values when X/Rpcc is small. This
necessitated the generator to absorb a large reactive power to reduce the over-voltage
condition and maintain the terminal voltage within 0.95-1.05 p.u. Therefore, the
generator could not comply with voltage regulation requirements when X/Rpcc was
small. For large values of X/Recc, the generator had to inject reactive power to the
feeder to increase the voltage and keep it within the normal range. In this case, the
reactive power requirement demand is not beyond the generator capability and voltage
requirements can be satisfied up to very large values of the wind power generation.
Hence, one of the key conclusions in [56] was the fact that the DFIG has a poor
efficiency in maintaining the voltage within the normal range in small X/Rpcc ratio,
however, voltage can be maintained within the normal range for large X/Rpcc ratios
even for a large penetration of wind power.

The authors in [56] investigated the effect of p and X/Rpcc on Pmargin and internal
Vpcc angle. It was demonstrated that p has to be high for low X/Rpcc ratios. Parameter
p decreases and approaches a constant value as X/Rpcc increases in order to meet the
Pmargin and voltage angle requirements in all scenarios considered except the DFV. In the
DFV scenario, the p-X/R characteristic had a different pattern where p decreased for
small X/Rpcc ratios, and then increased and approached a constant value as X/Rpcc
increased.

Reference [56] is another valuable work discussing the role of X/Rpcc and SCR in
the safe interconnection of WPPs, but lacks proposing approaches to determine the best
feeders for WPP connections where voltage variations in response to the change of wind

power generation meet the grid code requirements. Relations between X/Rpcc, SCR,
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and Vpcc were presented using graphs and curve characteristics; however, the work
lacks formulated equations which model the mathematical relation between these three
parameters. Furthermore, authors did not clarify the test system characteristics such as
the grid voltage level, distribution transformer capacity, topology and construction of

the system.

2.6.3 X/R-Based voltage control schemes

As previously discussed, the low X/R ratio in distribution networks often hinders
the feasibility of common reactive power compensation schemes and other,
unconventional, ways of voltage control may need to be used [13]. For example,
Researchers from Delft University of Technology argued in [13] for the insertion of a
controllable inductance in feeders as a potential solution to increase the X/R ratio in
distribution systems to increase the feasibility of voltage control through reactive
control schemes. The applied variable inductor circuit was based on the similar ideas
used for designing the thyristor controlled reactor circuit [111] and the advanced series
compensation approach proposed by [112]. The time of inserting the inductance in the
circuit is adjusted through changing the firing angle of the thyristor switches. This
influences the value of the line impedance and also the magnitude of the voltage drop
across the device. However, the presented scheme suffers from serious shortcomings
such as harmonics and frequency resonance between the proposed controller and grid
impedance.

Currently, the voltage in distribution systems is mainly regulated by controllable
and fixed tap changers on distribution transformers [13]. B. Neelakanteshwar et al.
investigated the effect of wind power integration on tap changing of On Load Tap

Changing (OLTC) transformer in a radial distribution network using voltage sensitivity
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analysis [113]. The analysis was carried out for a different range of X/R ratio. It was
demonstrated that the voltage sensitivity on the secondary side of the OLTC decreases
with increase in tap for higher X/R ratio. For lower X/R ratios of the distribution line,
voltage sensitivity was approximately same for all the taps. However, the change of tap
ratios cannot ensure that the voltage will be maintained within the normal operation
range [54].

In [114], the authors proposed a FC wind turbine based scheme to improve the
transient voltage stability in a faulty condition. It was demonstrated that the FC WPP
can contribute to a post-fault voltage support which is comparable to the support by a
synchronous generator of the same capacity. However, for weak grids with small X/R
values, this requires a coordinated control of active and reactive power instead of
controlling voltage purely through reactive power compensation. Furthermore, it was
developed that the angle current injected by the WPP during the fault must be opposite
to the grid impedance angle, i.e. grid X/R ratio [114]. However, this strategy is not a
specific solution for weak grids only, but rather a well-known approach to hinder LOS
events in power systems [115].

The work discussed in [116] investigated the effect of X/R ratio on the voltage sag
of a distribution line and its restoration using a Dynamic Voltage Restorer (DVR) after
a single phase fault and double line to ground fault. DVR is a series connected custom
power device which is more effective than other dynamic voltage control solutions
based on FACTS devices, such as STATCOM and Unified Power Quality Conditioner
(UPFC), for restoring voltage under fault conditions[111, 117-121]. The test system was
based on two distribution lines supplying a total load of 50 kVA with the power factor

of 0.8 lagging. It was concluded that the voltage sag and the time for restoration by
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DVR does not change as X/R ratio changes. In the case of line to line fault, the voltage
sag was significant but time of restoration changed slightly. However, similar to most of
the works reviewed in this chapter, the authors investigated the effect of X/R ratio under
a fault condition alone, but failed to investigate the significance of the grid impedance

angle in safe WPPs interconnection when the system is in steady-state mode.

2.7 Conclusion

Global warming and ever increasing carbon emissions from fossil-fuel for power
generation are fundamental concerns that the world is faced with today. Generating
power from the wind will aid in the reduction of greenhouse gas emissions and in the
conservation of natural resources for future generations. However, there are many
technical challenges that hinder the large scale penetration of WPP into the power
system networks. One of the biggest challenges is PQ concerns and the need to regulate
voltage in WPP connected networks.

This chapter reviewed the current status of the research on the voltage regulation
in process WPPs. Correspondingly, the knowledge gaps and potential research
directions for future development in this field have been identified. The existing voltage
regulation techniques are mainly based on reactive power compensation. Voltage
control through reactive power compensation suffers from many issues such as a high
cost, low reliability, shunt resonance, over-voltage, and voltage oscillation drawbacks.
However, the need to regulate voltage through reactive power compensation scheme can
be noticeably reduced if WPPs are appropriately integrated into network.

Optimal WPP sizing and siting is the mainstay of this process. Therefore, it is

very important to develop novel technique to enable engineers and consultants,
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responsible for the design and planning of distribution system connected WPPs, find the

best WPP size and PCCs for the interconnection of WPPs in weak distribution systems.

The existing techniques applied for finding optimal size allocation of DG systems

require computing large dimensional matrices and designing the simulation model of

the test systems. Computationally, it is a very demanding and time consuming process.

Sifting the literature, it was observed that there is a knowledge gaps regarding:

An analysing on the effect of X/R and SCR on the Vrcc during the steady-
state operation using standard models: Most work in the literature considered
invented models or specific real cases as test systems. Therefore, the results
cannot be generalised to a broad range of cases. The value of SCR in some
works was less than 2. As mentioned, AEMO documentation indicates that an
SCR < 2 adversely impacts the voltage stability in the steady-state operation and
may lead to generator tripping [87]. Therefore, an SCR < 2 should be avoided in
WPPs [87]. This indicates that the results presented in these works have low
accuracy in real distribution systems.

A simple WPP sizing and allocation approach: As discussed, the existing DG
sizing and allocation methods suffer from time demanding calculations,
modelling, and simulation issues. Therefore, a simple approach which does not
require the mathematical or simulation model of distribution system is still a
noticeable gap in the literature,

A holistic mathematical relation for WPP sizing and siting: The problems
concerned with existing DG placement and sizing methods can be removed
using a holistic mathematical model between steady-state Vpcc and key

parameters of distribution systems. However, only one reference [46], addressed
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this issue by developing a mathematical relation between Vecc and SCR. The
work did not consider the necessary factors needed for validating the results,
such as consideration of X/R as one of the parameters of the proposed equation
or the realistic range of SCR ratio.

Identifying this research opportunity, author focused his research on these gaps.
Consequently, the research work carried out in the subsequent chapters of this thesis is
an effort to address these knowledge gaps to aid optimal WPP size allocation in
distribution networks considering steady-state operation.

In a nutshell throughout this research work, a holistic mathematical relation
between Vpcc and the key characteristics of distribution systems has been developed.
Finding this relation, the relation between Vpcc, Pwing, SCC and X/R has been
investigated using V-X/R characteristics sketched for different test distribution systems
with different SCR values. The test systems are based on IEEE standard distribution
models. Later on, mathematical relations have been developed using V-X/R curve
characteristics. The coefficients of the proposed equations have been identified using

one of the Al based approaches called Genetic Algorithm (GA).
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Chapter 3 - Voltage Stability Analysis at the Point of
Common Coupling

3.1 Introduction

Angle stability, which means the ability of interconnected synchronous machines
to remain in the state of synchronism, had been the principal power systems stability
concern for many years [122]. However, in the 1980s, the reduction of investments in
designing new generation and transmission facilities adversely impacted on the system
stability. This resulted in a new concept formerly ignored, called the voltage stability
[123].

Voltage stability is the ability of the power system to maintain the voltage at all
the buses within the acceptable steady-state range when the system is under normal
operating conditions and after being suspected to a disturbance [122]. The system may
enter into a state of voltage instability when the increase in load or changes in the
system condition lead to a continuous decrease in voltage. Voltage collapse happens
when a series of accidents conducting voltage instability result in a blackout or
abnormally low voltages in an excessively large part of a power system.

In recent years, voltage instability has caused several network collapses and
blackouts and has been drawing increasing attention. Many instances of voltage
collapse have been reported around the world such as Australia, Sweden, Belgium,
France, USA, Japan, etc [27, 28, 124]. The practical importance of voltage stability
analysis is that it aids in designing and selecting strategies that reduce the risk of voltage
collapse and increase system stability [125]. The main factors which have increased the

importance of voltage stability analysis are [125]:
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e Reduced ability to control voltage at the buses due to the power systems
enlargement

e The incorporation of large-scale Induction Generators (IGs)

e The broad use of shunt capacitor banks for regulating voltage through reactive
power compensation

e Many voltage instability cases having occurred around the world

Voltage stability has been the main concern in analysing issues related to the
interconnection of WPP to power grids [126]. Numerous authors have proposed voltage
stability indexes based on load flow analysis [127-132]. Indeed, voltage stability was
initially considered from a load flow perspective, in which the generators were simply
regarded as 'PV buses'. However, voltage stability analysis cannot be completely
separated from the performance of the generators which provide power and control
voltage at the load buses [122].

Voltage stability is a broad range of study analysing and observing voltage at
different buses of a system especially load buses and PCC bus. As discussed in Chapter
1, the focus of this thesis is on demonstrating issues concerned with the interconnection
of WPPs to distribution networks. From a voltage stability perspective, major concern at
the interconnection of the WPP to the power systems is how voltage responds to the
injection of wind power at a given connection point while the system is in the steady-
state operation. The research aims to focus on this particular aspect of voltage-stability
concerns; and specifically covers a PCC-interconnection study aimed at demonstrating
the impacts of SCC and X/R ratios on the steady-state voltage profile at the PCC bus

(Vrcc) in response to changes in wind power generation. Therefore, the voltage stability
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analysis for load buses and transient stability issues are not aligned with the scope of
this research.

In this chapter, the effect of the interconnection of WPPs to a distribution network
Is investigated through detailed voltage stability analysis studies carried out at the PCC,
including: power-voltage (PV), reactive power-voltage (QV), active power-reactive
power (PQ), voltage-SCR analysis. These studies have been carried out using IEEE
distribution test feeders. The chapter is organized as follows: Section 3.2 introduces
distribution network characteristics and parameters that would impact on voltage
stability at a given connection point. The general and specific characteristics of the test
systems under investigation are discussed in Section 3.3. In Section 3.4, the results of
PV and QV analysis studies are presented and discussed for different SCC and X/Rpcc
ratios. In Section 3.5, PQ analysis is used to investigate the impact of X/Rpcc on the
maximum permissible power that could be injected by the WPP. Section 3.6 highlights
the relations between the Vpcc, X/Rpcc and SCR using graphical charts and, then,

Section 3.7 summarizes the major conclusions of this chapter.

3.2 Basic theory

This section introduces the network and WPP parameters that would impact on
system voltage stability at the PCC. The analysis has been carried out based on the
system Thévenin equivalent circuit. As discussed in Section 2.5 in Chapter 2, the supply
voltage source (Vi) and the grid short-circuit impedance (Zsc) represent the Thévenin
equivalent circuit of distribution system [11] (Please refer to Figure 2.2 for further
details).

The step-voltage variations in response to change of wind power generation

(AVpcc) is defined through Eq. (3.1):
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AViece =Vece_new ~Vece (3.1)

Where Vpcc and Vecc new are the PCC voltage before and after the change of
wind power generation, respectively.

AVpcc has two components as expressed by Eq. (3.2) [9]:

AVpee = AVPcc_r + jAVPCC_x (3.2)

In (3.2), AVpcc ¢ is the voltage variation caused by the effect of the resistive
component of the grid short-circuit impedance and is in phase with Vpcc. Furthermore,
AVpcc_x IS the voltage variation caused by the effect of the reactive component of the
grid short-circuit impedance and is in quadrature with Vpcc [10].

Assigning Eg. (3.2) in Eg. (3.1), the voltage phasor after the change of wind
power generation (Vpcc_new) Can be obtained from Eq. (3.3):

VPCC_new = (VPCC + AVF’CC_r )+ jAVPCC_x (33)

Eq. (3.3) has been used to plot a phasor diagram of the PCC voltage variation as

shown in Figure (3.1) [133].

Vpce new

AVecc_x

Vpce

Figure 3.1 Phasor diagram of the PCC voltage variation [133].
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In Figure 3.1, @sc IS the system short-circuit impedance phase angle. Furthermore,

|AVpcc| is the magnitude of the AVpecc given by Eq. (3.4):

|AVPCC| = \/Avpzcc_r "’Avpzcc_x (3.4)

From Figure 3.1, it is obvious that the AVpcc value depends on @sc. Furthermore,

referring to [10], the X/Recc ratio (Xsc/Rsc) can be calculated using Eq. (3.5):

X
tang,, = R—SC (3.5

sC
Therefore, it can be concluded that the AVpcc value depends on the system overall

X/R ratio. Referring to [123], the AVpcc components can be expressed as:

AVPCC r 1 Vthz .
= = X P,.g XCOS@.. + Qg xSIN 3.6
Vpcc |SCC| V 2 [ wind (Dsc med (osc] ( )

PCC

AVPcc_x_ 1 Vthz [
2

= x Poing XSIN @, — Qing X COS @, (3.7)
Veee  [SCC| V ‘ ’ ]

PCC
Where Pwina and Quwind are active and reactive power injected by the WPP to

distribution network, respectively.

Generally, it is assumed that| Vic. | =|V,, |[10]. Therefore, Eq. (3.6) and Eq. (3.7)

are simplified as:

Vv
AV =P [P . xcos@,. + Q4 *xSiN 3.8
PCC_r |SCC| [ wind q)sc med (osc] ( )
Vv .
= [Pwind xSIN @, — Qyipg X COS (Dsc] (3.9)

AVPCC_X —@X

Assigning Eq. (3.8) and Eq. (3.9) in Eq. (3.4), the magnitude of AVpcc can be

expressed as in Eq. (3.10):
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|AVPCC| = |Sg:é| \/(Pwind X C0S ¢sc + Qwind x Sin wsc )2 + (Pwind X Sin wsc - Qwind X COS (osc )2

| PCC| = \/ wmd X (COS2 (osc + Sin2 (osc) + szvind x (Sin2 ¢sc + COSZ (050) (310)

Considering that sin?psc + cos?gsc = 1, the following relation can be obtained [123]:

V V
|AVPCC| = % P\/\ind med Sg:é X SWind (311)

Where Swing is the apparent power of WTG.

Eq. (3.11) is very helpful as it shows that the value of Vpcc variation is a function

of grid SCC, active, and reactive powers (or apparent power) of the WPP. Therefore, in

a distribution network penetrated WPP, the main parameters that impact the PCC

voltage stability can be summarised as follows:

The overall system X/R seen at the PCC (X/Rpcc) obtained by tan (¢sc),
The ratio between rated WPP power and the grid SCC,

The active power injected by the WPP,

The reactive power injected or absorbed by the WPP.

As discussed earlier, in this chapter, the effects of these parameters on the Vpcc

have been studied and plotted using PV, QV, and V-SCR studies. For this purpose, two

IEEE models have individually been modelled and simulated to study the highlighted

concepts. Section 3.3 describes the specifications of each model.

3.3 Test distribution systems

A distribution system consists of several feeders arranged in different ways, such

as radial and meshed type. A meshed distribution system has more reliability compared

to radial distribution networks. However, operating the power system is hard in a

53



Chapter 3— Voltage Stability Analysis at the Point of Common Coupling

meshed distribution system due to its complicated structure [134]. Hence, the meshed
network type is not a popular structure in distribution networks and is mainly used for
distribution systems feeding sensitive loads such as hospitals and factories [134]. On the
other hand, radial construction is cheaper to build and has widely been used in
distribution network design [135].

In this study, two IEEE radial distribution systems have been considered,
modelled and simulated: the IEEE 37-bus and IEEE 9-bus systems. These two systems
have been widely used in the literature as test distribution systems [136-141]. In each
model, a WPP is connected to the test distribution system. The single-line diagrams of
the two systems are shown in Figure 3.2 and Figure 3.3. Furthermore, the MATLAB /
Simulink model of the test systems have been presented in Figures A.1 and A.2 in
Appendix A. As shown in Figures 3.2 and 3.3, the main components of the test
distribution systems are: source and distribution transformers, the connected WPP,
loads, reactive power compensators, and distribution lines. The specification of each

component is discussed in the following.

7 8 9 3 WPP
| 120kV/22kV| | | 575 V/22 kV |
Grid

v [T CD = o>—

v

Load 1

5 6
Load 3¢ A WV Load?

S

v

Load 4

Figure 3.2  Single-line diagram of the modelled 9-bus test distribution system.
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Figure 3.3 Single-line diagram of the modelled 37-bus test distribution system.

3.3.1 Source and distribution transformer

In both test systems, the distribution system is connected to a 120 kV, 50 Hz
external source of infinite short circuit current through a Yg/A configuration of a three-
phase distribution transformer. The distribution transformer parameters are shown in

Table B.1 in Appendix B.

3.3.2 Wind power plant
In each model, a small Wind Power Plant (WPP) with the total capacity of 9
MVA, provided by three 3 MVA WTGs, is connected to the distribution system at the

PCC. The PCC is considered to be at Bus 9 in the 9-bus system and at Bus 6 in the 37-
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bus system. Parameters used for modelling each WTG are given in Table B.2 in
Appendix B. In this study, analysis studies have been carried out using two common
types of WTGs: the Induction Generator (IG) and the Double Fed Induction Generator
(DFIG). Referring to Table B.2, the rated voltage of WTGs is 575 V. A three-phase
transformer with Yg/Yn configuration is connected to each WTG to boost voltage to the
rated voltage of the distribution system, i.e. 22 kV. The values of the parameters used

for simulating WPP transformers are given in Table B.3 in Appendix B.

3.3.3 Reactive power compensator

In the case of the 1G-Based WPP, the reactive power absorbed by IG is partly
compensated by a 0.4 MVAR capacitor bank. The rest of reactive power compensation
is provided by a 3-MVAR STATCOM with a 3% droop setting to maintain the Vpcc in
the steady-state voltage range (0.95 p.u. < Vpcc < 1.05 p.u.). The single-line block
diagram of the STATCOM and its control system is given in Figure B.1 in Appendix B.
In the case of the DFIG-Based WPP, no reactive power compensator is considered for
the WPP as DFIG has the capability of controlling the reactive power and the reactive
power demand is not sensitive to terminal voltage variations [70]. The block diagrams
of DFIG and its converter control systems (rotor-side and grid-side converters) are

presented in Figures B.2 to B.4 in Appendix B.

3.3.4 Load

Four and eight three-phase 22 kV and 50 Hz Resistor-Inductor (RL) loads are
connected to the 9-bus and 37-bus test system, respectively, as shown in Figures 3.2 and
3.3. The load parameters for each test system have been listed in Table B.4. in

Appendix B. Furthermore, the power factor of each load is 0.98 lagging.
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3.3.5 Distribution lines

All conductors in the studied test systems are assumed to be three-wire overhead
lines of AAAC type with delta configuration. AAACs have been used for transmission
and distribution lines in Australia since 1984. The conductor characteristics used in the
test systems are presented in Table B.5 in Appendix B [142].

It is important to mention that the X/R ratio of the lines cannot be dynamically
changed in a power system, but certain design techniques can be used to reduce or
minimise impedances with an effect on the X/R ratio seen at the PCC (X/Rpcc). Such
techniques could involve retrofitting with lower impedance transformers or changing
old overhead conductors with newer lower impedance conductors. While this may be
expensive, it may be an option that utilities and WPP developers can resort to make an
unviable feeder viable. For example, a particular feeder may be unsuitable for WPP
connection, but there may be excellent wind resource in that area, and hence justifiable
to retrofit the network to make it more suitable for a WPP connection. In the following
sections, it is assumed that such strategies are implemented with an impact on the
equivalent Thévenin impedance seen at a connection point and the respective X/R ratio.

In this thesis, for obtaining the X/R ratio at a specific connection point, the phase
angle ratio of the equivalent impedance seen from that point is calculated at frequency
of 50 Hz using MATLAB tool, called the impedance vs frequency measurement tool.
With the knowledge of phase angle of the equivalent impedance seen at the given
connection point, the equivalent impedance angle ratio seen at that point is obtained. It
IS obvious that the change of X/R ratios in distribution lines affects the system overall
X/Recc ratio. Hence, for changing the X/Recc ratio, the X/R ratios in the distribution

liners are changed while the grid SCC value seen from the PCC is constant. Changing
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the X/R ratios in the distribution lines, the value of X/Recc is calculated as explained

above to obtain the new value of the X/Rpcc.

3.4 PV and QV analysis

As discussed in Chapter 2, integration of a significant amount of wind power
generation may adversely impact the voltage profile at the PCC of a WPP. Therefore,
voltage exceeding specified limits is the first operating constraint in optimising Pwind
generation. This signifies that engineers and planners have to determine the optimal
amount of Pwing injection which ensures that the Vpcc stays within the steady-state
voltage range as specified in the grid codes.

In a distribution system connected WPP, a PV curve describes the relationship
between active power injected by WTG and steady-state voltage at the PCC. Taking
advantage of a PV curve, engineers can estimate the maximum real power injection by a
WPP to ensure voltage stays within acceptable steady-state limits [143]. PV analysis
also makes it possible to determine AVpcc value, which is another important parameter
in voltage stability analysis. Furthermore, a QV curve shows the variation of bus
voltage regarding changes in Quind at the bus. The region where dV/dQ is positive
indicates stable operating region, while dV/dQ < 0 indicates the unstable region.

As discussed earlier, the objective is to investigate voltage stability at a given
PCC bus of a grid-connected WPP. This necessitates investigations on how the steady-
state voltage at a potential distribution network WPP interconnection point will change
due to increases in the WPP penetration levels. Active and reactive power exchanged
between WPP and the distribution network are key parameters that impact the voltage
stability at the PCC point. In this respect, PV and QV analysis studies are performed to

analyse the effect of WPP penetration on the Vpcc stability.
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The analysis studies are performed assuming that the system is under steady-state
mode and the load values at the PQ buses are constant. The reason for having constant
load values is due to the fact that the objective is to investigate the effect of the WPP
penetration, while system loads are constant. Therefore, in this Chapter, PV and QV
analysis studies were carried out by changing the active and reactive power
injected/absorbed by the WPP, while the load values are kept constant.

It is noted that the PV and QV characteristics in light loading condition are
different with those under heavy loading conditions. The effect of heavy and light
loading on PV and QV characteristics are analysed in Chapter 6.

This section presents the PV and QV analysis studies that have been carried out
for both IG and DFIG-Based WPPs connected to the 37-bus and 9-bus test systems.
Analysis studies have been carried out assuming that the Vpcc is around 0.98 p.u. in the
studied test systems before WPP is connected to the PCC bus. For each test system, the
SCC value was first calculated and then the PCC short circuit currents (lsc) were
determined. Determining short circuit currents, the grid short circuit power levels were
then calculated using Eq. (2.2) presented in Chapter 2. Table 3.1 shows the SCC values
for each test feeder. As shown in Table 3.1, the short circuit current and the
corresponding SCC in the 37-bus test system are smaller than those in the 9-bus test
system.

Table 3.1  SCC value in 9-bus and 37-bus test feeders.

Test distribution system Isc (KA) SCC (MVA)
9-bus system 1.44 54
37-bus system 1.07 40

3.4.1 PV analysis
This section discusses how the X/Rpcc ratio impacts Vecc in the 9-bus and 37-bus

test systems as Pwing increases. In this respect, the PV characteristics have been plotted
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for both test systems. A PV curve is formed by varying Pwina and monitoring the Puwind
parameter against Vpecc, while the Qwind Value is constant.
3.4.1.1. 1G-Based WPP

Figure 3.4 and Figure 3.5 show the PV curves for the two test systems for the 1G-
Based WPP case. Figure 3.6 and Figure 3.7 show the step-Vpecc variation due to an
increase in wind power injection from 0 MVA to the rated power (Prated = 9 MVA) for

the 9-bus and 37-bus test systems, respectively.
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Figure 3.4 PV curve for different X/Rpcc ratios in the 1G-Based 9-bus test system.

V (p.u.)

—4—X/R=0.3 =>=X/R =2 —#—-X/R =3 X/R=4
Cll Pmarqin fOf X/R = 03 C2. Pmarqin fOI' X/R = 2 CS: Pmarqin fOI‘ X/R = 3 C4. Pmarqin fOT X/R = 4

Figure 3.5 PV curve for different X/RPCC ratios in the 1G-Based 37-bus test system.
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Figure 3.6 Voltage variation versus active power injection for different X/R ratios at the
PCC of the 1G-Based 9-bus test system.
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Figure 3.7 Voltage variation versus active power injection for different X/R ratios at the
PCC of the 1G-Based 37-bus test system.

From Figure 3.4 and Figure 3.5, it can be seen that voltage, at PCC points with
small X/R ratios, increases as wind power penetration increases. In both test systems,
voltage at PCC points with small X/R ratios increases beyond 1.05 p.u. for high wind
power penetration. However, an increase in wind power results in voltage drops at the
PCC points with large X/R ratios.

Figure 3.4 and Figure 3.5 also depict the significance of X/Rpcc on the active
power margin (Pmargin), Which signifies the difference between the Praed 0f a WPP and
the maximum power that can be injected by the WPP (Pmax-wind) for which the Vpcc is

still in the allowable steady-state voltage range. The active power margins have been
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presented by B1 to B4 for the 9-bus test system, and C1 to C4 for the 37-bus test system.
Prated IS 9 MVA, and Pmargin is as tabulated in Table 3.2 and Table 3.3 for the 9-bus and
37-bus test system, respectively. As shown in Table 3.2 and Table 3.3, an X/Rpcc of 2
provides the highest Pmargin in both test systems, while Pmargin decreases for X/Rpcc # 2
conditions.

Comparing the results between Table 3.2 and Table 3.3 also demonstrates that
Pmargin 1N @ sSystem with a high SCC is greater than that in a system with a small SCC. As
shown in Table 3.3, Pmargin is negative (-1.6 MVVAR) for the system with a small SCC
and high X/Rpcc ratio (SCC = 40 and X/Rpcc = 4). This indicates that in feeders with a
small SCC, high X/R ratios may even not allow the WPP to transfer the rated power to
the feeder; otherwise the voltage would decline out of the allowable steady-state voltage
range.

Table 3.2 Active power margin ensuring 0.95 p.u.< Vpcc <1.05 p.u. in the IG - Based 9-bus

system.
Active power margin Value (MW)
Bl 5
B2 6
B3 3
B4 0.8
Table 3.3 Active power margin ensuring 0.95 p.u. <Vpcc <1.05 p.u in the IG - Based 37-bus
system.
Active power margin Value (MW)
C1 1.7
C2 3
C3 1
C4 -1.6

From Figure 3.6 and Figure 3.7, it is clear that the AVpcc value for buses with
small X/R ratios is more serious than AVpcc value for buses with large X/R ratios.
Tables 3.4 and 3.5 show the numerical results concerned with AVpcc for different wind

power injection levels.
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Table 3.4 Step-voltage variation in the 1G-Based 9-bus test system.

Wind power variation | x/R | Step — voltage variation (%)
0.3 1.84
From 0 MVA to 3 MVA 2 0.37
3 -0.3
4 -0.44
0.3 1.7
From 3 MVA to 6 MVA 2 0.1
3 -0.41
4 -0.57
0.3 1.48
From 6 MVA to 9 MVA 2 -0.04
3 -0.72
4 -1.25
0.3 3.63
From 0 MVA to 6 MVA 2 0.47
3 -0.72
4 -1
0.3 5.3
From 0 MVA to 9 MVA 2 0.43
3 -1.43
4 -2.25

Table 3.5 Step-voltage variation in the 1G-Based 37-bus test system.

Wind power variation | x/R | Step — voltage variation (%)
0.3 2.25
From 0 MVA to 3 MVA 2 0.27
3 -0.36
4 -0.51
0.3 2.3
From 3 MVA to 6 MVA 2 0.25
3 -0.23
4 -0.58
0.3 2
From 6 MVA to 9 MVA 2 -0.01
3 -11
4 -2.05
0.3 4.4
From 0 MVA to 6 MVA 2 0.51
3 -0.92
4 -1.62
0.3 6.5
From 0 MVA to 9 MVA 2 0.5
3 -2.1
4 -3.7

As mentioned in Chapter 2, the grid code requirements with regards to voltage

control states that the step-voltage variation in response to changes in wind power
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generation should normally be maintained under 3% and not exceed 4% [50, 51].
However, results in Tables 3.4 and 3.5 show that the voltage variation in both test
system does not satisfy the grid code requirements when wind power generation
increases from 0 MVA to 6 MVA (when two WTGs are switched on at the same time)
and 9 MVA (when three WTGs are switched on at the same time), and X/Recc ratio is
small (X/R =0.3).

In the case of stiffer test system (9-bus test system), the result show that the voltage
variation due to an increase in wind power generation from 0 to 6 MVA is higher than 3%
(3.63 %) so that the voltage variation violates the grid code requirements. The voltage
variation is even higher than 4% when wind power injection increased from 0 to 9
MVA. In the case of weaker system (37-bus test system), the voltage variation is higher
than 4% when wind power injection increased from 0 to 6 and 9 MVA. This signifies
that voltage variation requirements can hardly be provided at PCC points with small
X/R ratios. However, as shown in Tables 3.4 and 3.5, the voltage variation satisfies the
grid code requirements in most cases when X/Rpcc is large (X/R = 3&4). In this X/Rpcc
range, the highest voltage variation which violates the grid code requirements is related
to the weaker test (37-bus test system) when X/Rpcc = 4 and wind power injection
increased from 0 to 9 MVA.

From a voltage stability perspective, the most optimum value of X/Rpcc in a
distribution system would be the point where Vpcc has the lowest variations in response
to increases in wind power generation. Analysing Figures 3.4 to 3.7, it can be concluded
that this value of the X/Rpcc ratio is around 2 in both systems. Furthermore, reviewing

the works in the literature carried out based on real systems and actual cases, it was
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confirmed that the optimal X/Recc ratio in distribution system highly penetrated by 1G -
Based WPPs (weak distribution systems) is around 2 [56, 144].
3.4.1.2. DFIG-Based WPP

In this section, PV analysis is carried out assuming that a DFIG-Based WPP is
connected to the test system. PV characteristics for the 9-bus and 37-bus test system are
presented in Figures 3.8 and 3.9, respectively. Furthermore, Figures 3.10 and 3.11 show
the voltage variation due to an increase in Pwing injection from 0 MVA to the rated

power (Prated = 9 MVA) for the 9-bus and 37-bus test systems, respectively.
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Figure 3.8 PV curve for different X/R ratios at the PCC of the DFIG-Based 9-bus test
system.
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Figure 3.9 PV curve for different X/R ratios at the PCC of the DFIG-Based 37-bus test
system.
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Figure 3.11 Voltage variation versus active power injection for different X/R ratios at the
PCC of the DFIG-Based WPP 37-bus test system.

Figures 3.8 and 3.9 show that, for both test systems, the increase in wind power
generation significantly increases the Vpcc, when X/Recc is small. This adversely
impacts on the Pmargin Value. Figure 3.8 shows that Pmargin for ensuring Vecc < 1.05 p.u.
in the 9-bus test system (with SCC = 54) is very small, around 0.4 MVA, when X/Rpcc
ratio is small (X/R = 0.3). Furthermore, Figure 3.9 shows that Pmargin IS negative (-2
MVAR) for the system with small SCC and X/Rpcc values (37-bus system, SCC = 40
and X/Rpcc = 0.3). This indicates that, in a DFIG-Based WPP connected to a grid with a

small SCC value, small X/Rpcc ratios may even not allow the WPP to transfer the rated
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power to the feeder; otherwise the voltage would decline out of the steady-state range.
Comparing the PV characteristics depicted for 1G-Based WPP in Figures 3.4 and 3.5
with the PV characteristics depicted for DFIG-Based WPP in Figure 3.8 and 3.9, it can
be observed that Pmargin in PCC points connected to DFIG would be lower than that in
PCC points connected to IG when the X/R ratio seen at the feeder is small. The reason
is that, in DFIG-Based WPP, Vpcc increases to very high values as Pwing increases when
X/Rpcc is small. This necessitated the generator to absorb a large reactive power to
reduce the over-voltage condition and maintain the terminal voltage within 0.95-1.05
p.u. Therefore, one of the main drawbacks of DFIG is that the generator could not
comply with voltage regulation when X/Rpcc was small.

For large X/Rpcc ratios, DFIG has to inject reactive power to the grid in order to
maintain the Vecc within the standard supply voltage range. DFIG can generate reactive
power even two times greater than its rated power [145]. Therefore, as shown in Figures
3.8 and 3.9, for large X/R ratio, the high capability of DFIG in injecting reactive power
enables DFIG to maintain the bus voltage within the normal range at PCC points with
large X/R ratios even for a large penetration of wind power.

As shown in Figures 3.10 and 3.11, AVecc variation is high for small X/Recc ratio.
However, AVpcc is small for large X/R ratios. Tables 3.6 and 3.7 show the numerical
results concerned with AVpcc for Pwing injection from 0 MVA 10 Praed = 9 MVA.

Table 3.6 Step-voltage variation in the DFIG-Based 9-bus test system.

Wind power variation XIR Step — voltage variation (%)
0.3 2.8
From 0 MVA to 3 MVA 2 1.3
3 1.35
4 1.2
0.3 2.8
From 3 MVA to 6 MVA 2 0.3
3 0.3
4 0.25
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0.3 1.9
From 6 MVA to 9 MVA 2 0
3 -0.25
4 -0.32
0.3 5.6
From 0 MVA to 6 MVA 2 1.6
3 1.65
4 1.45
0.3 7.5
From 0 MVA to 9 MVA 2 1.6
3 1.4
4 1.13
Table 3.7 Step-voltage variation in the DFIG-Based 37-bus test system.
Wind power variation X/R Step — voltage variation (%)
0.3 3.4
From 0 MVA to 3 MVA 2 1.42
3 1.22
4 1
0.3 3.2
From 3 MVA to 6 MVA 2 0.45
3 0.35
4 0.2
0.3 1.9
From 6 MVA to 9 MVA 2 0
3 -0.1
4 -0.1
0.3 6.6
From 0 MVA to 6 MVA 2 1.67
3 1.57
4 1.2
0.3 8.5
From 0 MVA to 9 MVA 2 1.67
3 1.47
4 11

The results from Tables 3.6 and 3.7 demonstrate that AVpcc in both test systems
violates the grid code requirements when the X/Rpcc ratio is small (X/Rpcc = 0.3),
specifically when two or all three WTGs are switched on at the same time. For small
X/Rpcc ratios, when two 3-MVAWTGs are simultaneously connected to the 9-bus test
distribution system, Vecc variation becomes greater than 5%. The situation even
worsens in the test system with a smaller SCC value (37-bus system) where AVpcc >

6%. Furthermore, when all three WTGs are simultaneously connected to the test
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distribution systems, Vecc variation becomes far too large (7.5% in the 9-bus test system
and 8.5% in the 37-bus test system).

For large X/Recc, Table 3.6 and 3.7 show that AVpcc is within the normal range
defined in the Australian standard (less than 3%) for different number of switched on
generators, including: only one WTG switched on, two WTGs switched on at the same
time, and three WTGs switched on at the same time. Therefore, contrary to the PCC
points with small X/R ratio, the AVpcc value for different Pwing penetration stays within
the allowable voltage variation range at the PCC points with large X/R ratios.

To conclude, the results in PV analysis demonstrated that the voltage regulation
requirements can hardly be provided at the PCC for systems with small X/Rpcc for both
IG and DFIG-Based WPPs. In the case of systems with large X/Rpcc ratios connected to
IG-Based WPP, the Vpcc may decline out of the normal range (Vpcc < 0.95 p.u.) when
Pwind generation is large. In the case of systems with large X/Rpcc ratios connected to
DFIG-Based WPP, the voltage regulation requirement is not an issue even for very

large wind power penetration.

3.4.2 QV analysis

In this section, the impact of the X/R ratio on reactive power requirements and
QV analysis at the PCC is investigated for both test feeders. In performing the QV
analysis, reactive power injected & absorbed by the WPP, which is called Quwing, is
varied to monitor Vecc while Puwing is at its rated value (9 MVA). For PCC buses with
small X/Recc, the threshold of concern from a voltage regulation point of view is the
upper boundary of the allowable voltage range (1.05 p.u.). This is because as
demonstrated earlier in Sections 3.4.1 (Figures 3.4, 3.5, 3.8, and 3.9), Vpecc would

increase as wind power generation increases for small X/Rpcc ratios. On the other hand,
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for buses with large X/Recc ratios, the lower boundary of the allowable steady-state
voltage range (0.95 p.u.) is considered as the limit for reactive power absorption. This is
because as demonstrated earlier in Section 3.4.1, Vpcc would decrease as wind power
generation increases for systems with large X/Rpcc ratio. Similar to the PV studies,

analysis is carried out for both IG and DFIG-Based WPPs.

3.4.2.1 1G-Based WPP

The QV characteristics have been plotted for both test systems when an 1G-Based
WPP is connected at the PCC. Analysis has been carried out for both ranges of the
X/Rpcc ratio: small X/Rpcc (X/Rpcc < 2) and large X/Rpcc ratio (X/Rpcc > 2).

The QV characteristics for 1G-Based WPP are shown in Figure 3.12 when X/Rpcc
ratio is large. The graphs have been plotted for the stable region where dV/dQ > 0. The
lowest point of each QV line shows the voltage stability limit where further absorption
of Q by IG results in dv/dQ < 0 and voltage collapse. This point also defines the

maximum reactive power that can be absorbed by the WPP before voltage collapse.

Quing (MVAR)

9-bus, X/R=3 e 9-bus, X/R =4 e 37-bus, X/R =3 e 37-bus, X/R = 4

Al:Q, for 37-bus, X/R=4 A2: Qi
A3 : Q. for 9-bus, X/R=4 Ad:Q,

for 37-bus, X/R=3
for 9-bus, X/R=3

‘margin

margin

Figure 3.12 QV curves for large X/R ratios — 1G-Based WPP.
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From Figure 3.12, it is observed that the voltage stability limit and the amount of
reactive power that can be absorbed by the IG before voltage collapse in a system with a
large SCC at the PCC (9-bus system with SCC = 54) is greater than that in a system
with a small SCC at the PCC (37-bus with SCC = 40). Also, large X/Rpecc adversely
impacts on the voltage stability limits at the connection points with small SCC. Figure
3.12 shows that the lowest stability limit is observed for the case with the lowest SCC
and highest X/Recc ratio (37-bus system, SCC = 40, and X/Rpcc = 4).

According to Figure 3.12, voltage at the connection points with large X/R ratio
will fall below the lower boundary of the allowable steady-state voltage range, if
reactive power drawn by IG is greater than a specific value. This value is called the
reactive power margin (Qmargin). In Figure 3.12, the reactive power margins have been
presented by Al to A4. The values of these parameters are as tabulated in Table 3.8.
From Table 3.8, it is clear that Qmargin In the test system with the smallest SCC and
largest X/Rpcc ratios (37-bus system, SCC = 40, and X/Rpcc = 4) is lower than that in
the other test distribution systems.

Table 3.8 Reactive power margin ensuring 0.95 p.u.< Vpcc <1.05 p.u.

Active power margin Value (MW)
Al -0.9
A2 -1.3
A3 -1.8
Ad -2.1

The equations representing the lines plotted in Figure 3.12 were obtained using

MS Excel. These equations are as in Eq. (3.12) to Eq. (3.15):

9-bus system, SCC =54, X/Rpcc=3: V =5—14 xQ+0.9808 (3.12)
1
9-bus system, SCC =54, X/Rpcc=4: V ~%z xQ+0.9727 (3.13)
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37-bus system, SCC =40, X/Rpcc =3: V =4—10 xQ+0.9825 (3.14)

1
37-bus system, SCC= 40, X/Recc =4: V= -xQ+0.9712 (3.15)

From Eq. (3.12) to Eq. (3.15), it was observed that for each case, the slope of the
line equals to the inverse of the SCC value. Considering that for a linear equation,
derivative of the function equals to the slope of the line, the relation between reactive
power variation (AQ), voltage variation (AV), and SCC is generally expressed as in Eq.

(3.16) when X/Rpcc ratio is large.

1
AV =——A 3.16
scc AQ (3.16)

Eqg. (3.16) signifies that voltage variation in response to reactive power variation
will be larger in PCC points with a small SCC concluding that PQ concerns will be
more critical in connection points with a small SCC.

It is important to mention that Eq. (3.16) has been constantly proposed in the
literature to express the relation between voltage and reactive power with regard to the
grid SCC value. Following the findings explained above, Eq. (3.16) has been dedicated
to investigate the PCC points where the Xpcc >> Rpcc (large X/Rpecc). However, there is
no consensus in the literature about the relation between voltage and reactive power at
the PCC points with a small X/R ratio. This shortcoming has been addressed in the
following.

The QV characteristics, for 1G-Based WPP when the X/Rpcc ratio is small (e.g.
X/Rpcc = 0.5), are shown in Figure 3.13. Similar to the QV analysis for the large
X/Rpcc ratio case, the graphs have been plotted for the stable region where dv/dQ > 0.

The voltage stability limits have also been shown using circles for both test systems.
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Figure 3.13 QV curves for small X/R ratios — 1G-Based WPP.

The results in Figure 3.13 show that a large amount of reactive power absorption
Is needed to ensure that 0.95 p.u. < Vpcc < 1.05 p.u., when X/Rpcc is small. According
to Figure 3.13, the reactive power absorption less than 3.2 MVAR and 5.5 MVAR
causes the Vpcc to increase to higher than the upper boundary of the allowable steady-
state voltage range (1.05 p.u.) for the 9-bus and 37-bus test systems, respectively.
Figure 3.13 also shows that the voltage stability limit for both feeders is between 0.95
p.u. and 1.05 p.u. This signifies that a very large reactive power absorption at
connection points with small X/R ratios can lead to voltage collapse even if the voltage
remained in the normal operation range, i.e. 0.95 p.u. < Vpcc < 1.05 p.u.

The equations representing the QV lines when X/Rpcc = 0.5 were obtained using

MS Excel. The equations are as Eq. (3.17) and Eq. (3.18):

1 1
9-bus system, SCC =54: V :E xQ+1.0784 = 1 x Q+1.0784 (3.17)

X

37-bus system, SCC =40: V :%xQ +1.1122 xQ+1.1122 (3.18)

2x40
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From Eq. (3.17) and Eq. (3.18), it was observed that for each case, the slope of the
line approximately equals to the inverse of 2xSCC value. Considering that for a linear
equation, derivative of the function equals to the slope of the line, the relation between
AQ, AV, and SCC is generally expressed as in Eq. (3.19) when the X/Rpcc ratio is small.

5 1
2 xSCC

AQ (3.19)

From Eq. (3.19), it is demonstrated that the rate of voltage variation in response to
reactive power variation at the PCC points with a small X/R ratio is approximately the
inverse of 2xSCC value.

As mentioned earlier, the relation between AV and AQ for the buses with small
overall X/R has not been addressed in the literature. Therefore, the first major
contribution of this project is investigating the relation between AV, AQ, and SCC at the
PCC points with a small X/R ratio. Comparing Eq. (3.16) and Eq. (3.19), it can be
demonstrated that in two PCC points with the same SCC values and different X/Rpcc
ratios, Vpcc variation due to a change of reactive power at the PCC point with the larger
X/Rpcc ratio will be greater than that at the PCC point with the smaller X/Rpcc ratio. It
can also be concluded that the Vpcc variation at PCC points with a small SCC value is
more serious than that at PCC points with a high SCC value. Furthermore, large X/Rpcc
increases the rate of voltage variation in response to the change of reactive power
absorbed by the WPP. Therefore, PQ concerns will be more critical in distribution

systems with small SCC and large X/R ratio at the PCC.

3.4.2.2 DFIG-Based WPP
In this section, QV analysis is carried out and presented for a DFIG-Based WPP

connected to the test systems. The results consider the impacts of both small and large
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X/Rpcc ratios. Figure 3.14 represents the QV graphs for large X/Recc ratios. The graphs

have been plotted for the stable region where dV/dQ > 0.
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QV curves for large X/R ratios— DFIG-Based WPP.

Comparing the QV graphs obtained for DFIG in Figure 3.14 with the graphs

obtained for 1G in Figure 3.12, it is observed that Qmargin €nsuring Vecc > 0.95 p.u. in

both cases is the same. However, the voltage stability limits in DFIG are far greater than

those in IG. As an example, the maximum voltage drop and reactive power absorption

(before voltage collapse) for the 1G-Based WPP was around 0.88 p.u. and -5 MVAR as

shown in Figure 3.12, while the corresponding voltage and Q values are around 0.82 p.u.

and -8 MVAR for the DFIG-Based WPP as represented in Figure 3.14. Therefore, the

use of DFIG increases the voltage stability limit.

The equations representing the QV lines in Figure 3.14 were obtained using MS

Excel. The equations can be mathematically as in Eq. (3.20) to Eq. (3.23):

75




Chapter 3— Voltage Stability Analysis at the Point of Common Coupling

9-bus system, SCC =54, X/Rpcc=3: V =5—14><Q+O.98 (3.20)
9-bus system, SCC =54, X/Rpcc=4: V :éxQ+0.973 (3.21)
37-bus system, SCC =40, X/Rpcc =3: 'V :%x Q+0.9755 (3.22)
37-bus system, SCC=40, X/Rpcc =4: V =4iOXQ +0.9721 (3.23)

The QV equations obtained for DFIG, Eq. (3.20) to Eq. (3.23), are very similar
with the QV equations obtained for 1G, Eq. (3.12) to Eq. (3.15). Similar to the 1G-Based
WPP with a large X/Rpcc, for the PCC points with large X/R ratios connected to the
DFIG-Based WPP, the ratio between AV and AQ equals to the inverse of the grid SCC
(refer to Eq. (3.16)).

The QV characteristics for the DFIG-Based WPP are shown in Figure 3.15 for a
small X/Recc ratio (X/Recc = 0.5). The graphs have been plotted for the stable region
where dV/dQ > 0 and the voltage stability limits have been shown with circles for both
test systems.

Figure 3.15 shows that the voltage stability limit for both systems is between 0.95
p.u. and 1.05 p.u. Furthermore, the QV graphs show that a minimum of 2 MVAR and
4.5 MVAR reactive power has to be drawn by the DFIG in the stiffer test system (9-bus
system) and weaker test system (37-bus system), respectively, to ensure that the Vpcc
stays below the upper boundary of allowable steady-state voltage range (1.05 p.u.). This
amount of reactive power absorption could be beyond the capability of a small 9 MVA
DFIG—Based WPP connected to the test systems, especially in the weaker test system,

and results in shut down of the generator and voltage collapse.
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Figure 3.15  QV curves for small X/R ratios — DFIG-Based WPP.

The best fit equations for the QV lines shown in Figure 3.15 were obtained using

MS Excel. The equations are as in Eq. (3.24) and Eq. (3.25):

9-bus system, SCC =54: V :%XQ +1.0624 ~ x Q+1.0624 (3.24)

2x54

37-bus system, SCC =40: V =% xQ+1.0917 ~ xQ+1.0917 (3.25)

2x 40

According to Eqg. (3.24) and Eq. (3.25), the slope of the line approximately equals
with the inverse of the 2xSCC value. Therefore, similar to the equations obtained for
the 1G-Based WPP with a small X/Rpcc, the ratio between AV and AQ approximately
equals to the inverse of 2xSCC values (Refer to Eqg. (3.19)). This signifies that large
X/Rpcc ratios increase the rate of voltage variation in response to changes in reactive
power. It can be concluded that the Vpcc variation in response to changes in reactive
power absorption or injection by the DFIG will be more critical in distribution systems

with small SCC and large X/R ratio at the PCC.

3.5 PQ analysis

As discussed in the previous sections, PV and QV analysis can show the

maximum active (Pmax-wind) and reactive power (Qmax-wind) generated (or absorbed) by
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the WPP while Vpcc stays in the allowable steady-state voltage range. PQ analysis is
another method which can be used to find Pmax-wind and Qmax-wind parameters. In this
section, PQ analysis is used to investigate the impact of X/Rpcc 0N Pmax-wind @nd Qmax-
wind In this respect, 1G-Based WPP has been selected to carry out PQ analysis for both
test systems.

PQ analysis shows the amount of reactive power to be injected or absorbed by the
WPP keeping Vecc constant as the real power generated by the WPP increases. If the
PQ curve is plotted for the boundaries of the acceptable steady-state voltage range, the
Pmax-wind and Qmax-wind parameters can be determined [146].

In a PQ characteristic, the Pmax-wina OCcUrs when the tangent to the curve becomes
vertical [46]. Figure 3.16 shows the significance of the X/R ratio in the PQ
characteristics for both test systems. The PQ curves have been plotted for large X/R
ratios (X/R = 3 & 4) when the Vpcc = 0.95 p.u, as shown in Figure 3.16. The Pmax-wind
has been marked with a circle for each case. The Pmax-wind Values and the corresponding
reactive power demand have also been shown in Table 3.9. In Table 3.9, positive sign
signifies that power is being generated by the WPP and negative sign means power is

being absorbed by the WPP.
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Figure 3.16 PQ curves for different X/R ratios when Vpcc = 0.95 p.u.
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Table 3.9 Maximum active and reactive power generated or absorbed by the WPP for Vpcc = 0.95 p.u.

Test system Pmaxwina (MW) Qmax-wind (MVAV)
9-bus, X/IR =3 12 -2.2
9-bus, X/R =4 9.4 -1.7
37-bus, XIR=3 10 -1.35
37-bus, XIR=4 7.6 -1

The results from Figure 3.16 and Table 3.9 demonstrate that the Pmax-wind in a system
with a large SCC at the PCC (9-bus system with SCC = 54) is greater than that in a
system with a smaller SCC at the PCC (37-bus with SCC = 40). This means that a bus
with a large SCC can accept greater levels of wind power generation. Also, higher
X/Rpcc ratios decrease Pmax-wind in each feeder. For example, Pmax-wind reduced from 12
MW to 9.4 MW in X/Rpcc going from 3 to 4 in the 9-bus test feeder. The highest Pmax-
wind Was observed for the case with the highest SCC and lowest X/Rpcc (9-bus system,
SCC = 54, and X/Rpcc = 3), while the lowest Pmax-wina Was observed for the case with
the lowest SCC and highest X/Rpcc ratio (37-bus system, SCC = 40, and X/Rpcc = 4).
As discussed in the previous section, Pmax-wind 1S the sum of Pmargin @and Prated (Pmax-wind=
Pmargin + Prated). Considering that Prated is 9 MW and comparing the results from Table
3.2, Table 3.3, and Table 3.9, it can be demonstrated that the PV and PQ analysis
studies also gave the same results for the Pmax-wind-

Results also show that small SCC and large X/Rpcc ratios decrease the capability of
the system to provide reactive power requirements. The highest reactive power that
could be delivered from the grid to the IG is for the case with the highest SCC and
lowest X/R ratio (9-bus system, SCC = 54, and X/Rpcc = 3), while the lowest reactive
power that the grid can deliver to an IG was observed for the case with the lowest SCC

and highest X/Rpcc ratio (37-bus system, SCC = 40, and X/Rpcc = 4).
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3.6 Effect of SCR and X/R ratios on voltage profile

As mentioned in Section 3.2, the ratio between rated wind power and grid SCC
impacts on the voltage stability of a distribution system. Referring to Section 2.5 in the
previous chapter, the ratio between these two parameters is expressed by the SCR value.
This section investigates the effect of X/Rpcc and SCR ratios on the Vpcc profile. The
Vrcce-SCR characteristic was plotted for different X/Rpcc ratios. Similar to the QV and
PV studies, analysis has been carried out for both IG and DFIG-Based WPP systems
connected to the 9-bus test system with an SCC of 54 MV A and 37-bus test system with
an SCC of 40 MVA. For each case, the SCC was divided by different WPP ratings in
order to plot the characteristics of the Vpcc versus SCR for different X/Rpcc ratios. The

results are presented as shown in Figures 3.17 to 3.20.
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Figure 3.17 Vpcce-SCR characteristic in the 1G-Based 9-bus test system.
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Figure 3.18 Vpcc-SCR characteristic in the 1G-Based 37-bus test system.
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Figure 3.19 Vpcc-SCR characteristic in the DFIG-Based 9-bus test system.
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Figure 3.20 Vpcc-SCR characteristic in the DFIG-Based 37-bus test system.

For the 1G-Based WPP, Figures 3.17 and 3.18 show that the change of SCR
significantly changes Vrcc when the system is weak (SCR < 10). In this SCR range, the
voltage variation at the PCC points with a small X/Rpcc ratio is more serious than that at
the PCC points with a large X/R ratio. In the case of DFIG-Based WPP, the graphs in
Figures 3.19 and 3.20 show that the Vpcc variation due to the changes in the SCR ratio
is small for large X/Rpcc ratios even for SCR < 10. This is because as demonstrated in
Section 3.4.1.2, DFIG has a high capability in injecting reactive power in order to
regulate the voltage within the allowable steady-state voltage range. However, for a

small X/Rpcc where the Vpcc is generally high and the reactive power has to be
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absorbed by the DFIG, Vpcc variation in response to the changes in SCR is significant
when SCR < 10.

The results for both 1G and DFIG-Based WPP show that the voltage variation in
response to a change in SCR in WPP with an SCR > 10 is not as significant as that in
WPPs with an SCR < 10 for different X/R ratios. This demonstrates that the PQ
concerns will not be critical in stiff PCC buses where SCR > 10 regardless of the X/R
ratios. Furthermore, the results demonstrate that X/Rpcc=2 is the optimum X/R ratio
where Vpcc variation in response to a change in wind power penetration and SCR value
IS minimum.

Generally, it was observed that there is a relation between Vpcc and two important
characteristics of a distribution system: X/Rpcc and SCR. Considering that the SCR
ratio represents the relation between the grid SCC and Praed Of the WPP, proposing a
mathematical relation between Vpcc, SCR, and X/Rpcc enables to plot the PV curve for
the feeders with different SCC and X/Recc values. This achievement, in turn, can
provide insightful information to identify the stiffer buses, where the X/R and SCC
values would ensure that the Vpcc profile and AVpcc would be in accordance with the
grid code requirements. These buses, then, can be chosen as potential common coupling
points to connect the WPP to. In this respect, next chapter proposes a voltage stability
analytical model to mathematically define the relation between Vpcc and the PCC

parameters.

3.7 Conclusion

In the recent years, voltage stability is considered as an important concern in the
assessment of power systems reliability. This chapter has addressed issues concerned

with the interconnection of WPP to distribution systems through detailed voltage
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stability analysis. The highlights of the research carried out in this chapter are itemized

below.

It was shown that Vpcc variations depend on the short-circuit impedance angle
ratio (X/R), the grid SCC, the SCR ratio, the active power injected by the WPP,
and the reactive power injected or absorbed by the WPP.

PV analysis for the 1G-Based WPP demonstrated that an increase in Pwing may
push voltage out of the acceptable steady-state range at connection points with
large or small X/R ratios. It was shown that AV at PCC buses with a small X/R
ratio was larger than that at PCC buses with a large X/R ratio. Furthermore, it
was observed that the AV value at PCC points with a small SCC was greater
than that at PCC points with a large SCC.

PV analysis for the DFIG-Based WPP demonstrated that step changes in Vecc
due to changes in wind power penetration is significant at PCC points with a
small X/R ratio. Similar to the IG scenario, DFIG is not able to regulate Vpcc
and maintain it within the allowable steady-state voltage range at PCC points
with a small X/R ratio when wind power penetration is high. Therefore, DFIG is
not suitable for low X/R ratio PCCs.

The AV value at the PCC point of a DFIG-Based WPP with a small X/R is
greater than that at the PCC of an 1G-Based WPP with a small X/Rpcc. Hence,
Pmargin for a DFIG WPP would be lower than the Pmargin Of an 1G-Based WPP at
small X/Recc ratio connections points. This study has therefore proven that IG is
a better option for PCC points with low X/Rpcc ratios.

PV analysis for the DFIG-Based WPP also demonstrated that voltage regulation

would not be an issue at PCC points with large X/R ratios. The high capability
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of DFIG in injecting reactive power enables DFIG to maintain Vpcc within the
acceptable steady-state range at PCC points with large X/Recc ratios even for
very large penetration of wind power.

The QV analysis showed that the voltage stability limit for a DFIG-Based WPP
is greater than that of an 1G-Based WPP at PCC points with a large X/R ratio.
QV analysis for both IG and DFIG demonstrated that Vpcc variation at PCC
points with a small SCC value and a large X/Rpcc ratio is more serious than
Vpcc variation at PCC points with a high SCC value and a small X/RPcc ratio.
As one of the major contributions of this project, it was shown that the rate of
change in voltage in response to changes in the reactive power absorbed or
injected by the 1G or DFIG-Based WPPs at PCC points with a small X/R ratio is
smaller than that at PCC points with a large X/R ratio. Large X/Rpcc increases
the rate of voltage variation in response to changes in reactive power absorbed
by the WPP. For both IG and DFIG, the voltage collapse may occur when Vecc
is within the allowable steady-state voltage range for small X/Rpcc ratios.

PQ analysis demonstrated that the maximum allowable wind power generation
is greater in a system with a large SCC than in a system with a smaller SCC.
Also, higher X/Rpcc ratios decrease Pmax-wind at the PCC point.

The V-SCR characteristics showed that for weak connection points, where SCR
< 10, PQ requirements will be problematic in an 1G-Based WPP at connection
points with very small or large X/Rpcc ratios, and in the case of a DFIG-Based
WPP at connection points with very small X/Recc ratio. On the other hand, for

both 1G and DFIG-Based WPP, it was demonstrated that the PQ concern will
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not be significant in strong PCC points where SCR > 10 regardless of the X/R
ratio.

e It was discussed that X/R = 2 is the optimal X/Rpcc ratio where Vpcc has the
lowest variations in response to a change in wind power penetration and SCR
value.

Generally, the results in this Chapter revealed that there is a relation between Vpcc,
X/Recc, the grids SCC, and the wind power penetration. Next chapter introduces an

analytical model to mathematically define the relation between these parameters.
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Chapter 4 - Genetic Algorithm-Based Analytical Model
for the PCC Voltage Stability Analysis

4.1 Introduction

Chapter 3 dealt with the analysis of the interconnection effects of WPPs on the
voltage stability at a specific connection point. As mentioned therein, it was
demonstrated that the PCC bus voltage (Vecc) variation depends on three factors: the
short-circuit impedance angle ratio seen at the PCC (X/Rpcc), the grid’s SCC, and the
rated wind power capacity of the proposed WPP, As discussed in Chapter 2, the need
for mathematical formula expressing the relationship between these grid parameters and
the network voltage is still a noticeable gap in the literature. Such formula would allow
an initial predictive analysis on the voltage stability at a given connection point to check
conformance with the grid codes. In this chapter, the focus is on the derivation of
mathematical relations between Vpcc, the WPP size, and the PCC parameters, i.e. SCC
and the X/R ratio.

The major concern was to select an appropriate method and strategy for
developing such an analytical model. In this respect, a sensitivity analysis was carried
out to find a numerical relation between Vpcc and X/Rpcc in different test systems with
different SCR values. As discussed in Chapter 2, the ratio between the grid’s SCC and
the rated wind power is expressed by the SCR parameter. The obtained numerical
results were used to plot the Vecc-X/Recc characteristics for each test system. This was
the first step before further detailed studies on the proposed numerical models could be
conducted. Later on, a Genetic Algorithm (GA)-Based analytical model was developed

capable of predicting the Vpcc profile given the X/Rpcc and SCR ratios for a particular
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PCC bus. The proposed equations were then rewritten in terms of Vpcc as a function of
X/Rpcc, SCC, and wind active power (Pwind). In this case, a series of mathematical
equations were developed using the V-X/R characteristics obtained in the first step. The
GA approach was used to determine the values of the coefficients of the proposed
equations for the lowest deviation with respect to the reference V-X/R characteristics
obtained in the first step. The key advantages of the analytical model are:
o It allows steady-state voltages to be determined at the PCC given Pwind, SCC and
XIR ratios
e It allows step changes on the steady-state voltage levels (AVecc), resulting from
switching operations, to be predicted at a given bus
e |t would allow maximum real-power output ensuring voltage stay within the
acceptable steady-state range (Pmax-wind) t0 be estimated at a given connection

point

4.2 Voltage versus X/R ratio characteristic

This section aims to demonstrate how Vpcc will behave for different X/R ratios at
a particular connection point. In this respect, a sensitivity analysis was carried out to
gather datasets, which were used to identify a numerical relation between Vpcc and
X/Rpcc. Four test systems were investigated using IEEE distribution models: two test
systems based on 9-bus IEEE distribution network model and two systems based on 37-
bus IEEE distribution network model. The reason for analysing four different test
systems is to increase the validity of the developed ideas in considering different
topologies and SCR values.

The values of frequency, nominal voltage, and base power of the test distribution

systems, the specification of the WPPs, and the line parameters are as discussed in
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Chapter 3, Section 3.3. For the two 9-bus test systems, the PCC bus and the buses
connected to the load (PQ buses) are as presented in Figures 3.2 in Chapter 3.
Furthermore, for the two 37-bus test systems, the PCC bus and the PQ buses are as
shown in Figure 3.3 in Chapter 3. The load values for the 9-bus and 37-bus test systems
are as presented in Table B.4 in Appendix B.

In each test distribution system, the reactive power compensation before the WPP
connection is provided through capacitor banks in a way that Vpcc is around 0.98 p.u.
while the WPP is not connected to the grid. Hereinafter, the value of the voltage at the
PCC bus before the WPP connection is called Vpcc initia. Hence, in this chapter, the
mathematical relations have been developed regarding that the Vecc_initia = 0.98 p.u. The
lines length and number of connected WTGs are different amongst the test systems
resulting in different SCR values. Table 4.1 shows the topologies considered, SSC value,
the number of connected WTG, and the SCR value for each test. Similar to the analysis

studies carried out in Chapter 3, the active power injected by each WTG is considered to

be 3 MW.

Table 4.1  Topology and SCR value for each for test distribution system.
Case Connection No. of connected
Test 1 | IEEE 37 - bus system Bus 6 27 3 9 3
Test 2 | IEEE 37 - bus system Bus 6 40 3 9 4.5
Test 3 | IEEE 9 - bus system Bus 9 54 3 9 6
Test 4 | IEEE 9 - bus system Bus 9 21 1 3 7

As mentioned in Chapter 2, the grid strength at the PCC is numerically expressed
as the SCR value [54]. Furthermore, it was discussed that the SCR value depends on
SCC and the inverse of Pwind. As shown in Table 4.1, the SCR ratios in all four tests are
less than 10 classifying the test systems as weak distribution systems. The first test
system has the lowest SCR value and is, therefore, the weakest system amongst the test

systems considered. In Test 4, although the SCC value is smaller than that in the other
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test systems, the wind power penetration is smaller than that in the other tests. As shown,
only one 3 MVA WTG has been connected to the PCC point of Test 4. Therefore, the
consequent ratio between SSC and wind power penetration in Test 4 is larger than that
in the other tests (SCR=7) making the PCC point in Test 4 stiffer than that in the other
test systems.

As discussed in previous Chapters, very small or large X/Rpcc ratios may push the
voltage out of the acceptable steady-state range at a given connection point. It was also
shown that X/Rpcc ratio has a larger adverse impact on voltage stability as the wind
power penetration increases and the SCR ratio decreases. Hence, in V-X/R analysis
studies, the X/R ratio limits the SCR range for which steady-state voltage stability can
be achieved.

The X/R ratio range, analysed in this study, was derived from an analysis of real-
world distribution networks. Reginato et. all [56] carried out a research study concerned
with an analysis of potentially viable X/R range, to satisfy the grid code requirements,
for a given integration level (p). The main idea was to investigate how Vpcc varies in
response to changes in Pwing for a specific value of X/Rpcc. Given that SCC was fixed,
the integration level changed as wind power changed. In V-X/R characteristics
presented in this section, the range of X/R and the corresponding SCR value, are based
on the p-X/R graphs presented in [56].

In each test system, the X/Rpcc ratio was changed to monitor the Vecc profile for
each X/Recc value in a fixed SCR network. However, the value of SCR is different
among the four test systems as mentioned in the previous section. Therefore, comparing

and contrasting the V-X/R characteristics among the four test systems will demonstrate
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the effect of X/Rpcc ratio on Vecc for different SCR values. Analyses have been carried

out based on two types of WTGs widely used in the WPPs, i.e. the IG and DFIG.

4.2.1 1G-Based WPP
Figure 4.1 shows the Vpcc-X/Rpcc characteristic for each test where an 1G-Based

WPP is connected to the test distribution network.
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Figure 4.1 Vpcc-X/Recc characteristic for each test system — 1G-Based WPP.

As shown in Figure 4.1, Vecc is high for small X/Recc ratios, especially in test
systems with a small SCR ratio. For example, voltages is higher than the upper
boundary of allowable steady-state range (Vecc > 1.05) in the weakest test system (Test
1 with SCR = 3) for a small X/Rpcc ratio (X/Recc = 0.3). However, for the stiffest test
system (Test 4 with SCR = 7), small X/Rpcc ratios do not increase voltage significantly.

Figure 4.1 also shows that Vecc is generally lower for large X/Rpcc ratios. The
impact of an increase in the X/Rpcc ratio on voltage will be even more critical in the
weaker systems. For example, for the weakest test system (Test 1), the X/Rpcc margin is

around 2.6, after which the bus voltage would collapse below 0.95 p.u. On the other
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hand, in the stiffest test system (Test 4), the X/Recc margin is almost 5.5 before the bus
voltage collapses below the lower bound of the steady-state voltage range. This shows
that in stiff systems, a greater range of connection points can potentially be used for the
interconnection of wind farms, whereas the range of the connection points in a weak
network is limited to buses with a relatively low X/R value. This also potentially
signifies that in weak systems, heavier voltage regulation may potentially be required if
the wind farm is to be connected to a PCC point with a high X/R value.

The SCR value is different among the four tests, but the V-X/R characteristics of
all four systems intersect each other when X/R is around 2, as shown in Figure 4.1. This
confirms the discussion presented in the Chapter 3 (Section 3.6) that X/R = 2 causes the

lowest voltage variation regardless of the SCR value in an IG based WPP [56, 144].

4.2.2 DFIG-Based WPP
Figure 4.2 shows the Vpcc-X/Rpcc characteristic for each test distribution system

when a DFIG-Based WPP is connected to the network.
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Figure 4.2 Vpcc-X/Recc characteristic for each test system - DFIG-Based WPP.
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For the DFIG-Based WPP, similar to the 1G-Based WPP, Vpcc is high when
X/Rpcc is small. This may result in voltages higher than the upper boundary of
allowable steady-state range (1.05 p.u.) especially when the SCR ratio seen from the
connection point is very small. From Figure 4.2, it is clear that Vpcc is greater than 1.05
p.u. when the X/Rpcc ratio is very small (X/R < 0.5) and the test system is weak (Test 1).
However, Vpcc is within the acceptable range for all other test systems even when X/R
< 0.5. The results demonstrate that, in a DFIG-Based WPP, the sensitivity and variation
of bus voltage with respect to changes in the X/Recc and SCR ratios is high only when
X/Repcc is less than 2. Comparing the V-X/R characteristics in Figures 4.1 and 4.2, it can
be observed that the sensitivity of Vecc to changes in the X/Recc and SCR ratios for the
DFIG-Based WPP is similar to that in an 1G-Based WPP when X/Rpcc is small (X/Rpcc
< 2). However, for the DFIG-Based WPP, the variation of Vecc with respect to changes
in X/Rpcc and SCR is very small when X/Rpcc is large (X/Rpcc > 2), as shown in Figure
4.2. This is because as discussed earlier in Chapter 3, DFIG has a high capability in
maintaining Vecc within the allowable steady-state range through reactive power
injection when the X/Recc ratio is high. Hence, for a DFIG-Based WPP connected to a
distribution network with a large X/Rpcc ratio, the voltage regulation requirement is not
an issue even for large wind power penetration (low SCR ratio).

Generally, the V-X/R characteristics show that both small and large X/Rpcc ratios
adversely impact the Vpcc and may push the voltage out of the allowable steady-state
range in 1G-Based WPPs. For DFIG-Based WPPs, the voltage regulation requirement is
problematic only at the connection points with a small X/R ratio, while Vpcc usually

stays between the 0.95 p.u. and 1.05 p.u. at connection points with large X/R ratios.
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The following section presents how the numerical datasets and V-X/R
characteristics presented in this section have been used in this study to develop
mathematical formulations between Vecc, X/Recc, and SCR for both IG and DFIG-

Based WPPs.

4.3 Developing mathematical relations

As the main contribution of this research, this section proposes mathematical
formulations between Vpcc, and the key parameters of a distribution network, i.e.
X/Rpcc and SCR. The relations have been developed for both IG and DFIG-Based
WPPs. In the case of the 1G-Based WPP, the mathematical relations were developed for
both small and large X/Recc ratio ranges. This is because as demonstrated in Figure 4.1,
both small and large X/Recc ratios impose PQ concerns and voltage regulation
challenges at the PCC of 1G-Based WPP. In the case of the DFIG-Based WPP, the
numerical model has only been developed for small X/Rpcc ratios. This is due to the
fact that as demonstrated in Figure 4.2, large X/R ratios do not cause a major impact on
the Vpcc of a DFIG-Based WPP, or voltage regulation requirements at the PCC.

For both IG and DFIG-Based WPPs, general forms of alternative equations,
which can be used to describe the relation between Vpcc, X/Recc, and SCR, were first
developed, and the coefficients of the equations were later identified using a GA based
approach. Finally, the accuracy of each alternative equation was investigated in order to

identify the best fit equation for each X/R ratio range.

4.3.1 General form of alternative functions for 1G-Based WPPs
In this section, a numerical model is developed to mathematically express the

relation between voltage, X/R, and SCR at the PCC of an 1G-Based WPP. The main
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idea is to develop mathematical formulations which fit the V-X/R curve characteristics
presented in Figure 4.1. Mathematical formulas have been developed as the best curve-
fit expressions to mathematically define the Vecc-X/Recc characteristic shown in Figure
4.1, for the X/Rpcc < 2 and the X/Recc > 2 ranges separately. The mathematical
relations were developed for two important characteristics observed and illustrated in

Figures 3.4 and 3.5 in Chapter 3. Table 4.2 summarises these characteristics.

Table 4.2 Characteristics considered for developing mathematical relations for 1G-Based WPPs.

Characteristic Description

Characteristic 1 | The increase in wind power penetration (small SCR ratio) increases Vpcc at
feeders with a small X/R ratio

Characteristic 2 | The increase in wind power penetration decreases Vpcc at feeders with a

large X/R ratio

Considering the shape of the V-X/R characteristic curves in Figure 4.1, two
possible mathematical functions can be considered for expressing the relationships
between Vpcc, X/Rpcc and SCR ratio for both small and large X/Rpcc ranges. The
general forms of these functions are as shown in Egs. (4.1) and (4.2).

Function 1 - Vpcc-X/Rpec (Polynomial with an order of 2)

X X
VPCCZAO_Alx(aXE)"'AzX(aXE)Z (4.1)
Function 2 - Vece-X/Recc (Exponential function)

X
(—p<2)
— R
Viece =By + B, xe

4.2)
Where Ao, A1, Az, Bo, and B1 are positive coefficients. And, o and B are polynomial
and exponential decay coefficients, respectively.

Eqgs. (4.1) and (4.2) are two possible equations which can fit the reference graphs

shown in Figure 4.1. Mathematically, it was tested and verified that the V-X/R

characteristics plotted by the polynomial equation (4.1) and exponential equation (4.2)
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are similar to each other. Therefore, both Egs. (4.1) and (4.2) can be utilised to model
the relation between voltage and X/R. Investigating different mathematical functions
enabled the author to compare the accuracy of each function and choose the best-fit
function with the highest accuracy.

Figure 4.3 shows the V-X/R characteristic given by the alternative equations for

different values of decay coefficients.

A

Vece

v

Figure 4.3  Characteristic of the alternative Egs. (4.1) and (4.2).

From Figure 4.3, it can be mathematically verified that in exponential and
polynomial functions such as Eq. (4.1) and Eq. (4.2), lower values of decay coefficients
(o and B) increase the value of the function, while higher values of decay coefficient
decrease the value. Referring to Characteristic 1 in Table 4.2, Vpcc increases in
response to an increase in wind power penetration when the X/Rpcc ratio is small
(X/Rpcc < 2). On the other hand, an increase in wind power penetration makes SCR
smaller. Therefore, small SCR ratios increase Vpcc When X/Recc < 2. Hence, it can be
concluded that there must be a direct relation between decay coefficients and SCR when
XIRpcc is small (X/Recc < 2), and these can be expressed as shown in Egs. (4.3) and
(4.4):

a=aX SCR when X/Rpcc < 2 (4.3)
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B=bxSCR when X/Rpcc < 2 (4.4)

Where a and b are positive values.

In the case of decay coefficients (o and ) for large X/Rpcc ratios (X/Recc > 2),
referring to Characteristic 2 in Table 4.2, Vpcc decreases in response to an increase in
wind power penetration. On the other hand, an increase in wind power penetration
makes SCR smaller. Therefore, small SCR ratios decrease Vpcc when X/Rpcc > 2. It
can then be concluded that there must be an inverse relation between decay coefficients
and SCR for large X/Recc (X/Rpcc > 2) ratios, and these can be expressed as in EQs.

(4.5) and (4.6):

C
= —— when X/Rpcc > 2 4.5
*7scr Pec (4.9)
g9 when X/Recc > 2 (4.6)
SCR PCC .

Where c¢ and d are positive values
Considering the relations between decay coefficients (o and ) and the SCR ratio
given in Egs. (4.3) to (4.6), the general forms of the alternative Egs. (4.1) and (4.2) can

be rewritten as follows:

= Ao~ A X (SCRx 2)+ A, < (SCRx2)° when <2 (47)

PCC

( BsrzstRxl) X
Vece = Byo + By x € R when E <2 (4.8)
1 X 1 X
X — when — > 2 4.9
PCC AI’O Al’l (SCR R) AZ (SCR R) R ( )
(=Bl x = x Xy X
Vece = Byro + By xe SCR R when R >2  (4.10)
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Where Asno, Asrt, Asr2, Bsro, Bsr1 are the coefficients for the X/R < 2 range, and Auro, Aur,
Air2, Biro, Bir1 are the coefficients for the X/Recc > 2 range.
Referring to Egs. (4.1) to (4.6), the coefficients of the alternative equations can be

formulated as follows:

Ay =axA (4.11) A, =a"x A, (4.12)
A, =CxA (4.13) A, =C*x A, (4.14)
B,,=b (4.15) B,, =d (4.16)

4.3.2 General form of alternative functions for DFIG-Based WPP

Similar to the 1G-Based WPP, the general forms of two possible equations can be
formulated for modelling the relation between Vpcc, X/Recc, and SCR in a DFIG-Based
WPP. These were developed using the V-X/R characteristics presented in Figure 4.2. As
mentioned earlier, in a DFIG-Based WPP, Vpcc can be easily maintained within the
allowable steady-state range at large X/R connection points because of the high
capability of the DFIG in regulating the terminal voltage through reactive power
injection.

However, the limited capacity of DFIG in absorbing reactive power under
overvoltage conditions imposes serious voltage stability problems at weak connection
points with a small X/R ratio. Therefore, the proposed alternative equations were only
developed for the small X/Rpccrange, i.e. X/Recc < 2. As discussed in Section 4.2.2, in
this X/R range, the V-X/R characteristic for DFIG-Based WPPs are similar to the V-
XIR characteristics of the 1G-Based WPPs. Hence, for the DFIG-Based WPP with a
small X/Rpcc, the same alternative equations developed for the small X/Rpcc 1G-Based

WPP case can be used, the general forms of which are as follows:

97



Chapter 4 — Genetic Algorithm-Based Analytical Model for the PCC Voltage Stability Analysis

Vece =Cy~Cyx (SCRx 2) +C, x (SCRx 2 ) when =<2 (4.17)

(-D, XSCRX%)

Vece =Dy + D, xe when % <2 (4.18)

Where Co, C1, C2, Do, D1, and D> are positive coefficients.

Egs. (4.7) to (4.10), and Egs. (4.17) and (4.18) provide insightful information
enabling the mathematical formulation of relations between Vpcc, X/Rpcc, and SCR.
However, determination of the coefficients was the most important step and proven
quite challenging. The following section discusses how a GA-Based approach was used

in this study to identify the coefficients.

4.3.3 Genetic Algorithm

In the previous section, the general forms of the mathematical relations between
Vpce, X/Rpcc, and SCR were developed. Yet, the values of the coefficients of the
developed relations must be precisely determined before these can be applied for
predicting the voltage behavior at a given PCC bus.

Regression analysis is one of the approaches used in the literature for estimating the
coefficients of a statistical model given data. However, as an advanced technique, this
work proposes a Genetic Algorithm (GA) technique for identifying the coefficients’
values. The values of the coefficients must ensure that the V-X/R characteristics
predicted by the proposed equations provide the best fit for the reference V-X/R graphs
shown in Figures 4.1 and 4.2.

The Genetic Algorithm is a searching method for solving both constrained and

unconstrained optimization problems based on probabilistic search methods developed
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using the ideas of evolutionary processes [147]. GA approach is based on the Darwinian

concept of the continuity of the fittest. Figure 4.4 shows a flowchart of the GA concept.

[ Start optimisation ]

1 |

Gen=1

1 §

Specify population type and population size

1

Generate initial population

Evaluation

\_‘ Selection
¥ i B

Crossover Mutation H Elite count

Calculate fitness function

1 |

Create the new population

Gen = Gen +1 End optimisation

Figure 4.4  Flowchart of the GA concept [148, 149].

As shown in Figure 4.4, the GA concept involves creating a primary population
involving a predefined number of individuals or solutions. In this project, individuals or
solutions represent potential values of the coefficients of the alternative equations
developed in Section 4.3.1 (Egs. (4.7) to (4.10)) and Section 4.3.2 (Egs. (4.17) and
(4.18)). Each solution or population is represented by a genetic string or chromosome.
Each individual has an associated fitness measure, which represents an objective value.
The concept of fittest individuals in a population producing fitter offspring is then

implemented to reproduce the next population. The individuals are tested and ranked.
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Selected individuals are selected for elite count or crossover at each generation.
Meanwhile the genes of an individual are randomly modified using a suitable mutation
factor to develop the population. Later on, better individuals or solutions are created
through carrying out biased random selection and mixing of the evaluated searches.
Therefore, a new generation of individuals is resulted based on the indigenous subjects
leading to following populations with better individual fitness. The algorithm will expel
the individuals with lower fitness value from the population, and recognises the
individuals with optimal fitness values [30].

Compared with other regression techniques, GA is more popular in solving
engineering, scientific, and business optimisation problems due to its ease of use and
higher accuracy [150]. The ability of GA in exploiting parent solutions which are closer
to the optimal solution is higher than heuristic searching techniques, such as structural
models and structural stiffness methods [151]. Compared with regression and heuristic
approaches, which can find only one solution for optimising a given problem, GA
selects the best solution among the all possible solutions which can be applied for the
problem optimisation. Therefore, the final solution proposed by GA is guaranteed to be
the global-optimal [151]. The global-optimal ability increases the accuracy of GA in
problem optimisation as the proposed optimal solution is the best solution among all
possible answers. Reviewing the literature, it was clear that many researchers have
applied GA to forecast model parameters [150, 152-155], which shows the wide-spread
application of GA in problem optimisation and estimating the parameters of a given
model. The main advantages of GA over the regression techniques in optimising

problems are [156]:
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e The evolutionary nature of GA enables to search for solutions with a reasonably
small number of mathematical requirements.

e Contrary to traditional optimisation methods based on local search by a
convergent stepwise procedure, such as regression approaches, the evolution
operators make GA effective at performing global search. Local search means to
compare the values of nearby points and move to the relative optimal points.
However, global optimum is the optimal solution among all possible solutions,
not just those in a particular neighbourhood of values [151].

e GA is very flexible in terms of hybridising with domain dependent heuristics to
make an efficient implementation for a specific problem.

Considering the advantages mentioned above, GA was preferred optimisation
method in this study. GA function is one of the solvers for optimising a given problem,
and a GA toolbox is available in MATLAB. In a GA function, the procedure of
optimisation mainly depends on three factors: Fitness function definition, constraint
definition, and determination of GA parameters. Each one of these factors is discussed

in the following sub-sections.

4.3.4  Fitness function
As mentioned, GA is responsible to find the best solution for optimizing a given
problem. The problem is coded as a function, usually called the fitness function, using
MATLAB instructions and commands. In a GA approach, individuals or solution space
is a population of binary strings. For the whole population, fitness function is applied to
binary strings to determine which candidates are included in each gene.
In this study, the GA solver is applied to find the values of the coefficients of the

alternative Eqgs. (4.7) to (4.10) (developed for 1IG WPP) and Egs. (4.17) and (4.18)
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(developed for DFIG WPP). The graph plotted by each equation must have the lowest
error with respect to the reference V-X/R data points. The reference V-X/R data points
were shown in Figures 4.1 and 4.2 for the IG and DFIG-Based WPPs, respectively. One
fitness function has been considered, defined, and coded for each alternative equation.
In each fitness function, the coefficients of the relevant alternative equation are
considered as the input variables. Furthermore, the output of the fitness function is
standard deviation (o) between the Vpcc predicted by the equation (Vecc) and the

reference voltage (Vecc_rer) given by Eq. (4.19).

1

a:\/—zn:(vi -Y,)? (4.19)

NS4

Where Yi expresses reference values and Yi expresses predicted values and n
represents the number of Y ;.

The objective is to find values of the input variables for which the output of the
fitness function becomes minimum. For elaborating the fitness functions operation,
Table 4.3 shows pseudo codes and the description of each code for one of the fitness
functions. As an example, Fitness Function 1 was selected, which was used for finding
the values of the coefficients in the first alternative equation, i.e. Eq. (4.7). Moreover,
the MATLAB codes written for this fitness function have been included in Appendix C.

Table 4.3 Pseudo codes for Fitness Function 1.

Pseudo code Description

Procedure  function_name (input vector) Declare Fitness Function 1 named FF1 which
accepts vector K as input variable and returns
output variable o. K is a row vector with
length = 3. The elements in vector k represent
the value of coefficients in Eq. (4.7), i.e. Aso,
As1, and Asp. Output parameter (o) is the
sum of the standard deviation of reference vs.
predicted V-X/R characteristics for the four
test systems.

Ao < First element of input vector Assign the first element of vector K into
As1 € Second element of input vector variable Agn, the second element of vector K
As2 € Third element of input vector into As1, and the third element of vector K
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|nt0 A5r2.

[xr_1, v_ref 1] < Reference X/R and voltage
data points for Test 1

Assign the reference X/R and voltage data
points obtained for Test 1 into variable xr_1
and variable v_ref_1, respectively.

SCR_1<¢3
v_pre 1 € Aso*exp(Asi*(Xr_1/SCR_1))+ A

For Test 1, calculate voltage value named
v_pre_1 using Eq. (4.7) considering that SCR

Error < 0

For i=1 to length of v_pre_1 do

Error < Error + (v_ref _1(i) - v_pre_1(i))"2;
end for

o(1) € sqrt(Error / length of v_pre_1)

Calculate standard deviation between v_ref 1
and v_pre_1 and assigned it into variable

o(1).

[xr_2, v_ref 2] < Reference X/R and voltage
data points for Test 2

Assign the reference X/R and voltage data
points obtained for Test 2 into variable xr_2
and variable v_ref_2, respectively.

SCR_ 2 < 45
v_pre 2 € Aso*exp(Asi*(Xr_2/SCR_2))+ A

For Test 2, calculate voltage value named
v_pre_2 using Eq. (4.7) considering that SCR
=45

Error € 0

For i=1 to length of v_pre_2 do

Error & Error + (v_ref_2(i) - v_pre_2(i))"2;
end for

o(2) € sqrt(Error / length of v_pre_2)

Calculate standard error between v_ref 2 and
v_pre_2 and assigned it into variable 6(2).

[xr_3, v_ref_3] < Reference X/R and voltage
data points for Test 3

Assign the reference X/R and voltage data
points obtained for Test 3 into variable xr_3
and variable v_ref 3, respectively.

SCR_ 3¢ 6
v_pre_3 € Aso*exp(As1*(Xr_3/SCR_3))+ A

For Test 3, calculate voltage value named
v_pre_3 using Eq. (4.7) considering that SCR
=6

Error € 0

For i=1 to length of v_pre_3 do

Error & Error + (v_ref_3(i) - v_pre_3(i))"2;
end for

o(3) € sqrt(Error / length of v_pre_3)

Calculate standard deviation between v_ref 3
and v_pre_3 and assigned it into variable
o(3).

[xr_4, v_ref_4] < Reference X/R and voltage
data points for Test 4

Assign the reference X/R and voltage data
points obtained for Test 4 into variable xr_4
and variable v_ref 4, respectively.

SCR 4 <6
v_pre_4 € Aso*exp(As1*(Xr_4/SCR_4))+ A

For Test 4, calculate voltage value named
v_pre_4 using Eq. (4.7) considering that SCR
=7.

Error < 0

For i=1 to length of v_pre_4 do

Error & Error + (v_ref_4(i) - v_pre_4(i))"2;
end for

o(4) € sqrt(Error / length of v_pre_4)

Calculate standard deviation between v_ref 4
and v_pre 4 and assigned it into variable o(4)

c€o(l)to(Q+o(3)to(4)

Assign the sum of o(1), 6(2), 6(3), and o(4)
into output variable named o

End

End procedure
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4.3.5 GA parameters

Referring to Figure 4.4, the operation of a GA function depends on the value or
type of several parameters. In this section, the main parameters that must be identified
while using a GA function are defined and explained in detail. Furthermore, the value
and type of the parameters considered in the numerical model proposed in this project
are presented.

Generation and population size are the basic parameters that need to be identified
before running GA. The maximum number of iterations that GA performs is specified
by the generation parameter. Furthermore, the number of individual in each generation
is determined by the population size. The default values for the number of generation
and population size in MATLAB are 100 and 20, respectively. However, in this study,
the specified values for generation and population size are 300 and 200, respectively,
which are very larger than the default values. This increases the accuracy of the results
and ensures that GA determines appropriate values for the unknown variables
(coefficients of the alternative equations). Apart from the number of generation and
population size, selection, crossover, elite count, and mutation are the other important

parameters of a GA function that must be identified by the operator.

4.3.5.1 Selection

The selection parameter chooses individuals which are available in current
generation as the parents for the next generation based on their scaled values from the
fitness function [157]. An individual can be selected more than once as a parent so that
it contributes its genes to more than one child. Roulette-wheel and stochastic uniform
are two common functions used for selecting the individuals in GA. The former is a

fitness-based function where the chance of an individual to be chosen as a parent in the
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next population is based on its relative fitness in the current population. However, the
roulette wheel is not a good search strategy, as towards the end, the fitness values of the
individuals slightly change in the last generations. This issue was removed in stochastic
uniform search strategy. Stochastic uniform does not select the parents regarding their
relative fitness, but their rank in the population. Therefore, stochastic uniform function
Is a better search strategy compared with roulette wheel function. In this study,

stochastic uniform function has been selected for the selection parameter.

4.3.5.2 Crossover

Crossover categorises two individuals (parents) of the intermediate generation to
create a new individual (child) for the next generation. Single point, two-point, and
scattered crossover are three basic crossover functions [148].

Single point crossover function cuts both parents bit strings at the same point
which is randomly chosen by the function. The child is created by taking the first part of
the first parent and the second part of the second parent. Two-point crossover function
works similar to the previous crossover function, however, this time the parents’ bit
strings are cut at two points. The child is created by taking the first part of the first
parent, the second part of the second parent, and the third part of the first parent. In the
case of scatter operator, the crossover process is carried out within two steps. Initially,
the function generates a random binary vector. Later on, the function selects the strings
of the first parent if the corresponding bit string in the random binary vector is 1, and
selects the string of the second parents if the corresponding gen in the random binary
vector is zero, and concatenates these pieces to create the child [148]. Comparing the

crossover process in scattered, single point, and two-point crossover functions, it can be
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concluded that scattered crossover function provides higher flexibility [148]. Therefore,

in this study, the scattered function has been selected as the crossover operator.

4.3.5.3 Elite count

In a GA function, elite count is one of the options in reproduction process. It
determines the number of the individuals which survive to the next generation. The
value of elite count is between one and population size [149]. However, large elite
number results in unrealistic results. Similar to the real world, the appropriate value for
the number of elite gens is a small portion (around 1%) of the total population size. As
mentioned earlier, in GA function applied for this study, the specified value for the
population size is 200. Hence, the number of elite gens of the GA function is considered

to be 2 which is 1% of the total population (2 = 1% * 200).

4.3.5.4 Mutation

The algorithm makes small randomly changes in the genes of individual parents to
create mutation children [158]. By default, for unconstrained problems, GA function
adds an incidental vector from a Gaussian distribution to the parent. For bounded or
linearly constrained problems, the child stays attainable. In this study, the mutation
function type is constraint dependent. The constraints are concerned with the maximum
and minimum boundaries of the input variables of the fitness functions. Referring to
Sections 4.3.1 and 4.3.2, in all six alternative functions, the values of the coefficients
are positive. Hence, for all input variables, the minimum value is zero. In the case of
upper boundaries, for each variable, a large positive domain was initially set. Later on,
the GA function was run for several iterations to discover an approximate answer for the

input variable considered. Once an approximate solution was discovered in the positive
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large domain, the GA function was repeated based on the boundaries close to the
approximate solution to achieve a more accurate answer. Table 4.4 presents the upper
boundaries of each input variable. The lower boundaries were set to zero in each case.

Table 4.4 Upper boundaries for each input variable of the GA function.

Variable Value
Aer 2
Asr1 0.1
Asr2 0.01
Bsro 2
Ber1 0.1
Bsro 1
Ao 2
A 0.1
A 0.01
BIrO 2
Bir 0.1
Bir2 1
Co 2
Ci 0.1
C 0.01
Do 2
D; 1
D, 1

4.3.6 GA outcomes

Upon defining the fitness functions and GA parameters, the GA function was
individually run in order to determine the values of the input variables for each fitness
function. For each fitness function, the number of times that the algorithm is iterated
equals with the multiplication of population size and the number of generation.
Considering that the population size and the number of generation are 200 and 300
(refer to Section 4.3.5) respectively, the number of iterations for each fitness function
equals 200 x 300 = 6 x10%.

For each fitness function, GA obtains the values of the input variables ensuring
that the value of the fitness function in the current iteration is less than the value of the

fitness function in the previous iteration. Therefore, for each input variable, the value
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obtained in the last iteration is considered as the optimal value. The optimal values of
the input variables are, then, considered as the values of the coefficients of the
alternative equations developed in Section 4.3.1 and 4.3.2.

Table 4.5 shows the optimal value of each one of the input variables determined
by GA for the fitness functions.

Table 4.5 Values of the coefficients.

Fitness function Variable Value
Aer 1068
Fitness function 1 Agt 0.015
Asr2 0001
Ber 09867
Fitness function 2 Bsr1 0.0912
Bsr2 0.29
Ao 0.9813
Fitness function 3 Ain 0.0427
Alr2 0002
BIrO 0788
Fitness function 4 Birt 0.195
Bir2 0.24
Co 1.102
Fitness function 5 Cs 0.03
C, 0.002
Do 0.99
Fitness function 6 D; 0.101
D, 0.347

Assigning the values of the coefficients presented in Table 4.6 in the
corresponding alternative equations developed in Section 4.3.1 and 4.3.2, Eqgs. (4.7) to

(4.10) and Eq (4.17) to Eq (4.18)) can be rewritten as: follows:

IG WPP Vieee :1.068—0.015><(%><SCR)+0.001><(%>< SCR)? (4.20)
X/Rpcc <2
(-0.29% X xSCR)
Ve =0.9867 +0.0912xe R (4.2
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X 1 X 1
V... =0.9813—0.0427 x (= +0.002x (= 2 (4.22
IG WPP poc “(R*5cR) “Rrser) 422
X/Rpcc > 2
(<024x X L)
Voo =0.788+0.195xe R S (4.23)
X X )
Voee =1.102-0.03x (2 x SCR) +0.002 (= x SCR) (4.24)
DFIG WPP R R
X/Rpcc < 2

(-0347x X x SCR)

Voo =0.99+0101xe  * (4.25)

Egs. (4.20) to (4.25) are the final forms of numerical models, which can be used
to express the relations between Vpcc, X/Recc, and SCR for different types of wind
turbines and in different X/Rpcc ranges. In the following sections, the accuracy of each
equation is evaluated using statistical criteria and graphs presented to highlight the best-

fit equation for each WPP type and X/Rpcc range.

4.4 Evaluation of the accuracy of the proposed alternative equations

This section presents the validation testing of Eqgs. (4.20) to (4.25). The proposed
equations must provide the lowest error with respect to the reference V-X/R data points.
The reference V-X/R data points were presented in Section 4.2 for the 1G and DFIG
WPP (please refer to Figures 4.1 and 4.2). As mentioned therein, the V-X/R
characteristics were plotted for four test systems based on IEEE distribution system
models with different topologies and SCR values seen from the connection point.
Consequently, for each WPP type and X/Rpcc range of considered in Egs. (4.20) to
(4.25), the accuracy of the relevant alternative equations must be evaluated for each test
system. Later on, the equation with the highest accuracy can be selected as the proposed

equation for modelling the mathematical relation between Vpcc, X/Rpcc, and SCR.
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4.4.1 Statistical criteria

As mentioned in Section 4.3.4, the output variable of each fitness function is the
standard deviation (o) between reference and predicted values. In this section, apart
from o, two other well-known evaluation criteria: Mean of Absolute Error (MAE) and
Mean of Relative Error (MRE) are used to measure the accuracy of the alternative Egs.
(4.20) to (4.25). These criteria are commonly used in estimation methods.

The formulas of these criteria can be defined as follows [159-161]:

MAE:%Z|I\7Ii—Mi| (4.26)
i=1
18, M, -M,
MRE == )| — "1 4.27
nZ_l‘,l M | (4.27)

The reference values of Vpcc, is expressed as M, and its predicted values are
expressed as Mi. Also, the total number of reference values is given as n.
The lower the value for each evaluation criteria, the higher would be the relative
accuracy [33]. Table 4.6 presents the value of each evaluation criterion for each
alternative equation.

Table 4.6  MAE and MRE values for alternative Egs. (4.20) to (4.25).

WPP type X/Recc range | Test system | Alternative z MAE MRE
equation

IG-Based WPP X/Rpcc< 2 1 4.20 0.0324 | 0.0314 | 0.0305

4.21 0.0264 | 0.026 0.0254

IG-Based WPP X/Rpce> 2 1 4.22 0.0144 | 0.013 0.0137

4.23 0.015 | 0.014 0.0144

DFIG-Based WPP X/Rpcc< 2 1 4.24 0.0068 | 0.006 0.0058

4.25 0.0038 | 0.0035 | 0.0034

IG-Based WPP X/Rpcc< 2 2 4.20 0.0247 | 0.0223 | 0.0218

4.21 0.0155 | 0.0145 | 0.0143

IG-Based WPP X/Rpcc> 2 2 4.22 0.0097 | 0.0087 | 0.0091

4.23 0.0102 | 0.0091 | 0.0095

DFIG-Based WPP X/Rpcc< 2 2 4.24 0.0103 | 0.0093 0.009

4.25 0.0014 | 0.0012 | 0.0012

IG-Based WPP X/Rpcc< 2 3 4.20 0.0318 | 0.0274 | 0.0267
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4.21 0.0117 | 0.0116 | 0.0115

IG-Based WPP XIRpcc > 2 3 4.22 0.0052 | 0.0044 | 0.0046
4.23 0.0055 | 0.0047 | 0.0049

DFIG-Based WPP XIRpcc < 2 3 4.24 0.0361 | 0.0234 | 0.0223
4.25 0.0036 | 0.0031 0.003

IG-Based WPP X/Rpcc < 2 4 4.20 0.2876 | 0.2523 0.194
4.21 0.0122 | 0.0121 0.012

IG-Based WPP XIRpcc > 2 4 4.22 0.0046 | 0.0045 | 0.0047
4.23 0.0051 | 0.005 0.0052

DFIG-Based WPP XIRpcc < 2 4 4.24 0.0327 | 0.0225 | 0.0215
4.25 0.0088 | 0.0065 | 0.0064

In the case of the 1G-Based WPP with a low X/Recc (X/Recc < 2), as per Table
4.6, o, MAE, and MRE for the exponential function (Eq. 4.21) are less than those for
the polynomial function (Eg. 4.20) for all four test connection points. Therefore, Eq
(4.21) is more accurate than Eq (4.20) in representing the relationship between Vpcc,
X/Rpcc, and SCR.

In the case of 1G-Based WPP with a large X/Rpcc PCC (X/Rpcc >2), o, MAE, and
MRE values for Eq. (4.22) are slightly less than those of Eq. (4.23). Therefore Eq. (4.22)
is proposed for modelling the relation between Vpcc, X/Rpcc, and SCR for the 1G-Based
WPP in the X/Rpcc > 2 range. For the DFIG-Based WPP, o, MAE, and MRE values for
the exponential function (Eq. 4.25) are less than those for the polynomial (Eq. 4.24) and
hence the exponential function has been chosen to model the relation between the

voltage, X/R, and SCR.

4.4.2 Graphical representations
In this section, the accuracy of the alterative equations has been investigated using
graphical representations. In this case, for each test system presented in Table 4.1, the

V-X/R curve characteristic predicted by each alternative equation is compared with the
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corresponding reference curve characteristics. The predicted and reference V-X/R curve
characteristics are as shown in Figures 4.5 to 4.16.

For the 1G-Based WPP with a small X/Recc, Figures 4.5 to 4.8 show that the V-
X/R curve predicted by Eq. (4.21) follows the reference V-X/R curve for all four test
systems. The highest error was around 2.5% in the first test system when X/Rpcc = 2.
However, the error between the reference V-X/R curve and the V-X/R curve predicted
by the polynomial alternative equation, Eq. (4.20), was significant, especially for stiffer
test systems (Test 3 and Test 4). As shown in Figures 4.7 and 4.8, the graphs given by
Eqg. (4.20) could not track the reference curve characteristics. Therefore, the results

demonstrate that Eq. (4.21) provides a better accuracy compared with Eq. (4.20).
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Figure 4.5 V-X/R graphs obtained by Eqgs (4.20) and (4.21) for Test System 1.
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Figure4.6  V-X/R graphs obtained by Eqgs (4.20) and (4.21) for Test System 2.
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Figure 4.7  V-X/R graphs obtained by Eqgs (4.20) and (4.21) for Test System 3.
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Figure 4.8  V-X/R graphs obtained by Eqgs (4.20) and (4.21) for Test System 4.

For the 1G-Based WPP with a large X/Recc, the accuracy of the graphs obtained
by Egs. (4.22) and (4.23) were close to each other as shown in Figures 4.9 to 4.12.
However, for all test systems, the error between the curves given by Eg. (4.22) and
reference graphs were lower than the error between the curves predicted by Eq. (4.23)
and reference graphs. For both Egs. (4.22) and (4.23), the highest error was concerned
with the first test system when X/Recc is around 2. In this case, as can be seen from

Figure 4.9, the error between the reference and predicted graphs is around 1.6%.
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Figure 4.10 V-X/R graphs obtained by Eqgs (4.22) and (4.23) for Test System 2.
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Figure 412 V-X/R graphs obtained by Eqs (4.22) and (4.23) for Test System 4.

Finally, for the DFIG-Based WPP, the results in Figures 4.13 to 4.16 show that
the accuracy of the graphs gained by the relevant exponential alternative equation, Eq.
(4.25), is better than the accuracy of the graphs given by the relevant polynomial
alternative equation, Eq. (4.24).

For all test systems, the error between the reference curve and the curves given by
Eq. (4.25) is less than 1%. However, the error between the graphs given by Eq. (4.24)
and the reference curves is high, especially for Test 3 and Test 4. For Test 3, according
to Figures 4.15, the highest error caused by Eq. (4.25) is nearly 0.5%, while the error
caused by Eq. (4.24) is around 4%.Similarly, for Test 4, Figure 4.16 shows that the
highest error of the graph plotted by Eq. (4.25) is around 0.5%, however, the highest
error between the reference curves and the graphs given by Eq. (4.24) is over 6%.
Therefore, the results demonstrate that, contrary to Eq. (4.24), the accuracy of Eq. (4.25)

is very high.
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Figure 4.13 V-X/R graphs obtained by Eqgs (4.24) and (4.25) for Test System 1.
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Figure 4.14 V-X/R graphs obtained by Eqgs (4.24) and (4.25) for Test System 2.

1.06 T T T T T T T

1.05 -

1.04p

1.03

1.02

V (p.u.)

4 0.6 0.8 1 1.2 1.4 1.6 1.8
X/R

Reference Predicted by (4.24) Predicted by (4.25)

Figure 4.15 V-X/R graphs obtained by Eqgs (4.24) and (4.25) for Test System 3.
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Figure 4.16 V-X/R graphs obtained by Eqgs (4.24) and (4.25) for Test System 4.

Comparing the accuracy of the alternative Egs. (4.20) to (4.25) using the

statistical criteria and graphical representation, the equations proposed for modelling the

relation between Vpcc, X/Rpcc, and SCR are as listed in Table 4.7.

Table 4.7  Proposed equation for each WPP type and X/Rpcc range.

WQPP type | X/Rpcc range

Proposed equation

IG WPP | X/Rpcc < 2 4.21
IG WPP | X/Rpcc > 2 4.22
DFIG WPP | X/Rpcc < 2 4.25

4.5 Voltage stability analytical model

As shown in the previous section, the relation between voltage, X/R, and SCR at
the PCC of the IG and DFIG-Based WPPs can be modelled using three equations
developed for two key X/Rpcc regions of interest, the X/Rpcc < 2, and X/Rpcc > 2
regions. Considering that SCR is the ratio between the grid’s SCC and Pwing, the
proposed equations can be expressed in terms of Vpcc as a function of Pwing and SCC as
shown in Egs. (4.28), (4.33), and (4.41). These equations enable to calculate the voltage

profile and voltage variations at a given connection point with a specific X/R and SCC.
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Eqgs. (4.28), (4.33), and (4.41) can be developed in terms of Pwing as a function of
Vrcc, as shown in Egs. (4.32), (4.39), and (4.45). In the case of the IG-Based WPP with
X/Rpcc > 2, the Pwing parameter can be expressed by Eq. (4.39) or Eq. (4.40). In Eq.
(3.40), the Pwina value is given by the multiplication of the ratio between SCC and X/R
and the sum of two phrases: a constant value (10.675) and a square root relation. The
SCC value is normally very larger than X/R value making the ratio between SCC and
X/R large. Multiplication of the sum of the two phrases by a large value makes Pwind
value larger than the grid’s SCC, which is not realistic. Hence, the acceptable value of
Pwind is given by Eq. (4.39).

Egs. (4.32), (4.39), and (4.45) enable to estimate the WPP maximum permissible
size which ensures that Vpecc is maintained within the acceptable steady-state range.
This is another significance of the voltage stability model proposed in this study.

e 1G WPP with X/Rpcc < 2

(—0.29x X SCC,
V =0.9867 +0.0912e R Runa (4.28)
V —0.9867  (-029pxp )
00912 °© (4.29)
V —0.9867 X ScC
—Ln (—)= —0.29x—x (4.30)
0.0912 »
)éx scc ia1
> Pung= —029x— R — e (4.31)
n( 0.0912 )
>F§ « SCC
& |P,,=0.29 x 50913 (4.32)
Ln(———— =)
V —0.9867
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e |G WPP with X/Rpcc > 2

X P P
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“

e DFIG WPP with X/Rpcc < 2

(—0.347x % gcc)
V =0.99+0.101e s (4.41)
0.101 '
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>F:x scc
- I:)wind = — 0.347 x V —0.99 (444)
n ( )
0.101
>F§ « SCC
P, . =0.347 — (4.45)
Ln (2200
V —0.99

Referring to Egs. (4.28) to (4.45), the proposed analytical model is summarised
as Table 4.8. Next chapter investigates and verifies the accuracy of the proposed
equation in predicting Vecc profile, AVecc, and Pmax-wind Using the four test systems
designed and simulated in this chapter.

Table 4.8  Proposed analytical model assuming Vecc initial = 0.98 p.u.

Eq. Equation Application
(_o,zgxlxscc) Projecting  Vpcc
(42 | v =0.9867+0.0912e ~ ° R and AVece for

|IG-Based WPPs
for X/Rpcc <2

P P. Projecting  Vpcc
(4.33) | Ve =0.9813 — 0.0427 x (ﬁxw—'““) + 0.002 x (éxL”d)2 and AVpcc for
R SCC R SCC IG-Based WPPs

for X/Rpcc > 2

(—0.347x X 3CC, Projecting  Vecc
(441) | \/ =0.99+0.101e R PRuind and AVpcc  for
DFIG-Based
WPPs for X/Rpcc
<2
X Projecting  Puwind
(4.32) R x SCC for IG—Based
|:)wind =0.29 x 0.0912 WPPs for X/Recc
NG oans) <2
V —0.9867

R ( ) Projecting  Puwind
(4.39) | Puina = SCC XX 10.675—,/ 500 x (V —0.9813) +114 for  1G_Based

wind

WPPs for

X/Rpcc > 2
X Projecting  Pwind
(4.45) — X SCC for DFIG-Based
P,.,=0347x—R WPPs for X/Recc

win 0.101 <2
Ln(——)
V —-0.99
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4.6 Conclusion

In a distribution system connected WPP, the short-circuit impedance angle ratio
(X/R) and the grid SCC are the key characteristics that affect the voltage at the PCC.
Development of mathematical relations between Vecc, Pwind, X/Recc, and SCC will
enable the understanding on how the steady-state voltage will behave in response to
increases in wind power generation at a particular PCC, based on the SCC and X/R
ratios observed at that point. In this chapter, the key objective was to mathematically
determine the relations between Vpcc, Pwind, SCC, and X/Rpcc. The analysis paid
emphasis on assessing the likely impacts of an increased X/R ratio on the steady-state
voltage stability at the PCC of a WPP connected to a distribution network. Analysis
studies were carried out based on two types of WTGs widely used in the WPPs: IG and
DFIG.

Four distribution test feeders were modelled and simulated based on two different
IEEE distribution system models to consider different network topologies and impacts
of the network strength on the relationship between Vpcc and X/R. Later on, for each
type of WTGs, a system X/R ratio sensitivity analysis was introduced and presented to
quantify the impacts of the X/R ratio variation on the voltage-stability at the PCC and in
order to determine how voltage responds to such changes. The realistic range of X/Rpcc
and Vpcc has been taken into account in the V-X/R characteristics presented. It was
demonstrated that both small and large X/Rpcc ratios adversely impact Vpcc and may
push the voltage out of the allowable steady-state range in 1G-Based WPPs. In the case
of DFIG-Based WPPs, however, the voltage regulation requirement is problematic only

at feeders with small X/Rpcc ratio.
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The V-X/R characteristics were, then, used to develop the proposed voltage stability
analytical model. The main idea was to find the equations which can fit the V-X/R
curve characteristics presented for the four test systems. Six alternative equations were
considered: two alternative equations for the 1G-Based WPP with small X/Rpcc, two
alternative equations for the 1G-Based WPP with large X/Recc, and two alternative
equations for the DFIG-Based WPP with small X/Rpcc. The coefficients of the
equations were determined using a GA-Based approach. In this respect, for each
alternative equation, a fitness function was coded in MATLAB. The error between the
V-X/R curves given by the alternative equation and the reference V-X/R characteristic
was considered as the output variable of the fitness function. Moreover, the coefficients
of the alternative equation were considered as the input variables of the fitness function.
GA was used to obtain the optimal values of the input variables in a way that the output
of the fitness function becomes minimum.

Upon determining the values of the coefficients for each alternative equation, the
accuracy of the equations was evaluated using statistical criteria and through visual
observations of the graphs presented. It was demonstrated that the relation between
Vpce, X/Rpec, and SCC, and Pwing can be modelled using three mathematical functions:
an exponential function for 1G-Based WPP with small X/Rpcc, a polynomial with an
order of two for 1G-Based WPP with large X/Rpcc, and an exponential function for
DFIG-Based WPP with small X/Rpcc.

The graphical result demonstrated that the error between the reference voltage
values and the values predicted by the proposed equations is very small. The graphical

results showed that the V-X/R characteristics predicted by the developed model could
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track the reference V-X/R graphs with an acceptable margin of error. This signifies that
the proposed model is conservative.

The relation, then, were developed to calculate the active power injected by the
WPP for a specific voltage value at the PCC point.

Next chapter investigates how these equations can be used for a predictive PV
analysis study and for estimating three important voltage stability criteria, including:

Vrcc profile, AVpcc, and the WPP maximum permissible size.
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Chapter 5 - Validation of the Proposed Analytical
Model

5.1 Introduction

Preceding chapters have presented the novel analytical method developed during
the course of this research to model the relation between the PCC voltage and PCC
parameters in a distribution network penetrated by WPPs. In Chapter 3, PV, QV, and
V-SCR analysis studies were carried out to investigate the impact of PCC parameters
on voltage stability at a given connection point from a number of aspects using
modelling and simulation studies. Chapter 4 focused on the development of analytical
model of a series of mathematical relations between the bus voltage and network
parameters at the interconnection of a WPP. Six mathematical equations were proposed
to model the analytical correlation between PCC bus voltage (Vecc), wind power
generation (Pwind), the X/R ratio seen from the PCC (X/Rpcc), and the grid’s SCC for
two key types of WTG: IG and DFIG.

This chapter presents simulation works and numerical analysis studies undertaken
to validate and confirm the intellectual contributions made in the area of development of
an analytical voltage stability model for site and size analysis in wind farms. Referring
to Chapter 4, the analytical model was developed using data from the simulation of four
test systems with different PCC parameters. In developing the analytical formulae, the
initial steady-state voltage level at the PCC of the four test systems, when Pwing = 0 KW,
was assumed to be around 0.98 p.u (Vrcc initiai=0.98 p.u.). In this Chapter, the focus is
on validating the capability of the proposed analytical model in estimating and

projecting three important voltage stability criteria at a given PCC point of each one the
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four test systems. These criteria are: the Vpcc profile, step-voltage variations in response
to changes in Pwind (AVecc), and the maximum wind power transfer for grid codes
compliance (Pmax-wind). The validation studies have been performed using different
scenarios for both 1G and DFIG-Based WPPs.

5.2 Validation process

This section details the validation process applied for validating the analytical
model proposed in Chapter 4. As discussed in the previous section, the validation
studies have been carried out using four test systems designed in Chapter 4 with a
known set of PCC Buses and SCC values detailed in Table 4.1.

Different voltage values at the candidate PCC buses will impact the voltage
behaviour in response to the injection of wind power when the WPP is connected to the
PCC bus. Referring to Chapter 4, the voltage value at the candidate PCC buses of the
test systems was considered to be 0.98 p.u.

Ten different scenarios have been considered, including six scenarios for the 1G-
Based WPP and four scenarios for the DFIG-Based WPP. Different potential X/R ratio
possibilities have been considered at the PCC points to validate the proposed model for
a range of X/Rpcc at a fixed SCC bus. The test system, generator type, and the PCC
parameters in each scenario are tabulated as shown in Table 5.1.

Table 5.1  Test system, generator type, and PCC parameters.

Scenario | Testsystem | SCC | X/Rpcc
1 Test 1 27 0.3
2 Test 2 40 3
IG-Based WPP 3 Test 2 40 4
4 Test 3 54 0.3
5 Test 3 54 4
6 Test 4 21 3
7 Test 1 27 0.5
DFIG-Based WPP 8 Test 2 40 0.4
9 Test 3 54 0.3
10 Test 4 21 0.6
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For each scenario, PV and PAV characteristics were plotted using the analytical
models developed in Chapter 4. For this purpose, Eq. (4.28), Eq. (4.33), and Eq (4.41)
were used for calculating Vecc and AVpcc data points for different Pwing penetrations.
Then, the PV and PAV characteristics were plotted using the obtained data points.
Hereinafter, the PV and PAV characteristics given by the proposed analytical model are
called the ‘predicted PV curve’ and ‘predicted PAV characteristic’, respectively.

For each scenario, PV and PAV characteristics were also plotted using the data
points gained from the network Simulink models. Hereinafter, the PV and PAV
characteristics plotted using datasets from the Simulink model are called the ‘simulated
PV curve’ and ‘simulated PAV characteristic’, respectively. With the knowledge of the
simulated and predicted PV and PAV characteristics, each equation was evaluated in
terms of accuracy in predicting the Vecc, AVrcc, and Pmax-wind Characteristics at a given

bus.

5.3 Validation studies for 1G-Based WPPs

This section investigates the accuracy of the proposed analytical model in
predicting PV and PAV characteristics for Scenarios 1 to 6. Figures 5.1 to 5.6 show the
simulated and predicted PV and PAV characteristics for each scenario. Vpecc was plotted
in the 0.95 p.u. < Vpce < 1.05 p.u range in accordance with the Australian grid codes.

In Figures 5.1 to 5.6, Eq. (4.28) was used for predicting the PV and PAV curves
for Scenarios 1 and 4 where X/Rpcc is small. Also, Eq. (4.33) was applied for predicting

the PV and PA curves for Scenarios 2, 3, 5, and 6 where X/Rpcc is large.
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In Chapter 3, it was shown that Vecc increases due to an increase in Pwing at small
XIR ratio PCC points, while Vpcc decreases as Pwing Increases at large X/R ratio PCC
points. These findings could be observed from the PV characteristics presented in
Figures 5.1 to 5.6. This confirms that the analytical model developed can accurately be
used in projecting the Vpcc profile at the WPP connection point.

As discussed in Chapter 3, AV at connection points with a small SCC and X/R
value would be higher than that at connection points with a large SCC and X/R value.
In this case, both simulated and predicted results in Figure 5.4 show that the highest
AVpcc occurred in Scenario 1 where SCC and X/R values are both small. According to
Figure 5.4, in Scenario 1, AVpcc is around 4% when Puwing increases from 0 to 3 MVA,
around 2.5% when Puwing increases from 3 to 6 MVA, and about 6.5% when Puind
increases from 0 to 6 MVA.

The next three sections investigate the accuracy of the proposed analytical model
in predicting Vpcc, AVpcc, and Pmax-wind for the 1G-Based scenarios using the predicted

and simulated PV and PAV characteristics presented in Figures 5.1 to 5.6.

5.3.1 Voltage profile prediction in 1G-Based WPPs

In this section, the accuracy of the proposed equations in predicting the voltage
profile is evaluated using the PV characteristics presented in the previous section
(Figures 5.1 to 5.3). The percent error between the simulated and predicted voltage
profiles was calculated for different Pwina penetration levels for each 1G-Based WPP
scenario listed in Table 5.1. The results are shown in Table 5.2. According to Table 5.2,
twenty five cases have been investigated to evaluate the accuracy of the proposed
equations. The results demonstrate that the error between the simulated and predicted

values was less than 1% in most cases (21 cases).
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The error in scenarios with small X/Rpcc ratio, i.e. Scenarios 1 and 4, was slightly

higher than that in the other scenarios. This signifies that small X/Rpcc impacts the

accuracy of the proposed relations. Generally, the results given in Table 5.2 demonstrate

that the proposed equations could provide a high accuracy in predicting the voltage

profile at a given connection point for the 1G-Based scenarios.

Table 5.2 Error between simulated and predicted Vpcc profile for Scenarios 1 to 6.
Scenarios Pwind (MW) Vsimutated (P-U.) | Vpredicted (P.U.) Percent error
(%)
0 0.977 0.9867 0.9928
Scenario 1 3 1.017 1.0289 1.17
6 1.04 1.0487 0.84
9 1.06 1.0572 -0.2642
0 0.977 0.9813 0.4401
Scenario 2 3 0.9735 0.9719 -0.1644
6 0.968 0.9627 -0.5475
9 0.9565 0.9537 -0.2927
0 0.975 0.9813 0.6462
Scenario 3 3 0.97 0.9686 -0.1443
6 0.9592 0.9564 -0.2919
9 0.9389 0.9445 0.5964
0 0.977 0.984 0.7165
3 0.995 1.005 1
Scenario 4 6 1.0125 1.025 1.57
9 1.03 1.0408 1.44
12 1.04 1.0484 0.8077
15 1.054 1.0534 -0.0569
0 0.976 0.9813 0.543
Scenario 5 3 0.9717 0.9719 0.02
6 0.9661 0.9627 -0.3519
9 0.954 0.9537 -0.0314
0 0.975 0.9813 0.64
Scenario 6 3 0.9683 0.9633 -0.5
6 0.948 0.9461 -0.2

5.3.2 Step-voltage variation prediction in 1G-Based WPPs

The value of step-voltage variation due to the change of Pwina (AVrcc) has to

satisfy the grid code requirements and should normally be maintained under 3% and not
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exceed 4% [50, 51]. This section investigates the accuracy of the proposed analytical

models in predicting AV profile at potential connection points. For this purpose, the

PAV characteristics presented in Figure 5.4 to 5.7 were used to calculate the simulated

and predicted AVpcc for different Pwing penetrations for each 1G—Based WPP scenarios.

For each change in Pwind, AVpcc Was checked to confirm whether it satisfies or violates

the grid code requirements while Vpcc is between 0.95 and 1.05 p.u. The results are as

shown in Table 5.3.

Table 5.3  Error between simulated and predicted AVpcc for Scenarios 1 to 6.
Scenarios Pwind (MW) Avsimulated (%) AVpredicted (%)
From | To Value Evaluating based on Value Evaluating based on
grid codes grid codes
0 3 4.1 Violates the grid code | 4.2769 | Violates the grid code
Scenario 1 3 6 2.2 Satisfies the grid code | 1.9244 | Satisfies the grid code
0 6 6.5 Violates the grid code 6.3 Violates the grid code
0 3 -0.3582 | Satisfies the grid code | -0.9579 | Satisfies the grid code
3 6 -0.5650 | Satisfies the grid code | -0.9466 | Satisfies the grid code
Scenario 2 6 9 -1.188 | Satisfies the grid code | -0.9349 | Satisfies the grid code
0 6 -0.9212 | Satisfies the grid code | -1.8954 | Satisfies the grid code
0 9 -2.1 Satisfies the grid code | -2.8126 | Satisfies the grid code
3 9 -1.7463 | Satisfies the grid code | -1.8726 | Satisfies the grid code
0 3 -0.5128 | Satisfies the grid code | -1.2942 | Satisfies the grid code
Scenario 3 3 6 -1.1134 | Satisfies the grid code | -1.2595 | Satisfies the grid code
0 6 -1.6205 | Satisfies the grid code | -2.5375 | Satisfies the grid code
0 3 1.84 Satisfies the grid code 2.1 Satisfies the grid code
3 6 1.76 Satisfies the grid code 2 Satisfies the grid code
6 9 1.6 Satisfies the grid code 1.55 Satisfies the grid code
9 12 1.16 Satisfies the grid code 0.75 Satisfies the grid code
12 15 1.25 Satisfies the grid code 0.5 Satisfies the grid code
0 6 3.63 Violates the grid code 4.1 Violates the grid code
Scenario 4 0 9 5.3 Violates the grid code 5.8 Violates the grid code
0 12 6.5 Violates the grid code 6.5 Violates the grid code
0 15 7.88 Violates the grid code 7.1 Violates the grid code
3 9 3.42 Violates the grid code 3.56 Violates the grid code
3 12 4.6 Violates the grid code 4.32 Violates the grid code
3 15 5.93 Violates the grid code 4.82 Violates the grid code
6 12 2.8 Satisfies the grid code 2.3 Satisfies the grid code
6 15 4 Violates the grid code 3 Violates the grid code
9 15 2.4 Satisfies the grid code 1.21 Satisfies the grid code
0 3 -0.44 Satisfies the grid code -0.95 Satisfies the grid code
Scenario 5 3 6 -0.58 Satisfies the grid code -0.94 Satisfies the grid code
6 9 -1.25 Satisfies the grid code -0.94 Satisfies the grid code
0 6 -1.01 Satisfies the grid code -1.89 Satisfies the grid code
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-2.25 Satisfies the grid code -2.81 Satisfies the grid code

-1.82 Satisfies the grid code -1.87 Satisfies the grid code

Scenario 6

-0.7 Satisfies the grid code -1.5 Satisfies the grid code

-2.1 Satisfies the grid code -2 Satisfies the grid code

Oolwo|w|o
OO |W|W|©

-3 Violates the grid code -3.5 Violates the grid code

Both simulated and predicted results in Table 5.3 show that the AVpcc is high and
may violate the grid code requirements in scenarios where X/Rpcc is small, i.e.
Scenarios 1 and 4. For example, in Scenario 4, both predicted and simulated results
show that AVpecc would be greater than 3% in some cases where the increase in Puwind IS
greater than 3 MW. This signifies that AVpcc would violate grid code requirements
when two or more 3 MV A generators are simultaneously connected to the grid. In other
scenarios, such as Scenario 2, both predicted and simulated results show that AVpcc for
different Pwing penetration levels would satisfy grid code requirements as AVsimulated and
AVpredicted are less than 3% in all six cases where 0.95 p.u. < Vpcc < 1.05 p.u.

Comparing and contrasting the results in Table 5.3 justifies that the simulated
results confirm the results estimated and calculated by the proposed equations in all
cases. Therefore, these validation studies have successfully confirmed the high accuracy
of the proposed equations in predicting AVpcc for all IG-Based scenarios detailed in
Table 5.1.

5.3.3 1G-Based WPP maximum allowable sizing prediction

This section validates the accuracy of the proposed analytical model in predicting
the maximum power can be injected by the WPP ensuring 0.95 p.u. < Vpcc < 1.05 p.u
(Pmax-wing) in Scenarios 1 to 6. Although, the Pmax-wina Value can be estimated using the
predicted graphs shown in Figures 5.1 to 5.3, the use of predicted PV characteristics is

not a straight forward solution for finding the Pmax-wind Value.
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Referring to Chapter 4, Eqgs. (4.32) and (4.39) were proposed to calculate how
much Pwina must be provided to have a specific voltage value at a given connection
point of an 1IG-Based WPP. Moreover, as discussed in Chapter 3, the increase in Pwing
increases voltage at small X/R ratio PCC points and decreases voltage at PCC points
with a large X/R ratio. Therefore, taking the advantage of Egs. (4.32) and (4.39), the
Pmax-wind parameter could be calculated if the Vpcc value is considered to be the upper
boundary of the acceptable range (1.05 p.u.) when X/Rpcc < 2, and the lower boundary
of the allowable range (0.95 p.u.) when X/Rpcc > 2. EQs (4.32) and (4.39) can then be
rearranged as shown below to produce Egs (5.2), (5.4), using which the Pmax-wind
parameter can be calculated.

e |G-Based WPP with X/Rpcc < 2

X x SCC
Eq. (4.32) developed in Chapter 4: P,;,q =0.29 x 00912
n(————
(V — 0.9867)
X sce
V =105(p.u.) _
’Pmaxfwind =0.29 x 0.0912 (5.1)
Ln ( )
1.05-0.9867
— P _wing = 0.7941x % x SCC (5:2)

e |G-Based WPP with X/Rpcc > 2

Eq. (4.39) developed in Chapter 4: p_ =scc x%x(lo 675 -/ 500 x (V —0.9813) +114 )

V0Se) P _§CCx ; X (10.675 ~/500x(0.95-0.9813 )+114 ) (5.3)
> Pra wing = 0.7578x SCC X; (54)
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Eq (5.2) was used for calculating Pmax-wind In Scenarios 1 and 4 where X/Rpcc < 2
and Eq (5.4) was used for calculating Pmax-wind In Scenarios 2, 3, 5, and 6 where X/Rpcc >
2. The predicted values are, then, compared with the Pmaxwind Values gained by the
simulated PV characteristics shown in Figures (5.1) to (5.3).

Figure 5.7 shows the simulated and predicted Pmax-wind Values for each scenario
listed in Table 5.1. As shown, the highest difference between the predicted and
simulated results is around 1 MW, which is corresponding with 13% error, in Scenario
1, where both X/Rpcc and SCC values are small. Therefore, small SCC values slightly
impact the accuracy of the proposed analytical model in predicting Pmax-wind in 1G-Based
WPP with a small X/Recc ratio (X/Rpcc < 2). In this case, as shown in Figure 5.7, the
proposed equation (Eqg. (5.2)) has a worst case 87 % accuracy in Scenario 1. However,

in the other cases where X/Rpcc > 2 or SCC value is large, the error is less than 0.5 MW.
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Figure 5.7 Predicted and simulated Pmax-wind for Scenarios 1 to 6.
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5.4 Validation studies for DFIG-Based WPPs

Similar to the 1G-Based WPPs, validation studies were also carried out for the
DFIG-Based WPP. To evaluate accuracy of the developed analytical models, simulated
PV characteristics and those predicted and plotted by Eq. (4.41) were analysed and
compared for the four different scenarios detailed in Table 5.2 (Scenarios 7 to 10).
Figures (5.8) to (5.11) show the simulated and predicted PV characteristics for each

scenario.
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Figure 5.8 PV characteristic for Scenario 7.
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Figure 5.9 PV characteristic for Scenario 8.
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Figure 5.10 PV characteristic for Scenario 9.
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Figure 5.11 PV characteristic for Scenario 10.

Chapter 3 discussed the fact that, in DFIG-Based WPPs, small SCC and X/Recc

ratios adversely impact voltage stability at a given PCC connection point when Puwing

increases. As shown in Figure 5.10, the highest Pwindg penetration is attainable in

Scenario 9 where the SCC value is highest. X/Rpcc is highest in Scenario 10, but the

small SCC in this scenario does not allow a high Pwing penetration. In this case, as

shown in Figure 5.11, Pmax-wind iS around 9 MW which is less than the Pmax-wind Value in

Scenario 9.

Therefore, the results in Figures 5.8 to 5.11 confirm the findings presented

in Chapter 3.

136




Chapter 5 —Validation of the Proposed Analytical Model

5.4.1 Voltage profile prediction in DFIG-Based WPPs

This section evaluates the accuracy of Eq. (4.41) in predicting Vpcc for DFIG—
Based scenarios detailed in Table (5.1). The analysis of results shown in Table 5.4, for
Scenarios 7 to 10, points the highest error to be around 1.4% and demonstrates that the
error in most cases is less than 1%. Furthermore, in some cases such as those in
Scenarios 7, 8, and 9, the percent error between predicted and simulated values is close
to zero (Percent error < 0.3%). Therefore, the results validate that Eq. (4.41) can provide
a significant accuracy in predicting Vpecc value in DFIG-Based WPP.

Table 5.4  Error between simulated and predicted Vpcc profile for Scenarios 7 to 10.

Scenarios Pwind (MW) Vsimulated V predicted Percent error (%)
0 0.977 0.99 1.33
Scenario 7 3 1.005 1.015 1
6 1.03 1.036 0.485
9 1.047 1.05 0.28
0 0.977 0.99 1.33
Scenario 8 3 1 1.01 1
6 1.022 1.03 0.7828
9 1.42 1.045 0.28
0 0.977 0.99 1.33
3 1.002 1.01 1
Scenario 9 6 1.022 1.0296 0.94
9 1.038 1.045 0.7
12 1.051 1.053 0.2
0 0.98 0.99 1.02
Scenario 10 3 1.008 1.015 0.7
6 1.0325 1.0387 0.6
9 1.0485 1.0521 0.34

5.4.2 Step-voltage variation prediction in DFIG-Based WPPs

Similar to IG-Based WPPs, validation studies have been carried out for predicting
AVrcc using the relevant proposed equation (Eq. (4.41)) when 0.95 p.u. < Vpcc < 1.05
p.u. As an example, Figure 5.12 shows the predicted and simulated PAV characteristic
at the PCC point plotted for Scenario 9, where the wind power penetration ensuring grid

code requirements is the highest.
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Figure 5.12 PAV characteristic for Scenario 9.

As shown in Figure 5.12, the predicted PV characteristic follows the PV
characteristics gained by simulation results. The highest error is 1%. Despite the error
between the predicted and simulated results, the results demonstrate that the proposed
equation enables to predict the voltage variation violence. Both predicted and simulated
result show that AV violates the grid code requirements (AV > 3%) when the increase in
Pwind injection is 6 MW or over (for example when Pwing injection increases from 3 to 9
MW, i.e. two 3 MVA generators are simultaneously connected to the grid, or from 3 to
12 MW, i.e. when three 3 MV A generators are simultaneously connected to the grid).

As shown in Table 5.5, for each DFIG-Based scenario, the AVpcc value was
calculated from both simulation data and predicted by the analytical model for the 0.95
p.u. < Vpcc < 1.05 p.u range. This analysis enabled an observation on whether the
voltage variations would satisfy or violate the grid code requirements. The Vpcc profile
is within the allowable steady-state range for different Pwing injection levels shown in
Table 5.5. However, both simulated and predicted results demonstrate that, in all four

Scenarios, AVpcc is greater than 3% when a large amount of Pwing (6 MW or over) is
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injected to the grid. Vecc variations therefore violate grid code requirements when two
or more 3 MW generators are simultaneously connected to the grid.

From Table 5.5, it is clear that the results given from simulation confirm results
estimated by the proposed Eq. (4.41). In all simulated cases, Eq. (4.41) has accurately

predicted grid code violations in the permissible AVecc levels.

Table 5.5  Error between simulated and predicted AVpcc for Scenarios 7 to 10.
Scenarios Puwind (MW) AVsimulated (%) AV predicted (%)
From | To | Value | Evaluating based on Value Evaluating based on
grid codes grid codes
0 3 2.86 | Satisfies the grid code 2.5 Satisfies the grid code
3 6 2.58 | Satisfies the grid code 2.1 Satisfies the grid code
Scenario 7 6 9 1.65 | Satisfies the grid code 1.32 Satisfies the grid code
0 6 5.5 Violates the grid code 4.7 Violates the grid code
0 9 7.2 Violates the grid code 6.1 Violates the grid code
3 9 4.2 | Violates the grid code 3.5 Violates the grid code
0 3 2.35 | Satisfies the grid code 2 Satisfies the grid code
3 6 2.3 Satisfies the grid code 1.98 Satisfies the grid code
Scenario 8 6 9 1.86 | Satisfies the grid code 15 Satisfies the grid code
0 6 4.7 Violates the grid code 4 Violates the grid code
0 9 6.65 | Violates the grid code 5.6 Violates the grid code
3 9 4.2 Violates the grid code 3.5 Violates the grid code
0 3 2.5 Satisfies the grid code 2 Satisfies the grid code
3 6 2 Satisfies the grid code 1.94 Satisfies the grid code
6 9 1.56 | Satisfies the grid code 1.5 Satisfies the grid code
9 12 | 1.25 | Satisfies the grid code 0.8 Satisfies the grid code
Scenario 9 0 6 4.6 Violates the grid code 4 Violates the grid code
0 9 6.2 Violates the grid code 5.6 Violates the grid code
0 12 7.5 Violates the grid code 6.5 Violates the grid code
3 9 3.6 Violates the grid code 3.5 Violates the grid code
3 12 4.9 Violates the grid code 4.3 Violates the grid code
6 12 2.8 Satisfies the grid code 2.3 Satisfies the grid code
0 3 2.86 | Satisfies the grid code 2.53 Satisfies the grid code
3 6 2.4 | Satisfies the grid code 2.34 Satisfies the grid code
Scenario 10 6 9 1.55 | Satisfies the grid code 1.3 Satisfies the grid code
0 6 5.36 | Violates the grid code 5 Violates the grid code
0 9 6.98 | Violates the grid code 6.3 Violates the grid code
3 9 4 Violates the grid code 3.7 Violates the grid code

5.4.3 DFIG-Based WPP maximum allowable sizing prediction

In this section, Pmax-wind Values from the actual PV characteristics are compared

with the Pmax-wind Values given by the proposed analytical model for Scenarios 7 to 10.
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In Chapter 4, Pwing by the DFIG-Based WPPs was formulated as a function of Vpcc,
SCC, and X/Rpcc, as in Eq. (4.45). This signifies that the Pmax-wind can be calculated by

rearranging Eq. (4.45) and solving for Pwind When Vpcc = 1.05 p.u as given by Eq. (5.6).

>F§ x SCC
Eq. (4.45) developed in Chapter 4: Pying =0.347 x 0.101
n(———_
(V — 0.99)
>F§ x SCC
V =1.05(p.u.) _
> P s wing =0.347 x 5101 (5.5)
Ln( )
1.05-0.99
X
— P, g =0.6663x = sccC (5.6)

For each DFIG—Based scenario listed in Table 5.1, Eqg. (5.6) was used for
calculating the Pmax-wind Value. Figure 5.13 presents the comparison of the simulated and
predicted Pmax-wind Values, for Scenarios 7 to 10.

As shown in Figure 5.13, the highest error between simulated and predicted Pmax-
wind 0ccurred in Scenario 10 where SCC value is smaller than that in the other Scenarios.
This signifies that small SCC values impact the accuracy of the developed relation in
predicting Pmax-wind IN DFIG-Based WPP. However, as shown in Figure 5.13, the highest
error is around 1 MW indicating the worst case accuracy is around 90%. In Scenario 7,
where SCC value is larger than that in Scenario 10 but smaller than that in two other
Scenarios, the difference between predicted and simulation results is around 0.5 MW,
which is correspondence with 7% error. In Scenarios 9 and 8, the percent error is around
4% and 0%, respectively. Therefore, the results demonstrate that Eq. (5.6) has

significant accuracy in predicting Pmax-wind in DFIG-Based WPPs.
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Figure 5.13 Predicted and simulated Pmax-wind for Scenarios 7 to 10.

5.5 Conclusion

This chapter has presented the validation studies carried out for the voltage
stability analytical model developed in Chapter 4 using different scenarios. The main
idea was to investigate the capabilities of the proposed model in predicting three voltage
stability criteria which are vital to the interconnection of WPPs to a distribution system.
These criteria are: voltage profile at a PCC point, the step-Vpecc variation due to the
change of wind power, and maximum permissible Pwing ensuring the grid code
requirements.

Ten scenarios were considered based on the test systems used in Chapter 4 for
acquiring simulation data and develop the analytical model. For each test system, the
validation results demonstrated that the analytical model developed during the course of
this research is capable of predicting the PV and PAV characteristics at a given
connection point with specific X/R and SCC values. This enables to calculate the

voltage stability criteria considered at a given PCC point.
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In this Chapter, the validation studies were carried out assuming that voltage at
the connection point of the test systems is regulated around 0.98 p.u. when the WPP is
not connected to the distribution network (Vecc initiar = 0.98 p.u.). However, different
voltage values at the candidate PCC buses will impact the voltage behaviour in response
to the injection of Pwing after the connection of WPP to those bus. This hinders to apply
the analytical model developed in Chapter 4 for predicting the voltage stability criteria
in test systems where Vpcc initial Value is different from the default value (Vecc initial #
0.98 p.u.). In this regard, next Chapter investigates how the equations proposed in
Chapter 4 can be further developed to take into account the possibility of different

Vpcc_initial Values.
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Chapter 6 - Development of the Proposed Analytical
Model for Different Operating Conditions

6.1 Introduction

Preceding chapters have explained the details of the analytical predictive model
developed in this research. This chapter is the final step of this research where the
analytical model is developed and used for accurately predicting the voltage stability
criteria at a PCC bus for any Vpcc initiar Value and PCC parameters. As mentioned in the
preceding chapters, Vecc initiar Signifies the value of PCC bus voltage when Pwing = 0
MW. The predictive assessment has been carried out based on three important voltage
stability criteria, including: Vecc profile, step-voltage variation at the PCC in response
to the change of wind power (AVpcc), and the maximum permissible wind power
injection ensuring the grid code requirements (Pmax-wind).

Voltage level is one of the most important defining factors for a distribution
feeder. The loading condition noticeably affects voltages at distribution feeders. To
lessen the loading problems and maintain the voltage value around the normal level at
the distribution network buses, rural Australian networks make frequent use of voltage
regulators. According to a case study report based on a comprehensive database of
feeders, 68% of long rural feeders and 21% of short rural feeders feature at least one
voltage regulator [162].

Referring to Chapter 4, in developing the analytical formulae, it was assumed that
the operation of a voltage regulator results in Vecc-initiar Of around 0.98 p.u. The value of
0.98 p.u. was therefore taken as the default value for the Vpcc_initial parameter. However,

loading conditions and various voltage regulator set-point values may result in

143



Chapter 6— Development of the Proposed Analytical Model for Different Operating Conditions

Vrcc initial Values which are different from this default value. Vecc initiar has a profound
effect on the Pwind-Vrcc characteristic and on the steady-state voltage stability after the
connection of WPP. In this regards, the proposed analytical model should ideally work
for any Vecc initial Value.

The objective of this Chapter is to further develop the proposed analytical
approach such that it satisfies a wide range of Vpcc initia. This will make it possible to
predict the voltage behaviour in response to the injection of Pwing for different loading
conditions and Vpcc initia Values. Developing the analytical model for any Vecc initial
value, the model will be validated using different scenarios involving a wide range of

operating conditions.

6.2 Development of the analytical model for different Vpecc initial

Referring to Chapter 4, the proposed analytical model that shows the
mathematical relations between voltage, the PCC parameters (SCC and X/Rpcc), and
Pwing, were developed assuming that Vecc_initial = 0.98 p.u. As discussed in detail in
Section 6.1, Vpcc initiar Significantly impacts the Pwing Versus Vpcc characteristic, the
AVpcce, and the Pmax-wind Value. The loading condition and set—point value of the voltage
regulators impact the value of the Vpcc initial. HOwever, these factors would not change
the X/Recc and SCC values. Hence, Vecc_initial Value may be different from 0.98 p.u,
which was assumed earlier when developing the analytical models. This section
investigates how the equations proposed in Chapter 4 can further be developed to take
into account the possibility of different Vecc _initial Values.

Eight scenarios have been considered based on the four test distribution systems
with the PCC parameters presented in Table 4.1 in Chapter 4. Four scenarios are

concerned with the IG-Based WPPs and four scenarios relate to DFIG—Based WPPs. In

144



Chapter 6— Development of the Proposed Analytical Model for Different Operating Conditions

each scenario, it is assumed that PCC bus voltage is regulated such that Vecc # 0.98 p.u
for the Pwinga = 0 KW case (Vpcc initiar 2 0.98 p.u). Hereinafter, the new value of the
Vrcc initial Which  differs from the default value is expressed by Vecc initial_new.
Furthermore, the difference between Vecc initial_new and the default value is expressed by
AVecc initial. Similar to the previous sections, analysis has been carried out for different
X/Rpcc values. For each scenario, the values of Vecc initial new, AVecc initial, and the
X/Rpcc value are shown in Table 6.1.

Table 6.1  PCC parameters for Scenarios with new Vpcc initial Values.

Generator type | Scenario | Test system | X/Rpcc | Vecc initial_new (P-U.) | AVpcc initial (P.U.)
A Test 1 0.3 0.99 0.01
IG-Based WPP B Test 2 3 0.97 -0.01
C Test 3 0.3 1 0.02
D Test 4 4 0.99 0.01
E Test 1 0.5 1 0.02
DFIG-Based WPP F Test 2 0.4 0.97 -0.01
G Test 3 0.3 1 0.02
H Test 4 0.6 0.99 0.01

For each scenario, two PV characteristics were plotted using data obtained from
the simulation studies: one characteristic for Vpcc_initiar With the values shown in Table
6.1 (Vpcc_initil = Vpcc initial_new), and another characteristic for the default Vecc initial =

0.98 p.u. The results are as presented in Figures 6.1 to 6.8.
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Figure 6.1 PV characteristic for Scenario A.

145




Chapter 6— Development of the Proposed Analytical Model for Different Operating Conditions

098 *- - - AVpcc initia = - 0.01 p.u.
0.975 —_——ge

0.97
0.965
S 096
Z
= 0.955
0.95
0.945
0.94

0-935 T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9

I:,wim'.l (MW)
=g Simulated PV curve for Vpcc_initial_new == W= Simulated PV curve for the default Vpcc
===fe== Predicted PV curve for Vpcc_initial_new

Figure 6.2 PV characteristic for Scenario B.
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Figure 6.3 PV characteristic for Scenario C.
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Figure 6.4 PV characteristic for Scenario D.
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Figure 6.5 PV characteristic for Scenario E.
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Figure 6.6 PV characteristic for Scenario F.
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Figure 6.7 PV characteristic for Scenario G.
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Figure 6.8 PV characteristic for Scenario H.

Comparing the simulated PV curves in Figures 6.1 to 6.8, it can be observed that
the change of Vpcc initial does not change the shape of the PV characteristics. However,
it shifts the characteristic upwards (for Vecc initial_new > 0.98 p.u.) or downwards (for
Vrcc initial_new < 0.98 p.u.) on the voltage axis. This indicates that, for a specific amount
of Pwing, the voltage value in the PV characteristic plotted for Vecc initial-new
approximately equals with the sum of the voltage value in the PV characteristic plotted
for the default Vecc initiar and the AVecc initial Value. This finding makes it possible to
further develop the mathematical equations proposed in Chapter 4 for modelling the
relations between voltage, Pwind, and the PCC parameters for different Vecc_initial Values.
In this respect, the AVpcc initiai parameter has been added to the analytical model
proposed in Chapter 4. Therefore, the equations can be rewritten in terms of the
Vpcc initial parameter.

Eq. (6.1) to (6.7) show the mathematical formulation of the developed analytical
model that can be used to predict PV characteristic for varying levels of 1G wind power
injection at PCC buses with an X/Rpcc < 2. Eq. (6.3) can now be used for predicting

Vpce and AVece regarding different Vecc initiar Values for different penetration of 1G—
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Based WPP. Eq. (6.7) enables to estimate how much Pwing must be provided by the 1G
to have a specific voltage value at a given connection point for different Vpcc initial
values.

e 1G WPP with X/Rpcc < 2

(—O.ZQXLXSCC
V =0.9867+0.0912¢ R Pind "+ AVpcc initial (6.1)
(020X .5CC,
V =0.9867+0.0912¢e 4+ Voce ininar — 0-98 (6.2)
(—0.29x%x2?c)
V =0.0912e¢ " +Voce initial + 0.0067 (6.3)
s V —Vece initial — 0.0067 :e(fo_zgx%x%) (6.4)
0.0912
VvV —V . —0.0067
—> Ln ( PCC _initial ): —029><£>< SCC (65)
00912 R wind
ﬁx scc
= 6.6
- Pwmd 0-29x V- VPCC initial — 0.0067 ( )
Ln ( =
0.0912
)é % SCC
—> | Puing =0-29 < ™ 0.0912 ) (6.7)
\ _VPCC_initiaI — 0.0067

Eq. (6.8) to (6.17) show the mathematical formulation of the developed voltage
stability analytical model that can be used to predict PV characteristic for varying levels
of IG wind power injection at PCC buses with an X/Rpcc > 2. Eq. (6.10) can now be
used for predicting Vecc and AVpcc regarding different Vecc initiar Values for different

penetration of IG-Based WPP. Eq. (6.16) enables to estimate how much Pwing must be
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provided by the IG to have a specific voltage value at a given connection point

regarding different Vecc initia Values. Eq. (6.15) has two possible solutions, with Eqg.

(6.16) being the correct solution, where the constant value (10.675) is subtracted from

the square root term. This is because, as discussed in Section 4.5 in Chapter 4, the sum

of the constant value and the square root phrase makes Pwina greater than the grid SCC,

which would not be correct.
e |1G WPP with X/Rpcc > 2

X P

Vpce =0.9813—0.0427 x (_ x Spwmd) 0.002x (-x %) + AVipee il

X |:)Win X Pwin
Vioo =0.9813-0.0427x (- x F(;)+0.002><(E x yé)z +Vece intial — 0-98

X P, X P
V =V, 4+ 0.0013—-0.0427 x (— x —wind ) 1 0.002 x (— x —Wind
PCC PCC _initial < ( R x SCC) x( R SCC)
X P X P

(6.8)

(6.9)

(6.10)

%soov =(5 > swccd )? —21.35x x(ox S"‘““d)+500>< Vece initiat +0.0013)  (6.11)

w Puina y2 59 355 (X Punay 0 65
R ~scC

—500 \
x (\/ PCC _ |n|t|al) ( R SCC

wPuinayo 59 355 (X« Puinay L 1141144 0.65
R~ scC

X
=500 (V =Vece_iniar) =(
X (V PCCilnItIa|) ( R SCC

—>500x(V—Vpce i) = (= =< —2nd. _10.675)2 —113.35

X P,
R SCC

x I:)win
—)Exyé—lo.675 = +./500x(V —Vpce iniar) +113.35
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P

wind

= SCC x gx (10.675 - 5005 (V ~Vece miga) + 113.35) (6.16) v

P =SCCx gx (10.675+ /500X (V ~Vice pgar) +113.35) 6.17) %

Eq. (6.18) to (6.24) show the mathematical formulation of the developed voltage
stability analytical model that can be used to predict PV characteristic for varying levels
of DFIG wind power injection at PCC buses with an X/Rpcc < 2. EQ. (6.20) can now be
used for predicting Vecc and AVpcc regarding different Vecc initiar Values for different
penetration levels of DFIG-Based WPP. Eqg. (6.24) enables to estimate how much Pwind

must be provided by DFIG to have a specific voltage value at a given connection point

for different Vecc initial Values.

e DFIG-Based WPP with X/Rpcc < 2

(—0.347x%x¥)
V 20.99+O.101e wind -+ AVPCC_initiaI (618)
(—0.347x%x§fc)
V 20.99+O.101e wind + VPCC_InItIal - 0-98 (6_19)
(—0.347x%x§fc)
V =0.101e ind +VPCC_initiaI + 0.01 (6.20)
X SCC
V —Voce initial — 0-01_ (F034h g )
0.101 (©.21)
V —V .. —0.01
s Ln ( PCC _initial ): _ 0347X£X SCC (622)
0.101 R P,
)F\()x scc
_ _ .2
= Pling = 70347 x—; Voce it — 001 (6.23)
_initial
Ln ( )

0.101
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X . sce
R

Ln ( 0.101 )

\4 _VPCC_initiaI — 0.01

> | Pying =0.347 x (6.24)

The PV characteristics predicted by Egs. (6.3), (6.10), and (6.20) for the new
Vrcc_initial Value (Vecc_initial_new) Were shown earlier in Figures (6.1) to (6.8), for
Scenarios A to H.

The analytical models proposed in Chapter 4 for Pmax-wind €stimation can also be
further developed to take into account the actual Vecc initial Value. For this purpose, Egs.
(6.7), (6.16), and (6.24) have been developed to estimate Pmax-wind When Vpcc = 1.05 p.u.
or Vecc = 0.95 p.u. Hence, the Pmax-wind Value can be calculated from Egs. (6.25) to
(6.27), for the IG and DFIG-Based WPPs.

e |G-Based WPPs with X/Rpcc < 2

0.29><)é>< SCC éxSCC
o = ( 0.0912 ) * (00912 (6.25)
1.05 _VPCC_initiaI —0.0067 1.0433 _VPCC_initiaI
e |G-Based WPPs with X/Rpcc > 2
P —SCCx ; %(10.675 - /500 % (0.95—Vpoe ) +113:35 ) (6.26)
e DFIG-Based WPPs with X/Rpcc < 2
>F§ % SCC >F§>< scc
P g =0.347 x 01 ~ 0347 X0 (6.27)
Ln ( ) Ln( )
1.05 _VPCC_initial -0.01 1.04 _VPCC_i“itia'

The final forms of the analytical steady-state voltage stability model proposed

in this thesis is summarised in Table 6.2.
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Table 6.2  Final proposed voltage stability analytical model

Proposed Application

equation

Eq. (6.3) Projecting Vecc and AVecc for IG-Based WPPs for X/Rpcc < 2
Eqg. (6.10) Projecting Vecc and AVecc for IG-Based WPPs for X/Rpcc > 2
Eqg. (6.20) Projecting Vecc and AVece for DFIG-Based WPPs for X/Rpcc < 2
Eqg. (6.25) Projecting Pmax-wind for 1IG—Based WPPs for X/Rpcc < 2

Eqg. (6.26) Projecting Pmax-wind for 1IG—Based WPPs for X/Rpcc > 2

Eq. (6.27) Projecting Pmax-wina for DFIG-Based WPPs for X/Rpcc < 2

6.3 Validating proposed equations for different Vpcc initiar Values

This section presents the analyses undertaken to validate the proposed equations,
listed in Table 6.2, which can be used to project Vecc, AVpcc, and Pmax-wind for any
potential connection bus in a distribution network, given the Vpcc initial Value.
6.3.1 Voltage profile prediction

This section investigates the accuracy of the proposed Egs. (6.3), (6.10), and (6.20)
in predicting the voltage profile for Scenarios A to H. In this respect, for each scenario,
the Vpcc value gained from the PV characteristics shown in Figures (6.1) to (6.8) are
compared with the Vpcc values given by the proposed equations and results presented in
Table 6.3. Analysing Table 6.3, it is clear that the highest error is around 1% and, in
most cases, the error is less than 1%. This validation confirms the high accuracy of the
proposed equations in predicting voltages at the PCC connection points for different

Vpcc_initial Values.

Table 6.3  Error between simulated and predicted Vecc profile for Scenarios A to H

Scenarios Pwinda (MW) Vsimulated V predicted Percent error
(%)
0 0.99 0.997 0.7
Scenario A 3 1.032 1.04 0.77
6 1.06 1.06 0
0 0.969 0.9703 0.1342
Scenario B 3 0.963 0.9609 -0.2181
6 0.9514 0.9517 0.0315
9 0.9376 0.9427 0.544
0 1 1.0074 0.74
Scenario C 3 1.02 1.027 0.6863
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6 1.044 1.0484 0.42

9 1.0615 1.0608 -0.0659

0 0.991 0.9913 0.0303
Scenario D 3 0.975 0.9675 -0.7692

6 0.948 0.9451 -0.3059

0 1 1.01 1
Scenario E 3 1.025 1.033 0.78

6 1.049 1.0563 0.6959

9 1.0665 1.07 0.3282

0 0.97 0.98 1.03

3 0.992 1 0.8
Scenario F 6 1.015 1.02 0.5

9 1.033 1.035 0.19

12 1.044 1.0436 -0.0383

15 1.052 1.05 -0.2

0 1 1.01 1
Scenario G 3 1.023 1.03 0.7

6 1.043 1.049 0.6

9 1.063 1.065 0.2

0 0.99 1 1.01
Scenario H 3 1.016 1.025 0.886

6 1.0414 1.0487 0.7

9 1.056 1.0621 0.5777

6.3.2 Step-voltage variation prediction

In this section, the accuracy of the proposed analytical models (Egs. (6.3), (6.10),
and (6.20)) in predicting the step-Vpcc variation due to the change of Pwind (AVecc) iS
evaluated for Scenarios A to H. As an example, Figure 6.9 shows the PAV
characteristics gained from predicted and simulation results for one of the 1G-Based
scenarios (Scenario B) and one of the DFIG-Based scenarios (Scenario E). From Figure
6.9, it is observed that both simulated and predicted PV characteristics show that AV at
the PCC point of the test system with smaller SCC and X/R, i.e. test system in Scenario
E, is more serious than AV at the PCC point of the test system with larger SCC and X/R,
I.e. test system in Scenario B. In Scenario E, it is clear that AVpcc violates the grid code

requirements (AVpecc > 3) when Puying increase from 0 to 6 MVA (two 3 MVA
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generators are simultaneously connected to the grid). However, for the same increase in
Pwind in Scenario B, AVpcc does not exceed 3%, and therefore complies with the
Australian grid codes.

Table 6.4 shows the numerical result related to AVpcc for all Scenarios, when 0.95
p.u. < Vpcc < 1.05 p.u. Both simulated and predicted results show that the highest
AVpcc occurred in Scenario A where the SCC and X/Rpcc are both small. According to
Table 6.4, the AVpcc value is greater than 3% when only one 3 MVA generator is
connected to the grid. However, the smallest AVpcc is concerned with Scenario B where
SCC and X/Recc are both large. In Scenario F, where the Pwing penetration ensuring 0.95
p.u. < Vpcc < 1.05 p.u. is higher than the other Scenarios, AVpcc satisfies the standard
range if the increase in Pwing IS 3 MW, for example when Pying increases from 0 to 3
MVA or from 6 to 9 MVA. However, AVpcc violates the grid code requirements when
two or more 3 MVA generators are simultaneously connected to the grid.

An analysis of Table 6.4 enables grid codes compliance check, i.e. to verify if
AVece < 3 % (compliance with the grid codes) or AVecc > 3 % (grid codes violation).
Comparing the simulated and predicted results in Table 6.9, it is clear that, in all
scenarios, the proposed equations were accurate in estimating AVpcc, projecting the

correct grid codes compliance or violation outcome.
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Figure 6.9 PAV characteristic for Scenarios B and E.
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Table 6.4  Error between simulated and predicted AVpcc for Scenarios A to H.
Scenario Puwind (MW) AV simulated (%) AV predicted (%)
From | To | Value Evaluating based on | Value | Evaluating based on
grid codes grid codes
0 3 4.24 | Violates the grid code 4.3 | Violates the grid code
Scenario A 3 6 25 Satisfies the grid code | 1.92 | Satisfies the grid code
0 6 7 Violates the grid code 6.3 | Violates the grid code
0 3 -0.62 | Satisfies the grid code | -0.97 | Satisfies the grid code
Scenario B 3 6 -1.2 Satisfies the grid code | -0.96 | Satisfies the grid code
0 6 -1.81 | Satisfies the grid code | -1.91 | Satisfies the grid code
0 3 2 Satisfies the grid code | 1.94 | Satisfies the grid code
Scenario C 3 6 2.35 | Satisfies the grid code 2.1 | Satisfies the grid code
0 6 4.4 Violates the grid code 4.1 | Violates the grid code
0 3 -1.61 | Satisfies the grid code | -2.4 | Satisfies the grid code
Scenario D 3 6 -2.77 | Satisfies the grid code | -2.31 | Satisfies the grid code
0 6 -4.34 | Violates the grid code | -4.66 | Violates the grid code
0 3 2.5 Satisfies the grid code 2.3 | Satisfies the grid code
Scenario E 3 6 2.34 | Satisfies the grid code | 2.25 | Satisfies the grid code
0 6 4.9 Violates the grid code 4.6 | Violates the grid code
0 3 2.27 | Satisfies the grid code | 2.04 | Satisfies the grid code
3 6 2.32 | Satisfies the grid code 2 Satisfies the grid code
6 9 1.77 | Satisfies the grid code 1.5 | Satisfies the grid code
9 12 | 1.065 | Satisfiesthe grid code | 0.83 | Satisfies the grid code
12 15 0.77 | Satisfies the grid code 0.6 | Satisfies the grid code
0 6 4.64 | Violates the grid code 4.1 | Violates the grid code
Scenario F 0 9 6.5 Violates the grid code | 5.62 | Violates the grid code
0 12 7.63 | Violates the grid code 6.5 | Violates the grid code
0 15 8.45 | Violates the grid code 7.1 | Violates the grid code
3 9 4.13 | Violates the grid code 3.5 | Violates the grid code
3 12 5.24 | Violates the grid code | 4.36 | Violates the grid code
3 15 6.04 | Violates the grid code 5 Violates the grid code
6 12 2.86 | Satisfies the grid code 2.3 | Satisfies the grid code
6 15 3.64 | Violates the grid code 3 Violates the grid code
9 15 1.84 | Satisfies the grid code | 1.43 | Satisfies the grid code
0 3 2.3 Satisfies the grid code | 1.98 | Satisfies the grid code
Scenario G 3 6 1.95 | Satisfies the grid code | 1.84 | Satisfies the grid code
0 6 4.3 Violates the grid code | 3.86 | Violates the grid code
0 3 2.62 | Satisfies the grid code 2.5 | Satisfies the grid code
Scenario H 3 6 2.5 Satisfies the grid code | 2.31 | Satisfies the grid code
0 6 5.2 Violates the grid code | 4.87 | Violates the grid code

6.3.3 WPP maximum allowable sizing prediction

Figure 6.10 shows the comparison of the maximum permissible size of WPP
(Pmax-wind) ensuring that 0.95 p.u. < Vpcc < 1.05 p.u. In this regards, Pmax-wind Values

obtained from the simulated PV characteristics are compared with the values given by
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Eqgs. (6.25) to (6.27). As shown in Figure 6.10, the predicted values track the simulated
results with a relatively small margin of error.

For 1G-Based Scenarios, i.e. Scenarios A to D, the highest error is related to the
case with small X/Rpcc and SCC (Scenario A). As shown in Figure 6.10, the difference
between simulation and predicted results in Scenario A was around 1 MW, which is
correspondence with 13% error. Furthermore, the highest error in DFIG-Based
Scenarios (Scenarios E to H) is concerned with the case with the smallest SCC value
(Scenario H). From Figure 6.10, it can be observed that the error in Scenario H is
around 1 MW (Percent error = 13%). Therefore, the worst case accuracy in both IG and
DFIG-Based Scenarios is around 87%. In other Scenarios, the error was around 0.5 MW.
This confirms that the developed analytical model can accurately estimate Pmax-wind at @

given connection point for a specific Vpcc_initial.
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Figure 6.10 Predicted and simulated Pmax-wind for Scenarios A to H.

6.4 Further verification studies

In this section, the accuracy of the final proposed equations is validated using
further test systems (with different PCC parameters and Vecc_initiat Values) in order to
increase the validity of the developed steady-state voltage stability model by

considering different topologies and PCC parameters. The test systems are based on the
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IEEE 9—bus and 37-bus distribution models shown in Figures 3.2 and 3.3. For each test
system, network bus voltages have been computed by performing a MATLAB based
load-flow analysis, which provided the researcher with the Vpcc initial Values for a range
of buses.

Analysis was carried out using IG and DFIG-Based WPP models. For each test
system, the system topology, the WPP type, PCC bus, the grid’s SCC and X/R values,
and finally the Vpcc initia Value have been listed in Table 6.5. It is noted that a realistic
range of initial Vpcc has been in these scenarios. Validation studies were then carried
out to verify the accuracy of the proposed analytical model against the three voltage
stability criteria considered in this thesis for each one of the scenarios. Similar to the
previous sections, the validation analysis studies were carried out using the predicted
and simulated PV characteristics plotted for each test system.

Table 6.5 New test systems topologies, PCC parameters, and Vecc initial Values

Test WPP Type Topology PCC SCC XIRecc | Vecc_initial
system Bus | (MVA) (p.u.)
Test 5 IG-Based WPP IEEE 37 - bus system | 37 33 0.55 1
Test 6 IG-Based WPP IEEE 9 - bus system 1 46 3.5 0.985
Test 7 IG-Based WPP IEEE 9 - bus system 5 64 3 0.97
Test 8 DFIG —based WPP | IEEE 37 - bus system | 24 30 0.4 0.99
Test 9 DFIG-Based WPP | IEEE 37 - bus system | 12 17 1 1
Test 10 DFIG-Based WPP IEEE 9 - bus system 8 68 0.4 0.98
Test 11 IG-Based WPP IEEE 9 - bus system 9 54 0.3 1.01
Test 12 DFIG-Based WPP | IEEE 37 - bus system | 25 21 0.3 0.965

6.4.1 PV characteristics for the new test systems

In this section, the PV characteristics obtained from simulation models and those
predicted by the final equations listed in Table 6.2, are compared for test scenarios listed
in Table 6.5. Similar to Section (6.2), the PV characteristics were predicted using Eq

(6.3) for the IG-Based WPPs with X/Recc > 2, Eq (6.10) for the IG-Based WPP with
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XI/Rpcc > 2, and Eq (6.20) for the DFIG-Based WPPs. Simulated and predicted PV

characteristics are as shown in Figures 6.11 to 6.14 for 0.95 p.u. < Vpcc < 1.05 p.u.
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Figure 6.11 PV characteristic for Tests 5 and 6.
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Figure 6.12 PV characteristic for Tests 7 and 8.
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Figure 6.13 PV characteristic for Tests 9 and 10.
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Figure 6.14 PV characteristic for Tests 11 and 12

The results in Figures 6.11 to 6.13 confirm the hypothesis put forward in Chapter
3 that the highest wind power penetration is attainable at PCC points with a high SCC
value. Figure 6.13 confirms the hypothesis by showing that Pwing injection will be the
highest in Test 10, where the SCC values are at their highest levels at potential PCC
points within IEEE 9-bus system.

Although SCC in Test 9 is lower than that in the other test systems, wind power
penetration in Test 9 is approximately the same with that in Tests 5, 8, and 12. This is
because, as shown in Table 5.10, the X/Rpcc ratio in Test 9 is closer to 2 in comparison
with the lower X/Rpcc ratio observed in Tests 5, 8, and 12.

Referring to Table 6.5, Vpcc initiar Value in Test 12 is smaller than that in Tests 8
and 5, while in all three test systems X/Rpcc < 2. Although the SCC value in Test 12 is
smaller than the SCC value in Tests 5 and 8, comparing the results in Figures 6.11, 6.12,
and 6.14 demonstrates that the maximum permissible wind power penetration in both
test systems is approximately the same. Moreover, the SCC value in Test 11 is greater
than all three Tests 5, 8, and 12, while in all four test systems X/Rpcc < 2. However, a
larger Vecc initiar in Test 11 makes the maximum permissible wind power penetration

smaller than that in Tests 5, 8, and 12. This indicates that a large Vecc_initiar adversely
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impacts on the Pmaxwind Value at connection points with a small X/R ratio. This is
because as demonstrated in Chapter 3, Vpcc would increase as Pwind generation
increases for small X/Rpcc ratios.

The Vpcc initiar Value in Test 7 is smaller than that in Test 6, while in both test
systems X/Rpcc > 2 (refer to Table 6.5). Although the SCC value in Test 7 is greater
than that in Test 6, comparing the results in Figures 6.11 and 6.12 demonstrates that
Pmax-wind Value in both test systems is approximately the same. This indicates that a small
Vpcc initial adversely impacts on the Pmax-wind Value at connection points with a large X/R
ratio. This is because as demonstrated in Chapter 3, Vpcc would decrease as Pwind

generation increases for large X/Rpcc ratios.

6.4.2 Voltage profile prediction for the new test systems

This section investigates the accuracy of the proposed Egs. (6.3), (6.10), and (6.20)
in predicting the Vpecc value for Test systems 5 to 10 using the PV characteristics
presented in Figures 6.11 to 6.14. Table 6.6 shows the simulated and predicted Vpcc
values and the percentage error between the simulated and predicted results for each test

system

Table 6.6  Error between simulated and predicted Vpcc profile for Tests 5 to 10.

Test system Puwind (MW) V simulated V predicted Percent error

(%)
0 1 1.006 0.6

Test 5 3 1.026 1.025 -0.1

6 1.053 1.046 -0.67

0 0.985 0.9863 0.13

Test 6 3 0.981 0.9789 -0.21

6 0.976 0.9697 - 0.64

9 0.967 0.9588 -0.85

12 0.95 0.948 -0.21

0 0.97 0.9713 0.13

3 0.9687 0.9653 -0.35

Test 7 6 0.965 0.9594 -0.58

9 0.959 0.9536 - 0.56

12 0.947 0.9479 -0.1
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0 0.99 1 1
Test 8 3 1.017 1.026 0.88
6 1.043 1.05 0.7
0 1 1.01 1
Test9 3 1.025 1.028 0.15
6 1.045 1.048 0.27
0 0.98 0.99 0.95
3 0.993 1 0.47
6 1.007 1.01 0.37
Test 10 9 1.022 1.025 0.23
12 1.034 1.036 0.09
15 1.043 1.0438 0.07
18 1.0507 1.0498 -0.08
0 1.01 1.016 0.6
Test 11 3 1.035 1.035 0
6 1.055 1.056 0.1
0 0.965 0.975 1
Test 12 3 1.005 1.012 0.69
6 1.044 1.047 0.28

From the results presented in Table 6.6, it is clear that the highest error between
simulated and predicted Vecc values is only 1% which occurred in only three cases: in
Tests 8, 9, and 12. However, in many cases, the error is less than 0.5 %. For test system
with Vpcc initiar far from the default value, the validation results demonstrate that the
error between predicted and reference VPCC profile is small. For example, in some
cases, such as in Test 11, the error between predicted and reference values is zero.
Hence, similar to the validation results shown in the previous sections, the proposed
Egs. (6.3), (6.10), and (6.20) provide significant accuracy in predicting the voltage
profile at a given connection point.

6.4.3 Step-voltage variation prediction for the new test systems

As an example, Figure 6.15 represents the PAV characteristics at the PCC point for
one of the I1G-Based test systems (Test 6) and one of the DFIG-Based test systems (Test
10), when 0.95 p.u. < Vpcc < 1.05 p.u. Furthermore, the numerical results showing the
AVecc value for different wind power penetration have been presented in Table 6.7. An

analysis of Table 6.7, for each test system, enabled an investigation on confirming
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whether the analytical model can accurately predict AVpcc and project compliance or
violation of the grid codes. For example, in Test 5, the AVpcc value for switching an
extra 3MW capacity on top of the existing 3 MW was measured as 2.6 % from the
Simulink model whereas the prediction of the analytical model is 2 %. Even though the
analytical prediction has around 76% accuracy, it can correctly project that such
switching of an extra 3MW capacity would comply with the grid codes in terms of the
allowable limits of step voltage fluctuations.

In Test 12, where both SCC and X/R are small, the simulated and predicted results
demonstrate that the voltage variation violates the grid code requirements in all WPP
penetration levels. Referring to Table 6.6, the Vecc profile satisfies the grid code
requirements (0.95 p.u. < Vpcc < 1.05 p.u.) when the WPP penetration is around 6 MW.
However, both simulated and predicted results in Table 6.6 show that the small X/R and
SCC at PCC of Test 12 adversely impact the Vpcc variation. In Test 10, a large SCC
seen at the PCC allows a large number of generators to be connected to the grid. In
Table 6.7, the results demonstrate that the proposed model enables to predict whether
AVrcc satisfies or violates the standard range for all possible generators switching
modes in Test 10. Hence, the results demonstrate that proposed Egs. (6.3), (6.10), and

(6.20) are accurate in predicting AVpcc for different wind power penetration levels.

AV (%)
SAboms o o

)
&5
N

Pwind (MW)
=¢=Simulated PAV characteristic forTest 6 == Predicted PAV characteristic forTest 6

Figure 6.15 PAV characteristic for Tests 6 and 10.
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Table 6.7

Error between simulated and predicted AVpcc for Tests 5 to 10.

Test system | Puwing (MW) AVsimulated (%0) AV predicted (%0)
From | To | Value | Evaluating based on | Value | Evaluating based on
grid codes grid codes
0 3 2.6 | Satisfies the grid code 2 Satisfies the grid code
Test 5 3 6 2.6 | Satisfies the grid code 2 Satisfies the grid code
0 6 5.3 | Violates the grid code 4 Violates the grid code
0 3 | -0.41 | Satisfies the grid code | -0.75 | Satisfies the grid code
3 6 | -0.51 | Satisfiesthe grid code | -0.94 | Satisfies the grid code
6 9 |-0.92 | Satisfiesthe grid code | -1.12 | Satisfies the grid code
9 12 | -1.76 | Satisfies the grid code | -1.13 | Satisfies the grid code
Test 6 0 6 | -0.91 | Satisfiesthe grid code | -1.68 | Satisfies the grid code
0 9 | -1.83 | Satisfiesthe grid code | -2.5 | Satisfies the grid code
0 12 | -3.5 | Violates the grid code | -3.88 | Violates the grid code
3 9 | -1.43 | Satisfies the grid code -2 Satisfies the grid code
3 12 | -3.16 | Violates the grid code | -3.16 | Violates the grid code
6 12 | -2.66 | Satisfies the grid code | -2.25 | Satisfies the grid code
0 3 | -0.13 | Satisfies the grid code | -0.62 | Satisfies the grid code
3 6 | -0.38 | Satisfiesthe gridcode | -0.6 | Satisfies the grid code
6 9 Satisfies the grid code | -0.6 | Satisfies the grid code
9 12 | -1.25 | Satisfies the grid code | -0.6 | Satisfies the grid code
Test 7 0 6 | -0.52 | Satisfiesthe grid code | -1.23 | Satisfies the grid code
0 9 | -1.13 | Satisfiesthe grid code | -1.82 | Satisfies the grid code
0 12 | -2.37 | Satisfies the grid code | -2.41 | Satisfies the grid code
3 9 -1 Satisfies the grid code | -1.2 | Satisfies the grid code
3 12 | -2.24 | Satisfies the grid code | -1.8 | Satisfies the grid code
6 12 | -1.87 | Satisfies the grid code | -1.2 | Satisfies the grid code
0 3 2.7 | Satisfiesthe grid code | 2.6 Satisfies the grid code
Test 8 3 6 2.5 | Satisfies the grid code 2.4 Satisfies the grid code
0 6 5.3 | Violates the grid code 5 Violates the grid code
0 3 2.65 | Satisfies the grid code 1.8 Satisfies the grid code
Test 9 3 6 1.8 | Satisfies the grid code 19 Satisfies the grid code
0 6 4.5 | Violates the grid code | 3.75 | Violates the grid code
0 3 1.32 | Satisfies the grid code 1 Satisfies the grid code
3 6 1.41 | Satisfies the grid code | 1.3 Satisfies the grid code
6 9 1.49 | Satisfiesthe grid code | 1.25 | Satisfies the grid code
9 12 | 1.17 | Satisfies the grid code | 1.03 | Satisfies the grid code
12 15 | 0.87 | Satisfies the grid code | 0.75 | Satisfies the grid code
15 18 | 0.74 | Satisfies the grid code 0.6 Satisfies the grid code
0 6 2.75 | Satisfies the grid code | 2.32 | Satisfies the grid code
0 9 4.3 | Violates the grid code 3.6 Violates the grid code
0 12 5.5 | Violates the grid code | 4.65 | Violates the grid code
Test 10 0 15 6.4 | Violates the grid code 5.4 Violates the grid code
0 18 7.2 | Violates the grid code 6 Violates the grid code
3 9 2.7 | Satisfiesthe gridcode | 2.5 Satisfies the grid code
3 12 4.1 | Violates the grid code 3.6 Violates the grid code
3 15 5 Violates the grid code 4.4 Violates the grid code
3 18 5.8 | Violates the grid code 5 Violates the grid code
6 12 | 2.68 | Satisfies the grid code 2.5 Satisfies the grid code
6 15 | 3.57 | Violates the grid code 3.1 Violates the grid code
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18 | 4.34 | Violates the grid code | 3.65 | Violates the grid code

15 2 Satisfies the grid code 1.8 Satisfies the grid code

18 2.8 | Satisfies the grid code 2.4 Satisfies the grid code

18 1.6 | Satisfies the grid code | 1.33 | Satisfies the grid code

2.4 | Satisfies the grid code | 1.87 | Satisfies the grid code

o|lw|lolo|lw|lo||e|o|o
w

Test 11 6 1.95 | Satisfies the grid code 2 Satisfies the grid code
6 4.45 | Violates the grid code | 3.95 | Violates the grid code
3 4.2 | Violates the grid code 3.8 Violates the grid code
Test 12 6 3.8 | Violates the grid code 3.5 Violates the grid code
6 8 Violates the grid code | 7.5 Violates the grid code

6.4.4 WPP maximum allowable sizing prediction for the new test systems

In this section, the accuracy of the proposed analytical model in estimating Pmax-
wind 1S Vverified for the test systems listed in Table 6.5. The objective is to test if the
developed analytical model can predict Pmax-wina for compliance with the grid codes, i.e.
maximum Pwing injection levels allowable for maintaining the steady-state voltage
within the 0.95 < Vpcc < 1.05 range without requiring any further static or dynamic
reactive compensation solutions.

For this purpose, Eqgs. (6.25) to (6.27) have been used to calculate the Pmax-wind for
Tests 5 to 12, and compare with the simulation results. Figure 6.16 shows the simulated

and predicted Pmax-wind Values for each test.

20 ~

15 -

Pmax-wind (MW)
[y
o

0 T T T T T T T 1
Test5 Test 6 Test7 Test 8 Test9 Test1l0 Test1l Test12
Test systems
B Pmax gained by simulated models M Predicted Pmax

Figure 6.16 Predicted and simulated Pmax-wind for Tests 5 to 10.
As shown, the highest error in 1G-Based test systems (Test 5 to 7) is related to

Test 5 where both X/Rpcc and SCC values are small. This is because, as mentioned in
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Chapter 5 and Section 6.3.3, small SCC values impact the accuracy of the proposed
analytical model in estimating Pmax-wind in 1G-Based WPP with a small X/Rpcc ratio
(X/Recc < 2). From Figure 6.16, it is observed that the error in Test 5 is around 1 MW
(Percent error = 16%). However, the error in other 1G-Based test systems (Tests 6, 7,
and 11) is less than 0.5 MW.

In DFIG-Based test systems (Tests 8 to 10), the highest error is around 1 MW
(Percent error = 13%) in Test 9 where the SCC value is smaller than the two other test
systems. This is because, as discussed in Chapter 5, small SCC values slightly impact
the accuracy of the equation proposed for predicting Pmax-wind in DFIG-Based WPP. In
the other DFIG-Based test systems (Tests 8, 10, and 12) the error is around 0.5 MW.

Therefore, results in Figure 6.16 demonstrate that the worst case accuracy in IG
and DFIG-Based test systems is 84% and 87%, respectively. Therefore, the results

confirm the accuracy of the proposed analytical model in predicting Pmax-wind.

6.5 Conclusion

In this chapter, the analytical model proposed in the previous Chapters was
developed for carrying out an initial predictive assessment on voltage stability at a given
connection point with any Vecc_initial Value. For this purpose, the effect of Vpecc initiar ON
Pwind Versus Vpcc characteristic was investigated using eight scenarios.

It was demonstrated that different Vecc iniiar Values shift the characteristics
upward or downward on the voltage axis. Using this finding, the initial proposed
analytical model was developed to calculate PCC voltage profile, AVpcc, and Pmax-wind
for different Vecc_initial Values. Development of the initial proposed analytical model for

considering the effect of the Vpcc_initial parameter enabled to predict the voltage stability
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criteria for different loading conditions and different set—point values of the voltage
regulators.

The developed analytical model was, then, verified for further case studies and
test systems with different PCC parameters and Vpecc initia Value. Generally, the
validation results presented in this Chapter demonstrated that the analytical model
developed during the course of this research is capable of predicting the PV and PAV
characteristics at potential distribution network interconnection points for 1G and DFIG-
Based WPPs with specific X/R and SCC values. This enables to calculate Vpcc profile,
AVpce, and Pmax-wind at the candidate PCC points.

Hence, the author could come up with a novel SCC and X/R based voltage
stability model for an initial predictive assessment on the important voltage stability
criteria at penetrated WPP connection sites within a distribution system. The proposed
model has high accuracy and enables stability analysis computations without the need to

carry out complex and time consuming computational tasks.
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7.1 Introduction

This research presents an analytical voltage stability model as a new approach for
the initial site and size analysis of potential distribution network interconnection points
for WPPs. The approach relied on the analysis of potential interconnection points in
terms of their SCC and X/R ratios, which enabled author to develop a voltage stability
hypothesis based on the SCC and X/R ratio seen at a potential connection point. Two
key types of WTGs widely used in the WPPs were observed, IG and DFIG. For each
generator type, author formulated mathematical approximations supported by the GA
optimization method for voltage-stability analysis in that generator type. Taking
advantage of the proposed method, an engineer can promptly conduct an initial
predictive assessment on voltage stability and maximum injection levels at candidate
PCC buses regarding the value of SCC and X/R seen from those buses.

Many approaches have been proposed in the literature to find optimal size
allocation of DG systems in distribution networks. The majority of these approaches are
based on Atrtificial Intelligence (1A) or Optimal Power flow analytical approaches. 1A
and analytical approaches proposed in the literature require complex and time
consuming computational tasks or modelling of test systems. These challenges could be
removed using an analytical voltage stability model based on mathematical relations
between PCC bus voltage and the PCC parameters, i.e. X/Rpcc and SCC. However,
relatively no effort has been made towards optimal WPP size allocating using such an

analytical model.
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Nevertheless, there are some publications focusing on the relation between
voltage and the PCC parameters of a distribution network penetrated by WPPs. Majority
of these investigated the effect of X/Rpcc variation on Vecc and step-Vecc variations
under constant SCC value using graphical representations. However, none developed an
analytical model based on mathematical relations between Vpcc, the grid’s SCC, and
X/Rpcc ratio. Therefore, development of mathematical relations between Vpcc and the
key parameters such as the SCC and X/R ratio is a noticeable gap.

The research work presented in this thesis has proposed a new analytical model
introduces six equations listed in Table 7.1. The equations enable to predict three
voltage stability criteria which have a pivotal role in the interconnection of IG and
DFIG-Based WPPs to a distribution system. These criteria are: PCC bus voltage profile
(Vecce), the step-voltage variation due to the increase in wind power injection at a given
PCC point (AVpcc), and maximum permissible wind active power ensuring the grid
code requirements (Pmax-wind).

Table 7.1  Proposed voltage stability analytical model

Proposed equation Application
X SCC Projecting Vpcc and
(=0.29x—x ) AVece for 1G-Based
V =0.0912¢ wind v . 400067 WPPs for X/Recc <
) initial ' 2

Projecting Vecc and

P P
V=V .+ 0.0013-0.0427x (X x _Wind y 002y (X _Wind y2 | AVecc  for 1G-
R sccC R

initial SCC Based WPPs for
X/Rpcc >2

X SCC Projecting Vecc and

(—0347X—X ) AVPCC fOI’ DFIG-

_ wind Based WPPs for
V =0.101e +VPCC _initial + 0.01 S Roe < 2

X Projecting  Pmax-wind

; o —xSCC for 1IG—Based WPPs

max—wind ~ 7% I 0.0912 : for X/Recc < 2
1.0433-V. ..
initial
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R Projecting  Pmax-wind
P o wing = SCC xyx[ 10,675~ [500x (095-V, . )+113. 35) for 1G_Based WPPs
for X/Rpce > 2
X Projecting  Prmaxwind
P 0347 R <5CC for - DFIG. Based
max—wind Ln ( 0.101 ) WPPs for X/Recc <
1.04 =Vpee initial 2

The novel SCC and X/R based voltage-stability model has high accuracy and
enables stability analysis computations without the need to carry out complex and time
consuming computational tasks, which is a significant advantage over existing site and
size analysis approaches. Furthermore, the proposed analytical model removes the need
to investigate the effect of distribution network configuration and its component
specifications on PCC bus voltage stability. This is due to the fact that the effect of
these factors has been considered and modelled in the proposed analytical approach
using SCC and X/R parameters. Validation studies carried out in Section 6.4 in Chapter
6 demonstrated that the proposed model can accurately predict the voltage stability
criteria for different X/R and SCC values seen from different PCC points. Therefore,
although the coefficient values of the developed equations were determined using data
obtained from a limited number of PCC points (refer to Chapter 4), the proposed model
and the determined coefficients can be applied for the initial voltage stability assessment

of any distribution network WPP interconnection point.

7.2 Key contributions of the research

The voltage stability analytical model developed in this research focused on the
mathematical relation between voltage and the key PCC parameters of distribution
networks to enable a predictive assessment on the important voltage stability criteria at
candidate distribution network buses for WPP interconnection. Therefore, key

contributions of the research spans over different areas which are itemized below.
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e Voltage stability analysis using IEEE models

Most of the research works present in the literature talk about the impact of the
interconnection of WPPs to distribution networks on the PCC bus voltage in general
terms and using simple scenarios. However, this research addresses issues concerned
with the interconnection of WPPs to distribution networks through detailed voltage
stability analysis studies carried out using IEEE standard distribution test systems
simulated by MATLAB. The analysis studies considered two common types of WTGs:
IG and DFIG.

For the 1G-Based WPP, PV analysis demonstrated that at PCC points with an
X/Rpcc < 2, Vpcce increases for increasing levels of Pwing and it declines at PCC points
with an X/Rpcc > 2. X/Rpcc = 2 was observed as the optimal ratio where Vpcc would
have the lowest variations in response to the change of Pwinga. It was observed that AV at
PCC points with a small SCC was greater than that at PCC points with a large SCC. The
QV analysis demonstrated that the rate of change in voltage in response to changes in
the reactive power at PCC points with a large X/R ratio is higher than that at PCC points
with a large X/R ratio. The V-SCR characteristics showed that for weak connection
points, where SCR < 10, PQ requirements will be problematic in an 1G-Based WPP for
both small (X/Rpcc < 2) and large (X/Recc > 2) ranges of X/Rpcc.

For the DFIG-Based WPP, PV analysis showed that DFIG is not suitable for low
X/R ratio PCCs as DFIG is not able to regulate Vecc within the standard range at PCC
points with a small X/R ratio when wind power penetration is high. QV analysis
revealed that, similar to 1G-Based WPPs, the rate of voltage variation due to the
increase in reactive power variation at PCC points with a large X/R is higher than that at

PCC points with a small X/R ratio. For DFIG-Based WPPs with SCR < 10, V-SCR
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analysis evinced the voltage stability requirements would be problematic at connection
points with small X/Recc ratio.
e Development of an analytical model for projecting Vecc and AVecc

As one of the major contributions of this research, it was revealed that the voltage
profile and voltage variation can be estimated at a given connection point regarding the
SCC and X/R values seen at that point and the WPP generator type. For this purpose, a
sensitivity analysis has been performed to plot Vecc-X/Rpcc characteristics for different
IEEE test systems with different SCR values. The Vpcc-X/Rpcc characteristics were,
then, used to develop the general forms of mathematical relations between the
parameters considered. For the 1G-Based WPP, the relations were developed for two
key X/R regions of interest, the X/Rpcc < 2, and X/Rpcc > 2 regions. Furthermore, for
the DFIG-Based WPP, the equations were developed for the X/R < 2 region. A GA-
Based approach was later used to determine the coefficient values of these relations.

An exponential function was proposed for the 1G-Based WPPs with X/Rpcc < 2
case, a second-order polynomial function was proposed for X/Rpcc > 2 case, and an
exponential function was proposed for the DFIG-Based WPPs with X/Rpcc < 2 case.
Validation studies confirmed the accuracy of the proposed method in predicting Vecc
profile and the step-voltage variation grid codes compliance check, i.e. to verify AVpcc
< 3 % (compliance with the grid codes) or A Vpcc = 3 % (grid codes violation).

e Development of an analytical model for WPP maximum allowable size
predicting

Upon developing the relations between voltage and the PCC parameters, the
proposed relations were rewritten in terms of Pwing @s a function of Vecc, X/Rpcc, and

SCC. The proposed relations enabled to estimate Pmax-wind Which could be injected by an
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IG or DFIG_Based WPP to distribution system. The verification results showed that the
accuracy of the proposed relations was slightly impacted in 1G-Based WPPs with small
SCC and X/Recc and DFIG-Based WPPs with small SCC value. However, the worst
case accuracy amongst the all scenarios investigated was around 85%.

The proposed equations simplify the WPP sizing and siting in a distribution

system by removing the need to carry out time consuming computational tasks.

7.3 Future Work

The research presented in this thesis is an important contribution to the knowledge
in WPP siting and sizing field. However, it can still be extended in several ways by
removing some of the scope limitations assumed in this research or by using it as a
stepping-stone to investigate other aspects of WPP optimal placement and sizing.
Regardless of their nature, these extensions will make the proposed model more
comprehensive and reliable.

Referring to Chapter 3, voltage stability limit is another important parameter in
voltage stability analysis studies. As mentioned therein, in a QV curve, the voltage
stability limit is the extremum point where further absorption of Q by IG results in
dV/dQ < 0 and voltage collapse. Therefore, the voltage stability limit can be determined
using the relation between voltage and reactive power injected/absorbed by the WPP.

However, the analytical method proposed in this thesis models the relation
between voltage and active power. Therefore, the calculation of the voltage stability
limit using the proposed analytical model is subject to the development of a model for
the reactive power parameter. In this regard, one possible research idea is related to
develop the proposed voltage stability analytical model to show the mathematical

relations between voltage and the WPP reactive power at a given connection point.
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Apart from the voltage stability limit, developing the proposed analytical model for
showing the relation between voltage and reactive power enables to calculate Vecc and
AVpcc at a given connection point for a specific Qwind Values.

The equations proposed in this research show mathematical relations between the
PCC parameters and the steady-state voltage at a given PCC point. However, the
proposed equations can be developed and extended to model the relation between PCC
parameters and voltage under transient stability. Such a voltage stability model will
enable to predict the voltage behaviour under fault conditions and dynamic performance
of the WPP. The reader may refer to [163, 164], where insightful analytical approaches
have been proposed for the transient voltage stability analysis in distribution generators
based on IG and DFIG.

In this research, the Vpcc and Pmax-wina formulation proposed for the IG-Based
WPPs was developed as a polynomial function with the order of 2 and an exponential
function for two X/R regions, (X/R < 2 and X/R > 2). As another extension to this
research, this formulation can be developed as a single function, such as a polynomial
function with a high rank, which satisfies the whole X/R region and removes the need
for dividing the X/R region into two parts. This may increase the applicability of the
analytical model for predicting voltage stability at PCC points with X/R around 2.
However, the accuracy of such an equation must be compared with the mathematical
relations proposed in this research to ensure that the error is not high. Furthermore,
apart from GA-Based approach used in this research, the value of the developed
equations can be determined using other artificial intelligence approaches, such as
Particle Swarm Optimisation (PSO), or Artificial Neural Network (ANN), or least

squares curve fitting methods, such as Levenberg—Marquardt algorithm and gradient
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descent. Consequently, the error of the new equations has to be compared with the error
of the voltage stability analytical model proposed in this research.

Finally, the proposed voltage stability model was developed and validated using
IEEE test feeder models. Although, the use of IEEE standard models has wide range of
applications in electrical engineering studies, the validation of the presented model
using real life test cases is important and will be addressed in future studies to further
complement this research. The application of the proposed analytical approach to the
real world distribution networks may offer additional insights into further validating the
accuracy of the proposed model. Therefore, as part of future work, the author is
considering to simulate real-life distribution network models to further test the
application of the developed analytical model. This includes modelling and simulating a
distribution network model from Victoria, where a wind power plant is being proposed
for further integration. However, simulation and modelling the real world distribution
systems may require the use of professional engineering software, such as PSS/e.

From a practical perspective, the application of the proposed analytical model to
the real world distribution systems may impose additional complexity and challenges.
For instance, the effect of On-Load Tap Changer (OLTC) connected to the secondary,
or low-voltage side of the power transformer was not considered in the simulated test
distribution models. This leads to pessimistic results as the analysis studies considered
the worst condition where additional voltage regulation is not provided by the tap
changer. However, the ignorance of the OLTC effect is one the practical issues which
may impact the accuracy of the analytical model in WPP optimal placement and sizing.

Furthermore, having access to data obtained from real world networks, such as the X/R
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value seen at distribution network buses or summer and winter load data, may be a

complicated process.
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Appendix A — MATLAB/Simulink Models of Test Systems
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Figure A1 MATLAB / Simulink model of the 37-bus test distribution system
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Appendix B - Test Systems Specifications

Table B.1 Distribution transformer parameters.
Parameter Unit Value
Nominal power Pn (MVA) 47.5
Frequency fn (H2) 50
Primary winding phase to phase voltage V1 (kV) 120
Primary winding resistance R: (p.u.) 0.0027
Primary winding inductance L: (p.u.) 0.08
Secondary winding phase to phase voltage V3 (kV) 22
Secondary winding resistance R2 (p.u.) 0.0027
Secondary winding inductance L. (p.u) 0.08
Magnetization resistance Rm (p.u.) 500
Magnetization inductance Lm (p.u.) 500
Table B.2  Wind turbine generator parameters.
. Value
Parameter Unit TS DEIG
Nominal power Pn (MVA) 3 3
Frequency fn (H2) 50 50
Line to line voltage V (kV) 575 575
Stator resistance Rs (p.u.) 0.004843 | 0.007
Generator Stator leakage inductance Ls (p.u.) 0.1248 0.17
data Rotor reactance (referred to stator) Ri'(p.u.) 0.004377 | 0.005
Rotor leakage inductance (referred to L (p.u) 01791 | 0156
stator)
Magnetizing inductance Lm (p.u.) 6.77 2.9
Turbine Pitch angle controller gains Kp > 500
Ki 25 -
data
Maximum pitch angle Pitch_angle max (°) 45 45
Table B.3  Wind farm transformer parameters.
Parameter Unit Value
Nominal power Pn (MVA) 4
Frequency fo (HZ) 50
Primary winding phase to phase voltage V1 (kV) 22
Primary winding resistance Ri (p.u.) 0.00084
Primary winding inductance Li (p.u) 0.025
Secondary winding phase to phase voltage V> (kV) 575
Secondary winding resistance R. (p.u.) 0.00084
Secondary winding inductance L, (p.u.) 0.025
Magnetization resistance Rm (p.u.) 500
Magnetization inductance Lm (p.u.) Infinite
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Table B.4 Load data.
Load No. Load value (MVA) Total load (MVA)

1 6.3
1.5
1.5
1.5 21
2.1
3.2
4.2
1

O N[O WIN

Table B.5 Conductor data [138].

Parameter Unit Value
Conductor type - AAAC
Code number No. 250
Nominal area mm? 288.0
No. / Nominal diameter of wires No. / mm 19/4.39
Approximate overall diameter mm 21.95
Approximate weight kg/km 790.8
Nominal breaking load KN 84.88
Nominal DC resistance at 20° C ohm/km 0.1151
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Figure B.1 Single-line diagram of STATCOM and its control system
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Appendix C — MATLAB Codes for Fitness Function 1

function SSD = FF1(K)

Asr0 = K(1);

Asrl = K(2);

Asr2 = K(3);

% Declare Fitness Function 1 named FF1 which accepts vector K as input variable and returns
output variable Sum of Standard Deviation (SDD). K is a row vector with length = 3. The
elements in vector k represent the value of coefficients, in Eq. (4.7), i.e. Asr0, Asrl, and Asr2.
Output parameter (SSD) is the sum of the standard deviation of reference vs. predicted V-X/R
characteristics for Tests 1 to 4 characterised in Table 4.1 in Chapter 4.

xr_1=103 035 04 045 05 06 07 08 09 13 145 16 185 22 235
2.45 2.6];

v_ref 1= [1.07 1.0522 1.035 1.027 1.022 1.0155 1.01 1.005 1 0.9865 0.983
0.98 0.97550.9715 0.966 0.9585 0.95];

SCR_1=3;

% Assign the reference X/R and voltage data points obtained for Test 1 into variable xr_1 and
variable v_ref 1, respectively. Furthermore, define the SCR value for Test 1.

v_pre_1=Asr0*exp(Asrl*(xr_1*SCR_1))+Asr2;
% For Test 1, calculate voltage value named v_pre_1 using Eq. (4.7).

Error = 0;
s = size(v_pre_1);
for i=1:5(1)
Error = Error + (v_ref_1(i)- v_pre_1(i))"2;
end
SD(1) = sqrt(Error) / s(1)
% Calculate standard deviation between v_ref 1 and v_pre_1 and assign it into variable SD(1).

xr_2=1[0.27 0.3 0.38 0.44 0.5 0.57 0.65 0.87 123 152 1.88
207 217 23 24 2.5 266 28 295 315 3.3];

v_ref 2=[105 1042 1028 1.024 1019 1014 1.001 0.999 0.9878
0.982 0976 0.975 0.973 0972 0971 0.97 0.967 0.963 0.96 0.955 0.95];
% Assign the reference X/R and voltage data points obtained for Test 2 into variable xr_2 and
variable v_ref 2, respectively. Furthermore, define the SCR value for Test 2.

v_pre_2 = AsrO*exp(Asrl*(xr_2*SCR_2))+Asr2;
% For Test 2, calculate voltage value named v_pre_2 using Eq. (4.7).

Error = 0;
s = size(v_pre_2);
for i=1:s(1)
Error = Error + (v_ref_2(i)- v_pre_2(i))"2;
end
SD(2) = sqrt(Error) / s(1)
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% Calculate standard deviation between v_ref 2 and v_pre_2 and assign it into variable SD(2).

xr_3=[0.340.41 0.5 0.63 0.7 0.8 1.1 1.3 1.7 188 2.1
2.2 234 264 2.86 2.95 3.06 3.25 3.42 3.62 3.82
415 43 45];

v_ref 3= [1.026 1.02 1.015 1.0065 1.003 0.998 0.9895 0.985 0.978 0.976
0.974 0.973 0972 0.97 0.967 0966 0964 0962 0.96 0.9574
0.955 0.953 0.9515 0.95];

SCR_3 = 6;

% Assign the reference X/R and voltage data points obtained for Test 3 into variable xr_3 and
variable v_ref 3, respectively. Furthermore, define the SCR value for Test 3.

v_pre_3 = AsrO*exp(Asrl*(xr_3*SCR_3))+Asr2;
% For Test 3, calculate voltage value named v_pre_3 using Eq. (4.7).

Error=0;
s = size(v_pre_3);
for i=1:5(1)
Error = Error + (v_ref_3(i)- v_pre_3(i))"2;
end
SD(3) = sqrt(Error) / s(1)
% Calculate standard deviation between v_ref_3 and v_pre_3 and assign it into variable SD(3).

xr_4=10.35 0.40.48 0.5 0.57 0.67 0.8 0.98 1.2 1.4 1.62
1.85 21 23 2.5 2.75 3 3565 3.8 4.1 44 48
5 5.75];

v_ref 4=[1.016 1.012 1.009 1.008 1.0045 10.995 0.99 0.985 0.982 0.979
0.9765 0.974 0.973 0.9714 097 0.968 0.963 0.961 0.96 0.9576 0.9558 0.954
0.95];

SCR_ 4 =17;

% Assign the reference X/R and voltage data points obtained for Test 4 into variable xr_4 and
variable v_ref_4, respectively. Furthermore, define the SCR value for Test 4.

v_pre_4 = AsrO*exp(Asrl*(xr_4*SCR_4))+Asr2;
% For Test 3, calculate voltage value named v_pre_3 using Eq. (4.7).

Error=0;
s=size(v_pre_4);
for i =1:5(2)
Error = Error + (v_ref_4(i)- v_pre_4(i))"2;
end
SD(4) = sqrt(Error) / s(1);
% Calculate standard deviation between v_ref 4 and v_pre_4 and assign it into variable SD(4).

SSD = sum(SD);
% Calculate the sum of error between predicted and reference voltage values for Tests 1 to 4.
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