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Abstract
UNIVERSITY OF SOUTHAMPTON
FACULTY OF PHYSICAL SCIENCES AND ENGINEERING
DEPARTMENT OF ELECTRONICS AND COMPUTER SCIENCE
Doctor of Philosophy

Reactive Power-based Voltage Support for The Low Voltage Ride Through
Capability of The Distributed Energy Resource

By Akbar Swandaru

The increasing demand for energy is a trend that will continue in the foreseeable future. In the
event the need to decommissioning old coal and gas plants as a means to reduce the global
warming emissions, renewable-based energy resource may rise into taking the places of the
power suppliers. Most renewable-based energy resource will be likely accommodated by, most
notably, the inverter-based sources, e.g. photovoltaics (PVs) and wind turbines. It is expected
that a large number of distributed energy resources (DER) will be connected via inverters

within the distribution grid at the low voltage (LV) level.

Most of the grid codes require the wind and the PV park to remain connected during short-
circuit grid faults and also provide reactive power-based voltage support. Meanwhile, a
growing number of DERs will be connected onto the LV distribution system, which is mostly
attributed by the introduction of the rooftop PVs. It is possible the LV-connected DER has to
provide voltage support as well. Studies have shown that the voltage support may be affected
by the low X/R ratio of the distribution grid. However, currently, the discussions could not
demonstrate why the voltage support effectiveness is highly dependent on the X/R ratio of the
grid. Further, the currently available studies could not substantiate clear understanding
regarding the impeding effect of low X/R ratio to the voltage support in improving voltage sag.
Even more, the currently available LVRT voltage support in some grid codes, do not cover
these trends and hence do not consider the voltage support of the DER on low voltage

connections.

The investigation of the reactive power-based voltage support on LV-connected DER can be
done through Root-Mean-Square (RMS) simulation. However, constructing DER through
RMS simulation modelling always requires an extensive modelling effort and data availability.
On the other hand, modelling using an oversimplification may lead to a result that does not
represent well the problem that needs to be solved. Defining the best compromise between
model accuracy and simplicity when modelling power systems elements is not an easy task.
Normally the evaluation of the effectiveness of the voltage support through the RMS

simulation can be done when two following aspect can be obtained. First, the information on
i



how-to-construct the modelling; such as: how to model the DER in the simulation environment,
how to appropriately design the bulk of the load systems, how to model the aggregate the
transmission and the distribution line, and so on. Second, the data needed to simulate the
modelling; such as the parameter design of the DER, the connection line, and loads, and so on,
is obtainable. When these two requirements are met, the investigation can be done. On many
occasions, the information needed is incomplete, and hence the construction of the modelling
is done through approximations; still, extensive work and knowledge to construct the
modelling are required. Grid planners are often challenged with the grid data restrictions and
simulation modelling. As such, a more straightforward approach to do the estimation may help

the task at hand.

This study aims to investigate the impact of the DER connection to the DER’s reactive power-
based voltage support performance, through simulation studies that are made based on the
proposed methodology of the author’s research. The proposed methodology provides a
suitable compromise between the modelling accuracy and the modelling simplicity, so as to
provide the solution for the grid data inadequacy and more straightforward construction of the

DER’s voltage support evaluation.

The realisation of the research work produces three main contributions. First, the proof of the
effectiveness of DER’s reactive power-based voltage support on improving voltage sag. The
task provides an insight into how the voltage sag could be improved through the reactive
power-based voltage support. Second, a proposed methodology is presented that can support
distribution system operators (DSOs), or a DER grid planner in the event they need to justify
effective grid support requirements for LVRT voltage support. The proposed methodology is
made to answer the challenge upon compromising the accuracy and simplicity of the
simulation modelling to account for grid data limitations and the simpler construction of the
DER simulation modelling. Third, the impact of low voltage distribution grid characteristics
on the performance of the DER's LVRT reactive power-based voltage support is investigated.
This helps to clearly illustrate why the effectiveness of the reactive power-based LVRT voltage
support is highly dependent on the X/R nature of the grid.
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Chapter 1 Introduction

1.1 Introduction

Electrical power systems are being revolutionised. The increasing number of inverter-based
distributed energy resource (DER), which primarily comes in the forms of wind turbines and
photovoltaics, has already changed the way in which the power systems are organised and
managed. The electric grid is being revolutionised from vertically-designed systems with
unidirectional transmission to distribution power flows to horizontally-designed systems with
bidirectional power flows between all voltage levels [1]. Distribution systems are turning from
'passive’ into 'active' distribution systems [1]. Conventional power plants for decades has
produced vast amounts of power centrally and deliver it through a high voltage transmission
system. While in the present and the near future, conventional (thermal) power plants
(synchronous-based generators) are gradually being replaced by renewable-based energy
generator that is connected to the lower voltage distributed grid, most of which are inverter-
based generators. DERs are generally much smaller regarding their capacity, and many more
DER units are needed in order to compensate the ongoing retirement plan of the conventional

power plants.

The connections of these smaller capacity sources are commonly installed along the grid at
medium voltage (MV) or low voltage (LV) level [2]-[5]. Such electric power sources directly
connected to the distribution network or on the customer side of the meter [6]. The DER in
some studies can be termed as well as Distributed Generator (DG) [6]. However, DG is a loose
definition and not particularly for popular photovoltaic (PV) and wind power systems. The
definition of DG can also be applied to, for instance, combined heat and power (CHP) systems
that are usually based on a rotating synchronous machine. However, this study focuses only
on the impact of the inverter-based power source to the power system stability; therefore, to

avoid misunderstanding, DER in this study are inverter-based distributed energy resources.

1.2 Some Trends Relating to The Increased DER Penetrations

Over the decades the number of DERs units has been increasingly connected to the grid. This
trends have been driven by international government policy to reduce greenhouse gas
emittance and conserve fossil fuels and has been long-term driven by economic developments
and energy market deregulations. Many DER units size is small, and many of are connected
to the distribution grid, whereas most of the large percentage of the resources are connected to
the grid via power electronic inverters. It is noted that although this size definition does not

define the rated capacity of the generation source, the following categories are generally used



for defining the capacity of DER: micro DER (up to 5 kW), small DER (from 5 kW to 5 MW),
medium DER (from 5 MW to 50 MW) and large DER (from 50 MW to 300 MW) [6].

The introduction of DER has been revolutionising the operation styles of the electrical power
system. Since in the past, the conventional electrical power system is characterised by a power
flow from a relatively small number of large power plants to a large number of dispersed end-

users.

The percentage of renewables in the overall generation mix has increased considerably over
the years. The increasing number of the renewable generation, like wind turbines and
photovoltaic (PV), usually comes in the form of inverter-based DER. Their characteristic
nature as an inverter-based generator, however, raise some particular concerns. It is reported
that the increasing number of the DERs causes the grid to suffer from inertia reduction [7], [8].
Further, the increasing number of these power sources, especially when it is in urban/residenial
areas, causes unwanted steady-state voltage rise of the grid [9]-[11]. Moreover, many studies
reported that their presence in the grid is often linked with the emerging numbers of reverse
power flow issue [4], [12], [13]. However, the implementation of the DER in the grid has also
been associated with the great potential as the source for voltage support as well. The DER's
capability to regulate their active and reactive power which allows them to provide voltage

support has been in the discussion in many research [3], [4], [14], [15].

In the emerging applications of the DER in the grid, it is best to understand its presence leads

to some important trends:

1. The connections of DER units are mainly in the medium- and the low-level voltage grid.
However, it is likely that most of their connections are closely located in the distribution grid
[16], [17]. This phenomenon introduces generators in the distribution grid, which in the past
only contained loads. Thus some power sources are connected on lower level voltage [15],
[18], whereas such power sources connected to the Point of Common Couplings (PCCs) with
relatively low X/R ratio (the ratio of the inductive reactance and the resistive element of the
grid) [19], [18]. A study mentioned the X/R ratio of the distribution grid with 22kV could be
as low as 0.3 [20], while in other study X/R ratio of the distribution grid could (11kV) be
between 0.5 and 1.3 [21].

2. Most DER units behave as 'negative loads' and do not participate in the conventional control
of the network. Though, there are emerging ideas that the ancillary service which is usually
provided by the conventional generators has to be gradually covered fully or partially by the
DERs. To the date, the DER’s transient ancillary service on low voltage ride through (LVRT)
has been discussed and studied in many research studies. [10], [22]-[30]. The LVRT is the

ability of a wind turbine or other generator to stay connected during voltage sags while the
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DER’s transient ancillary service on LVRT defines DER’s voltage support for transient voltage

sag improvement [31].

3. A large number of the DER units are connected to the grid via electronic power inverters,
which have a behaviour that is fundamentally different from the behaviour of the conventional
synchronous machine-based generators. Many DER replacing the conventional generators,
such as the rooftop DER (LV-connected DER) [3], [4], have smaller power capacity than the

large synchronous machines.

1.3 Potential Problems Relating to The Increased DER Penetrations

Due to the emerging presence of the trends mentioned earlier, an attempt to improve grid
regulation, particularly in the distribution grid, has been shown [32]-[37]. Improvement on
DER requirements has been in effect since the data exchange initiative as the collaboration
between the Transmission System Operators (TSOs) and Distribution System Operators
(DSOs) system operators to ensure the safety of the interoperation between the pre-existing
system and the planned distributed generations [38], [39]. Recently, the DERs are required to
remain connected during the fault, and some are required to provide transient LVRT ancillary
service [40]. As a result, this trend leads many electrical TSOs and DSOs, through
organisations such as ENTSO-E, and EDSO [41], [42], working together to formulate
appropriate DER’s transient LVRT ancillary service.

Essentially, the objective of transient LVRT ancillary service is to provide voltage control
during fault by maintaining the RMS value of the voltage within specified limits. The large
power plants mainly regulate conventional voltage control in the high-voltage transmission
grid while tap changes regulate voltage control on distribution grid on distribution-side
transformers. Voltage control through tap changing on distribution-side transformers is
relatively slow and is usually for handling steady-state voltage drop along the distribution
line. With the emerging presence of the DERs, voltage control from DER’s reactive power
regulation will allow DER to contribute voltage control not only in mitigating steady-state
voltage drop, but also voltage sag mitigation from fault. DER transient LVRT ancillary service
through voltage control comes into several varieties. The voltage control can be done through
either additional reactive current injection (aRCI)-, additional active current injection (aACI)-,

or additional active reactive current injection (aRACI) [1].

In this study, the investigation of the aRCI-based LVRT voltage support is the focus of the
research. It will be shown in the following section 1.3.1 the background of the need to
investigate the recent requirement of the aRCI-based LVRT voltage support. The challenge
upon addressing the investigation through simulation is also presented in section 1.3.2, in order

to explain in detail the challenge of evaluating aRCI-based LVRT voltage support.
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1.3.1 Problems with The aRCI-based LVRT Voltage Support

The transient LVRT ancillary service through reactive power regulation, as many have
suggested (sometimes it is termed as the additional reactive current injection (aRCI)-based
LVRT ancillary service, or aRClI-based LVRT voltage support, to avoid confusion), has been
implemented, and also has been discussed in many studies [43], [44]. As such, many wind and
park and solar park nowadays are equipped with the inverter that capable of providing reactive
power regulation which allows them to contribute ancillary service in the event of unwanted
voltage deviations [3], [4]. However, the current practice in places such as Germany, reveals
that only 10 percent of Medium Voltage (MV) connected DER are required to provide transient
LVRT ancillary service through reactive power regulation, whereas a blocking mode (BM),
DER's automatic disconnection following a fault, is used by the remaining MV connected

DERs [4].

In Germany, for instance, around 90 percent of the grid-connected DER is rooftop PVs [4].
With the continuing growth in DER, it is possible that Low Voltage (LV) connected DER has
to provide transient LVRT ancillary service as well. The implementation of aRCI-based LVRT
voltage support on LV connected DER as transient LVRT ancillary service may potentially
lead to some concerns. It has been reported that transient LVRT ancillary service through
reactive power-based voltage support may be potentially affected by the low X/R nature of the
distribution grid [3]—[5], [43], [44]. Though many studies could claim this evidence through
simulation-assisted investigations, the discussions could not illustrate clearly as to why the
effectiveness of the reactive power regulation is highly dependent to the X/R nature of the grid
[27], [45]-[49]. To date, it was found that the aRCI-based LVRT voltage support tends to be
less effective on low X/R ratio grid [28], [29], [50]. However, the studies could not provide a
clear explanation regarding the impeding effect of low X/R ratio to the effectiveness of the
aRClI in improving the LVRT voltage sag. Even more, the currently available aRCI-based
LVRT voltage requirement that has been already adopted in some grid codes [32]-[35], do not
cover this trend and hence do not consider the aRCI-based LVRT voltage support of the DER
closely located in the urban/residential area. As such an attempt to investigate the effectiveness
of the aRCI-based LVRT voltage support on LV connected DER (DER in the distribution grid

level) is necessary.

1.3.2 Difficulty in Evaluating The Effectiveness of LVRT Voltage Supports

Investigating the effectiveness of the aRCI-based LVRT voltage support on LV connected DER
can be done through RMS simulation. However, using a detailed dynamic representation of a

large number of DERs at distribution level in the simulation tool, that has been attempted in
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many studies [3], [4], [27], [28], [43]-[45], [47], will increase the complexity of the models in
terms of computational effort and data availability. On the other hand, modelling power
systems elements through an oversimplification may result in a solution that does not represent

well the problem that needs to be solved.

Defining the best compromise between model accuracy and simplicity on modelling power
systems elements is not an easy task. As such, designing LVRT voltage support that will meet
the desired needs, such as the minimum voltage sag magnitude, and the permitted duration of
the lowest voltage sag should be met when using the voltage support, is highly influenced by
the accuracy of the DER modelling of the corresponding grid, and the required data availability
[31, [4], [14], [23], [51], [52].

Upon building a simulation environment of the DER modelling along with its LVRT support,
one should understand the mechanism of the investigated LVRT voltage support should be
made, and the information regarding the criterion of the minimum voltage sag that should be
withstood, and the voltage sag improvement that should be made of that particular grid.
Estimating the effectiveness of the DER's LVRT voltage support through typical positive-
sequence-RMS simulation can be achieved when first, the required knowledge, and second,
the data needed to construct the simulation modelling is obtainable [53]. When all previously
mentioned information is available, the estimation can be done through the RMS simulation.
As such, a laborious task is required for estimating the effectiveness of the voltage support.
Furthermore, even though often happening on many occasions, the information needed is
incomplete and hence the construction of the grid modelling is done through approximations;

still, extensive work and knowledge to construct the modelling are remain required.

Grid planners often face difficulties with the lack of availability of grid data (often due to
manufacturers confidentiality) and challenges relating to the construction of the DER
modelling [1]. A more straightforward approach to do the estimation may help the task

required.

1.4 Research Motivation

To address the potential problems presented in section 1.3, the purpose of the study is to
investigate the effectiveness of DER’s LVRT support in the distribution grid. The simulation
studies are made by considering the challenges on formulating strategy that could
compromising the accuracy and simplicity of the simulation modelling. The purpose of the

study presented requires attention to the following aspects:
1. The operation of the DER’s aRCI-based LVRT voltage support in improving voltage sag.

2. Some challenges needed to be considered on the strategy of investigating DER’s voltage
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regulation that capable to compromise the accuracy and simplicity of the simulation modelling.

3. What impact of distribution grid characteristics has on the performance of the DER’s aRCI-
based LVRT voltage support.

1.5 Research Aim and Objectives

The research aim of the study is to understand the impact of the DER connection to the DER’s
aRClI-based LVRT voltage support performance, through simulation studies, in which the
simulation effort is demonstrated based on the proposed methodology of the author’s research.
The proposed methodology is made suitable for compromising both simulation modelling
accuracy and its simplicity to tackle inadequacy of the grid data and simplify the required
information to build the DER connection modelling. The proposed methodology is made
suitable for grid planner in the event of grid data and the modelling inadequacies upon DER’s

LVRT voltage support evaluation.

The realisation of the research aim produces the research objectives that are required to

accomplish:
1. To examine how the DER’s aRCI-based LVRT voltage support can improve voltage sag.

2. Build a simpler modelling strategy/methodology, with improved compromise between
model accuracy and simplicity, that can be used to evaluate DER's LVRT voltage support more

simply. This will help to tackle grid data and the modelling inadequacies.

3. To investigate the impact of distribution grid characteristics on the performance of the DER's

aRClI-based LVRT voltage support.

1.6 Research Contributions

Through achieving the aim and the objectives of the research, contributions from this work are

successfully made and summarised as follows:

1. The proof of the effectiveness of DER’s aRCI-based LVRT voltage support on improving
voltage sag. The task will provide an understanding of how the voltage sag could be improved
through aRClI-based LVRT voltage support, which is presented in section 3.5 to 3.7. The first
contribution has been made into the first and second conference publications as described in

section 1.7.

2. A proposed methodology that can support distribution system operators (DSOs), or a DER
grid planner in the event they need to justify effective grid support requirements for LVRT
voltage support on a distribution network. The proposed methodology is made to answer the
challenge upon compromising the accuracy and simplicity of the simulation modelling in the

event of inadequacy of the grid data (due to the confidentiality matters) and the need of a more
6



straightforward approach to constructing the DER connection modelling. The proposed
methodology can be found in section 3.8, and the accuracy of the proposed methodology is
presented in section 3.9. The second contribution has been made into the first journal

manuscript as described in section 1.7

3. The investigation of the DER’s reactive power-based voltage support for LVRT on a
distribution grid is presented. The work is made to investigate the dependency of the voltage
support effectiveness to the X/R ratio of the grid, and to illustrate clearly as to why the voltage
support is highly dependent to the X/R nature of the grid The work is presented in detail in
chapter 5. The third contribution has been made into the second journal manuscript, as

described in section 1.7.

1.7 Publications Resulting from The Research
The works in the thesis have contributed to the following publications.
International Conference publications;

1. A. Swandaru, M. D. Rotaru and J. K. Sykulski, "Intelligence-based coordination of large
scale grid-connected photovoltaic systems," 2016 51st International Universities Power
Engineering Conference (UPEC), Coimbra, 2016, pp. 1-6.
doi: 10.1109/UPEC.2016.8114135

2. A. Swandaru, M. D. Rotaru, and J. K. Sykulski, "The effectiveness of additional reactive
current injection from a distributed energy resource unit to mitigate short voltage instability
during extreme low voltage ride through," 2017 International Conference on Modern
Power Systems (MPS), Cluj-Napoca, 2017, pp. 1-6.
doi: 10.1109/MPS.2017.7974384

Journal publications;

1. A. Swandaru, M. D. Rotaru and J. K. Sykulski, "A Simple Method for Estimating the
Effectiveness of Reactive Power-based Low Voltage Ride-through Support of the
Distributed Energy Resources," IET Renewable Power Generation (to be submitted).

2. A. Swandaru, M. D. Rotaru, and J. K. Sykulski, "Distributed Energy Resources Reactive
Power-based Voltage Support for Low Voltage Ride Through on a Weak Distribution Grid,"

IET Renewable Power Generation (to be submitted).
1.8 Report Organisation
The thesis consists of six chapters as described in the following paragraphs.

Chapter 2 reviews the recent issues related to the effects of the increasing penetration rate of
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inverter-based DER to a grid (such as reverse power flow causing the unwanted steady-state
voltage rise). Aspects related to the LVRT voltage control strategies are reviewed. Further, the
Grid requirements on DER’s reactive power regulations, DER’s voltage control, and DER’s

Fault Ride Through are also reviewed.

Chapter 3 presents a simple methodology for estimating the effectiveness of the additional
reactive current injection (aRCI)-based DER's LVRT voltage support. The proposed
methodology is built based on 'static analysis’ approach (typical static short circuit analysis
but with some extensions as for evaluating effectiveness of DER’s reactive power LVRT
support) that simplifies dynamic aspects that are usually accounted by typical dynamic RMS
simulations, while being able to capture fairly accurate the behaviour of the system. The
advantage of the proposed methodology is on the computing process needed, which is much
simpler since the construction of the dynamic DER modelling is not needed, and the evaluation
of the effectiveness can be gained even under the condition of grid data and the modelling
inadequacies. The novel methodology is made for easier evaluation of the influence of the
network characteristics on the effectiveness of the DER's reactive power LVRT support in
mitigating voltage sag. The chapter details essential information related to the representation
adequacy of the modelled system (for example: how the external grid should be represented,
how typical distribution load should be modelled, and how the system elements should be

aggregated).

Chapter 4 focuses on aspects relating to the DER dynamic modelling on the power system grid.
The LVRT voltage support modelling that is made based on the reactive power regulation
standard as previously presented in section 2.7.1 is also provided. The purpose of chapter 4 is
to present modelling of the DER, along with the proposed modelling of the aRCI-based voltage
support that is made to understand the dynamic response of the system better - the voltage
response following LVRT, the voltage improvement sag with respect to the amount of the

additional reactive current being given, and so on.

Chapter 5 presents the study on the impact of grid characteristic on the effectiveness of DER's
aRClI-based LVRT voltage support. With the help from the DER dynamic modelling as
presented in chapter 4, the effectiveness of investigated voltage support under different grid

characteristic is evaluated.

Chapter 6 presents a summary of the work presented in the thesis. The main contributions of
this research are also discussed. Additionally, the outlines of proposed future work are

presented.



Chapter 2 Reviews on The Implications of DER

Connections to the Grid

2.1 Introduction

Most of the grid codes generally require the Distributed Energy Resources (DERSs) to remain
connected throughout short-circuit grid faults and also provide the grid voltage support during
the Low Voltage Ride Through (LVRT). It is found that the X/R ratio of the DER connection
affects the effectiveness of the voltage support in improving the voltage sags. As a means to
help the study, four essential aspects relating to the impacts of the presence of the grid-
connected DER to the grid are presented.

The first aspect will be about the impact of the DER connections to the steady-state voltage
rise of the grid. It will be presented later that X/R ratio of the grid determines the magnitude
level of the steady-state voltage rise. The presented review will provide valuable insight on
understanding the way the impact of the DER connection to the steady-state voltage increment
of the grid, through mathematical analyses based on the previous researchers. The
mathematical analyses that are made by underlying the assumptions help the thesis author to
construct the perspective on how the DERs are impacting the steady-state voltage profile of
the grid. The aforementioned perspective helps the thesis author to develop the proposed
methodology for estimating the effectiveness of reactive power-based Low Voltage Ride-

Through support of the DER. The first aspect is presented in section 2.5.

The second aspect will be about reviews on some of the reported strategies to prevent the
unwanted steady-state voltage rise on DER-connected grid. The review summarised three
approaches to mitigate the unwanted steady-state voltage rise; through DER's reactive power
regulation, DER's active power capping, and lastly using energy storage. It will be shown
according to the likeliest trends that reactive power regulation is the most preferable. The
presented review will give insight on the relevancy of the reactive power regulation method
as the likeliest preference for the unwanted steady-state voltage rise mitigation, with the
method for the LVRT voltage support. The reviewed aspect is made to support the argument
for the need to focus the reactive power-based LVRT voltage support. The second aspect is

presented in section 2.6.

The third aspect will be about the DER regulation strategies for LVRT voltage support. The
review presents the three common methods as means for the voltage support; the reactive
power-, the active power-, and the combinational active and reactive power-based LVRT

voltage support. It will be shown in the discussion through some of the presented evidence;
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DER reactive power-based voltage support is the best preference for improving voltage sag

during LVRT. The third aspect is presented in section 2.7.

The fourth aspect will be about the grid code requirement on DER connection, DER Fault-
Ride-Through, and its voltage support strategies. The attempt so far to provide better grid
regulation by considering the DER penetrations are presented. Different standard on the DER
LVRT requirement from different countries is evaluated. The fourth aspect is presented in
section 2.8. The current state of some grid code’s favoured preference means for their LVRT
voltage support will be reviewed. Further, the evaluation of the readiness of some grid codes
to consider the need for DER LVRT voltage support strategies on distribution levels is
presented in section 2.8.4. The evaluation which is given in section 2.8.4 is made to help the

author on constructing the potential research gap as presented in the summary (section 2.9).

The summary as in section 2.9 presents a brief overview of the presented literature review. It
will be shown a short view on the current general state of the DER LVRT requirements. It will
also point out in the following the need for paying attention to the trends of the DER growth
are likely closely located in the urban/residential area. This reveals the potential research gap
filled by the thesis - the need for investigating the potential impact of the X/R ratio of the
distribution grid to the effectiveness of the DER LVRT voltage support. Further it will be
shown as well the author’s view about how useful is the extensive studies presented from
previous research; the impact of X/R ratio to the increased steady-state voltage of DER-
connected grid; in helping the author on constructing the evaluation strategy of the

effectiveness of the DER LVRT voltage support which is presented in chapter 3.

Section 2.2, 2.3, and 2.4 are introductory sections which assist the reader in better

understanding the rest of the literature review.

2.2 Background

The impact of DER generation has become a significant concern especially when a high
penetration of DER is considered. It is well known that synchronous generator based
conventional power plants could handle faults without being disconnected and at the same
time injecting short-circuit currents during voltage sag. This characteristic property of the
synchronous generators is crucial in a power system by raising the voltage around the location
of the fault [5]. Initially, DER's implementations and its impact relating to the grid faults was
not critical. Hence as a means of protecting the electronic component of the DERs, these
inverter-based generating units were disconnected during grid faults. This disconnection
mechanism can be achieved by using under-voltage protection. However, with increasing
penetrations of DER, this disconnection mechanism has become counterproductive. Typically

when a grid fault occurs the fault impact can be sensed in a wide area surrounding the fault, as
10



it propagates away from the fault site throughout the power system [3]. Consecutively this can
lead to several DER units to automatically trip. In turn, disconnection in series of DER groups
translates into a considerable cascading loss of electricity generation. Therefore, to avoid the
above-mentioned problems, with the ongoing plan for increasing DER units, the DER has to
remain connected during the fault. During fault ride through (FRT), as the requirement is
defined, the DER has to provide transient voltage support to improve the LVRT voltage sag as

well.

2.3 The Objective of The Voltage Support

The objective of voltage support is to regulate and maintain the RMS (root-mean-square) value
of the voltage level within specified limits, irrespective of the trends of the generation and load
[14]. Conventional voltage support in the high-voltage transmission network is mainly
provided by the large synchronous machine generators. On distribution grid, however, voltage
support is made by tap changing on distribution transformers. Voltage support through
transformer tap changing is relatively slow as compared to the voltage support provided by the
large power plants (that is usually via automatic voltage regulator - AVR). As such the tap
changer can compensate the steady-state voltage drop along the distribution feeder. Voltage
regulation via changing transformer tap is made on the basis that the voltage variation at the
distribution level is only influenced by the load trends. However, with the introduction of DER
units in the distribution grid, there is a possibility to employ voltage regulation by the DERs
to solve not only the steady-state voltage drop but potentially also the transient voltage sag
during a fault. As such, the introduction of DER units in the distribution grid can affect the
way of the operating style of the traditional voltage regulation schemes (such as transformer

tap changing) that already exist.

The voltage variations are primarily affected by the load trends and the transformer tap
changing. The presence of the DERs at the distribution level may add another factor that
influences the voltage variation of the distribution grid. Further, it is even reported that DER
in some place, such as in Germany, has to be disconnected when the voltage variation reaches
below 0.8 pu [4]. The disconnection scheme is initially employed as a means to minimises the
risk of DER’s internal failure. However, DER automatic disconnection may become
undesirable, when a large number of DER units is connected to the network since it will result
in a further unwanted disturbance, such as black-out. Moreover, the large number of DER
automatic disconnections can result in no small power generation deficit which may cause
power loss that could be even higher than the amount of power reserve needed for the reference
incident (the worst incident that can be managed by primary reserve) [3]. As such, many grid

codes require DER to have LVRT capability.
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2.4 Challenges on Investigating The DER’s LVRT Voltage Support

The prevalence of the DERs with LVRT capability allows them to sustain their connection in
the event of voltage sags. As such, some DER requirements enforce the DER to provide LVRT
voltage support as well. The LVRT voltage support allows the DER to provide transient voltage
regulation which helps to improve LVRT voltage sag. Investigating DER’s transient voltage
regulation is challenging since there are factors that might need to be considered upon
implementing voltage support. The consideration may come in the aspect of, for instance, the
LVRT voltage support strategies. Generally, the DER’s LVRT voltage support strategy comes
into three types; through the DER’s reactive power regulation, the active power regulation,
and the combinational active and reactive power regulation [3]-[5]. Another factor is the
steady-state voltage regulation strategies. It is revealed that increased DER penetrations may
increase the steady-state voltage of the hosting grid [10], [54]. As such, to prevent unwanted
steady-state voltage rise, the steady-state voltage regulation is often used. It will be shown that
several considerations may arise due to the chosen steady-state voltage regulation to the
effectiveness of the selected LVRT voltage support strategy. Lastly, it will be presented as well
the X/R ratio of the DER-connected grid adding up the challenges on studying the DER’s LVRT
voltage support.

It has been discovered that X/R ratio of the DER connection affects the effectiveness of the
voltage support in improving the voltage sags [3], [4], [23], [28]. Further, it has been claimed
that smaller X/R ratio of the distribution line as compared to transmission line may impede the
effectiveness of DER’s transient voltage regulation via additional reactive current injection
(aRCI) [4]. DER’s transient voltage support via additional active current injection (aACI) [3],
as a counterpart to the aRCI, may be promising. However, since aACI requires actively ready
active power reserve, the method seems not economically favourable since the DER has been
operated under sub-optimum condition - a condition that is not advantageous for long-term of
DER usage [55]. The usability of aACI seems promising when the employment of active
power curtailment [56] is also applied, and hence its active power reserve could be used to

employ aACI.

However, noting the fact that active power curtailment may be employed when only the
unwanted steady-state voltage rise is in effect [57], then the usability of aACI may seem not
possible for all time, as compared to the flexibility offered by the aRCI. Without needing to
take active power reserve from the active power curtailment mechanism, the aRCI usage seems
more reliable since many DER's owners prefer to maximise their DERs active power
generations. With the recent development and with the recent grid code relating LVRT

requirement, aRCI may be preferred since the DER’s inverter can be operated on a leading
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power factor for a short time so that it could allow the function of transient voltage regulation

via aRCI [32], [33], [36], [58].

It has been claimed as well that on the steady-state condition, more DER connection on a grid
will increase the steady-state grid voltage. The increment rate of the steady-state voltages on
low X/R ratio DER-connected grid, such as on distribution grid, will be higher than the
increment rate of the steady-state voltages on a DER-connected grid with high X/R ratio, such
as DER which connected at long medium voltage feeder [15]. Thus, by considering in the
following aspects; such as economical, the feasibility for long-term usability, and the essential
factor of the implementation; unwanted steady-state voltage mitigations on grid-connected
DER through reactive power regulation can be a solution, better than ‘active power capping'.
As such, it is understandable that some researchers proposed the idea of DER's on under-
excited operation [9]-[11] as an alternative to the active power curtailment method as means

to prevent the unwanted steady-state voltage rise.

The solution by employing energy storage, such as a battery, to minimise unwanted steady-
state voltage increment by storing some of the power generated by the DERs and act as voltage
support by temporarily injecting power may potentially offer the best solution. However, it is
shown with the introduction of DER's feed-in tariff scheme, which allows the DER's owner to
benefit DER's energy export to the grid, DER's owner ‘sees' battery implementation as a less
preferable option. With the recent standard on DER connection that requires all DER to have
reactive power regulation capability in order to increase the number of DERs with transient
voltage support, the use to DER's reactive power regulation could be potentially advantaging

as well for unwanted steady-state voltage mitigations.

The overview spans from discussing the steady-state voltage stability of the DER-integrated
grid to the implications of the trends to the grid operator, in which they regulate the grid
standard to responding it. It will be shown the usefulness of the understanding of some of the
reported strategies to mitigate the unwanted DER-connected grid steady-state voltage rise
problems for the formulation of the LVRT voltage support method investigated in the study.
The readiness of the DER LVRT requirements in some grid codes will be reviewed, so that the
reader could understand the problem standpoint and hence the urgency the need of the author’s

research.

2.5 Steady-state Voltage Rise on The DER Connected Grid

Though this study is focused on the DER’s transient voltage regulation, it is best to describe
some issues mentioned in the previous paragraph as the essential element needed before the
investigation about the effectiveness of transient voltage support via reactive power regulation

is taking place. How do factors, such as the unwanted steady-state voltage rise (that define the
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pre-fault voltage state on transient simulation), the X/R ratio of the DER connections, typical

of the faults, affect the performance of the DER’s transient voltage regulation?

In the following, the discussion relating the steady-state voltage rise due to DER connections

on the grid is introduced (Section 2.5.1 to 2.6.6).

2.5.1 Theoretical Analysis

To understand the steady-state voltage rise on the DER-connected grid, Canova et al. [59]

explain how this may happen.

Suppose a distribution grid, with its distribution line impedances and the load profiles, through
impedance transformation, is transformed into an equivalent Thevenin model as shown in
Figure 2-1. From there, it provides the representation for the network-load-PV set-up (in this
reference, DER is represented by PV). Suppose from the observed distribution grid and
external grid that is set as ‘external power source', has voltage magnitude along with its phase
of E;. The Thevenin line impedance then can be represented as Z; whereas the Thevenin load
can be represented as Zj,44. From this on, then E,,, and I, can be set to represent the voltage
and the current of the photovoltaic. The voltage at the Thevenin load, which can be represented
as the Point of Common Coupling (PCC) of the PV, can be calculated using equation (2.1). So,
on a system without PV, then it can be done by applying I,,, = 0.

Z

—

+ +

oo

ZLoad

Figure 2-1 Circuital representation of the network-load-DER system [59]

2.1)

By considering the constant element of all impedances (Z;4qq and Z), from equation (2.1), it
can be noted that the voltage at the PCC of the PV, E, will be likely to increase when I, exist.
For a constant Eg, it can be observed that the increment of E is linearly proportional to the
increment of ZI,,,,. Canova et al. [59] also mentioned that the steady-state voltage rise of the

PCC of the PV is likely characterised by Z,;. The phase angle of Z; which can be obtained
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from tan_l(i—g), where x, and 7, represent the reactance and the resistance part of the Zg,
g

affects the steady-state voltage rise rate of the PCC bus, and is vital to the effectiveness of

DER’s transient voltage support.

Further, it can be observed that I,,,, is also determining the steady-state voltage rise rate of the
PCC bus as well. This can be explained in a clear manner by representing I, in the form of

the active and reactive component, Ppy; and Qpy, as shown in the following explanation [60].
V= .’:ziu 14 Vs R X Ve

Figure 2-2 Single Load Infinite Bus (SLIB) without DER

Pr+j0;

Firstly, suppose a single load unit infinite bus (SLIB) as shown in Figure 2-2 that is
transformed from a distribution system as according to Canova et al. [59] as previously
explained (through impedance transformation), has the voltage at the sending end as written

as follow,
Vs =Vg +I(R+jX) (2.2)

whereas I is the phasor representation of the current flowing through the line, Vs defines the

voltage in phasor at the sending-end, V defines the voltage in phasor at the receiving-end, R
stands for the line resistance, and X stands for the line reactance. The power supplied from the

‘power source’ is then can be referred into
P+jQ = VgI*. (2.3)
From equation (2.2) and (2.3), the current flowing through the line can be written

I-_P—jQ (2.4)
Vs

As such, by placing equation (2.4) into (2.2), the voltage drop between the sending end and

receiving end can be written as shown in equation (2.5).

___ RP+XQ  XP-R 2.5
AV =7y = REEXC AP RO (23)
Vs Vs

In this reference, [60], the angle difference between the sending end voltage and the receiving
end voltage are relative to the R + jX. On a distribution grid that has low X/R ratio, this
implies the voltage drop is approximately relative to the active component impedance, R [60].
With this assumption, the effect of the reactive component impedance, X relating to the voltage

drop are relatively small. Hence if the voltage at the sending end Vs is set as the reference, then
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the sending voltage phase angle can be set 26, ; = 0. Implying the above equation can be

rewritten as follows.

_RP+XQ (2.6)

Figure 2-3 Single Load Infinite Bus (SLIB) with DER [60]

On a SLIB with DER, the system representation can be seen in Figure 2-3. In such condition,
The DER as power source is likely to cause the voltage increase as compared to the condition
without the supplied power [60]. On the condition when the PV provides more power than the

load, the steady-state voltage rise can be formulated into equation (2.7).
AV =V — Vs 2.7

Since in the distribution system the effect of the reactive component impedance relating to the

voltage drop are relatively small, then with the help of (2.6), the steady-state voltage rise along

the distribution network can be written as follows (2.8).

RP + XQ (2.8)
Vs

with P = (P; — P;) and Q = (£Q; — Q). It can be seen on the steady-state voltage

AV = Vg — Vs ~

increment on DER-connected distribution grid is directly proportional to the amount the active
power supplied by the distributed generators, owing to the fact of the low X/R ratio of the

network.

2.5.2 Steady-State Voltage Rises on Different Percentage Of DER Shares

A better understanding of the steady-state voltage rises effect on multiple penetration levels

by considering different X/R ratio is given.

According to Eftekharnejad et al. in [2], there is a relationship between the steady-state load
bus voltage and the penetration level of the DER units. This relationship and its impact to the
steady-state voltage rise depend on the grid line impedance, load profiles, and the output
(active) power of the DERs (in [2], DER is represented as rooftop-PV). The aforementioned
functions that are influencing the steady-state voltage rise trends does not particularly for DER
with unity power factor operation, but also DER with (for instance) under-excitation operating

settings [2], (such operation that has been discussed, as solution to prevent unwanted steady-
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state voltage rise [9]-[11]). Therefore, the analytical expression provided by Eftekharnejad et

al. in [2] is also suitable for DER under such requirement (under-excitation operating settings).

Pr
0
T
}?T 'XfT Ppy

+

P
g
E.25() [0, V,£0 i

SIS

Figure 2-4 Thevenin equivalence for representing DER-connected Single Load Infinite Bus (DER-
SLIB) from [2]

Suppose a Thevenin equivalence circuit is given in Figure 2-4. Similar to previously
mentioned, the external grid acts as the external power source with its voltage, Er. While the
PV source, P,,, connected at the equivalent load bus, with voltage value, V;. The load bus
voltage phase, 26y, = 0, while the voltage phase angle of the external grid, 6z, = . The
Thevenin line impedance, Rt + jX7, while the load profile, is obtained from

, V)?
P +jQ = a0 2.9)

* 9
(ZThev,load45Thev,load)

With  Zrhey 10ad40Thev 1oaa 15 the impedance load obtained through impedance

transformations. Consider a conventional power source as shown equation below [2],
Sg = (Epst8)I” (2.10)

According to Eftekharnejad et al. in [2], along with equation (2.11)

Ers8 = |Eg|(cosé + jsind) (2.11)
and equation (2.12)
e |Er|(cosS + jsind) — V|| (2.12)
- Ry +jXr

which then can be modified into equation (2.13)

| = IEFI(COS5—]"Sl'n5)—|Vl|’ (2.13)
Rr—jXT

the equation (2.10) can be translated into equation (2.14)

5 - |Er|(cosd + jsind)(|Er|(coss — jsind) — |V;]) (2.14)
v Ry — jXr ’

whereas from (2.14) the active and reactive power can be given as follows
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|Er| (2.15)
= ——— (|Er|Rr + [V;|(Xysind — Rycosd
g RT2+XT2(| F| T | ll( T T ))
Q= —FE (IE¢|X; — V,IRrsind — |V,|Xycos6). (2.16)
Rp2+Xr
Active and reactive losses along the external grid line are
S =Vrpl* (2.17)
St can be translated into
6 - |Eg|(cosé + jsind) — |V,||Er|(cosS — jsind) — |V;] (2.18)
T Rr —jXr
whereas its active and reactive power are
Er|*Rr — 2|Eg||Vi|Rrcosé — |Vi|?R 2.19
by = Re(sy) < [ErRr = 2UElVilRrcosd — PRy (2.19)
Ep|*Xr — 2|ER|IV)|Xpcoss — |V |2X 2.20
0r = Imis,} = VB IXr = 2ErlVilXrcoss - Vi (2.20)

Suppose the reactive power comes from the conventional power source is @, = Q7 + @, then

assuming Q) is the reactive power load. P; is the active power load. Suppose the reactive power
load is defined as Q; = kP;, whereas k is an arbitrary ratio, then through equation (2.16), (2.20),
and Q4 = Qr + @y, the equation (2.21) is yielded

IVil|Ep|(Xrcos§ — Rysind) = kPy(Ry” + X1°) + V12 X7 . (2.21)
It should be noted that
P =P, +P,—Pr (2.22)

with By, is the active power being generated by the PVs, then combining (2.15), (2.19), and
(2.22) gives

\Vi||Eg|(—XrcosS — Rysind) = (By, — P)(Rr? + Xr%) — IViI1?Ry (2.23)
From the equation (2.23), substituting it with (2.21), yields
2 2
V1* + (Pyy — P) (Rp? + X72)" — kP2(R? + Xp2) = 21V 1Ry (B, — P) (224
+ 2kP* X7 ViI* = [V/|?|Eg|? = 0
Solving the polynomial equation (2.24) through algebraic equation solver provided by
MATLAB yields four solutions from which it produces the voltage of the DER-connected load

bus, V;, for every active power given from the DER (F,,) [2]. This voltage magnitude is plotted

versus the PV generation and is shown in Figure 2-5 for two different values of Ry.
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Figure 2-5 Variations of the load voltage versus the amount of solar generation for the DER-

connected Single Load Infinite Bus (DER-SLIB) as illustrated in Figure 2-4 [2]

Figure 2-5 shows the load bus voltage variation with the change in the amount of PV
generation for two different ‘Rt’ values (‘Rt’ - resistance of the transmission network). ‘Blue’
and ‘green’ colour present different level of resistance, 0.01 and 0.000001, respectively. Note
the value of 0.01 and 0.000001 for the ‘Rt’ that are used in the study, [2], is meant to situate
line with different X/R ratio. Normally X/R ratio for the distribution area is smaller than in the
transmission area [61], [62]. Although the selection of the values is not based on actual lines,
the numbers are still appropriate for the sake of the illustration of the study. Hence it can be
assumed that ‘green’ line in Figure 2-5 represent voltage rise in ‘transmission line', while ‘blue'
line represents ‘distribution line' — indicating a stronger trend of voltage rise in distribution
line [2]. Therefore, it should be noted that by evaluating steady-state load voltage rise by using
equation (2.21), V; increment is influenced by the increment of P,, — considering invariability
Rr, Xr, and P;. the example illustrates the increasing DER active power will increase the

steady-state DER’s PCC voltage level.

Figure 2-5 also gives a clear indication of the impact of X/R ratio to the steady-state voltage

rise, that the rising rate is observed stronger at a lower voltage.

2.5.3 Simulation of Steady-State Voltage Rise due to DER Connections

In order to prove the steady-state voltage rise theory as provided in section 2.5.1 and 2.5.2,
steady-state voltage rise estimation due to the presence of the DER units through simple
Newton-Raphson power flow analysis is demonstrated. The test system used in these case
studies is the well-known IEEE-39 bus test system, which can be found in [63]. Through
simple Newton-Raphson power flow analysis by using MATLAB as a tool, the steady-state

voltage rise is observed.

The power flow analyses are made, and the estimated voltage profile is obtained for each
gradual DERs penetration from 0% up to 50% by each 2.5% of the total load. The DER

installations are placed on non-generator buses, and its placements are given on different
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conditions/scenarios. The location of the DER installations is made to meet a condition; the
DER that is closely located in the load (urban/residential area). In the simulation, the condition
is made by placing the DER at the bus with the load, such as bus 15. The simulations are
demonstrated on four scenario tests. The first scenario is set by applying the DER connection
at bus 15, as can be seen in Figure 2-6. The remaining scenarios, the second, third, and fourth
are set by applying the DER connection at several buses, which are described more clearly in
Table 2-1. It can be seen from Table 2-1; the first column defines the scenarios. The second
column defines the total number of the bus which connected by the DERs. The location of the
DER-connected bus for each scenario are shown in the third column. The fourth column

defines the number of the Figure which the result is shown.

The location for the DER connections is made meant to distribute the DER active power output
in order to observe the impact of the DER on multiple locations to the steady-state voltage rise
of the system. Even though the scenario settings are not based on actual condition, the scenario
settings are still suitable for the simulation - to prove the aforementioned steady-state voltage

rise theory.

Table 2-1 Scenario of the simulation tests

Scenario | number of
DER-connected
bus Number of the bus of the DER connections Figure
1 1 15 2-7
5 15,16, 18,26 and 27 2-8
3 10 15, 16, 18, 26, 27, 24, 25, 28, 4 and 21 2-9
15, 16, 18, 26, 27, 24, 25, 28, 4,21, 3,7, 8, 12, and
4 15 20 2-10
Bus37
bus25 MY Bus26| [ ] Bus2E ] ausz?f
Bus 30 W
Bus 38

YW B2
Bus 18 _Bus 24

Eus 3 T
r Bus 4 T|
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Figure 2-6 IEEE-39 bus test system



In doing the simulations, increasing DER’s penetrations are made by adding the active power
level of the DER in which the total amount of the DER’s active power are in proportion to the
percentage of the total loads. For instance, 30% DER penetration means the DER provides
active power equal to 30% of the total amount of the grid loads. The DER’s active power
penetrations are made for replacing the active power generated by the large synchronous
generators. As such, 30% DER penetration level means that there are 30% of the total active
power that is generated by the synchronous generators are decreased. So, on 50% DER
penetration, it means the DER provides active power equal to 50% of the total amount of the
grid loads synchronous generators are operated at 50% of its capacity. The reduction of the
active powers of the synchronous generators is distributed evenly. As such, on 50% DER

penetration, it means the synchronous generators are operated at 50% of its capacity.

The result of the power flow analyses for each scenario can be seen in the Figure from 2-7 to
2-10. The voltage difference for each DER’s increased power output from 2.5% to 50 of the
total load can be seen. In the Figure (2-7, 2-8, 2-9, and 2-10), the first axis (vertical) represents
the voltage difference/steady-state voltage rise rate in pu, the second axis (horizontal)
represents the DER active power increment level in percent, and the third axis (diagonal)

represents the bus numbers.

0.01-0.02
m0-0.01
= -0.01-0
-0.02--0.01
-0.03--0.02
-0.04--0.03
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Figure 2-7 steady-state voltage rise rate from bus 1 to 29 (non-generator connected buses) with

DER's different penetration level up to 50% at bus 15
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lated results several points can be obtained. As the DER penetration increases,
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the voltage of the buses is observed increase as well. In all Figure (from 2-7 to Figure 2-10),
it is shown by the time the DER’s penetration increases, as shown in the horizontal axis, the
voltage levels at the buses, which the bus number is shown in the diagonal axis, are shown
rising. The voltage increment levels are observed to vary for each bus. In Figure 2-7 the active
power generated by the DER at the bus 15 causes steady-state voltage increases at the
remaining buses as well. This is due to the buses surrounding the bus 15 are affected by the
active power flown from the DER [2]. As a result, more buses with DER connection leads to
a more apparent steady-state voltage rise, as shown in the remaining scenarios (Figure 2-8, 2-
9, and 2-10). As such, it can be seen from the simulated results as shown in Figure 2-10
(scenario 4), the steady-state voltage are observed to keep increasing at even 50% DER
penetrations, whereas on the results from scenario 3 (Figure 2-9), the steady-state voltage
increments are somewhat declining at around 35% DER penetrations. In general, the voltage
rise rate increases as the DER penetration level rise, and then slowly decline as the penetration
level keeps rising. The rising trends seem aligned with Figure 2-5. Thus the simulation

evidence supports the theoretical analysis based on Eftekharnejad et al. in [2] (chapter 2.5.2).

Commonly a larger number of buses with DER connection will lead to increase of steady-state
voltage rise rate. Note that steady-state voltage at the DER connection defines the pre-fault
voltage value for dynamic simulation studies. Therefore, the investigation of the steady-state
voltage rise is necessary before LVRT dynamic simulation, as it defines the initial conditions

for the LVRT transient study.

2.6 Review on Several Unwanted Steady-State Voltage Rise Mitigation
Methods

The DER penetrations present a solution in the prevalence the need for a greener power source.
It can also serve as a power source for a remote area, such as in small island whereas space
can be very limited. Its presence in grid connections, however, has been causing several
technical challenges. For instance, the presence of highly active power flown from housing
estates single phase roof-top PVs has often been accused of being the source of unwanted
single phase steady-state voltage rise which results in the unbalanced condition of the
distribution system [64]. Voltage unbalance is considered to be one of the leading causes of
power quality problems which can be detrimental to the performance of power equipment,
since, under unbalanced voltage conditions, power networks incur more power losses and
heating effects, rendering them less stable [65]. As such, steady-state overvoltage is one of
the most apparent issues of highly penetrated DER grids since it not only leads to a power
quality issue but also a problem that can degrade system reliability [66], [67], and the
implementation level of DER applications. Steady-state overvoltage that is caused by the
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unwanted steady-state voltage rise can be a critical issue since it causes DER systems to be
tripped off or disconnected, which may affect both power delivery reliability and the DER
owner’s revenue. Initially, unwanted steady-state voltage rise exists because of the reverse
power flow [68]; usually, this happens during light load and high DER generation conditions
[4]. The reason for the implementation of under-excited DER operation is to prevent unwanted
steady-state voltage rise. This implementation is in effect and is mandated by a grid code, such
as the German Grid Code (GGC), [54]. The unwanted steady-state voltage rise issue, however,
can be tackled through several different approaches. These various approaches are explored
briefly along with the short review of the under-excited DER operation by considering the
benefits and the challenges of different methods. Following this discussion, the reason as to
why we have chosen to concentrate on reactive power control for the DER operation will

become more evident.

2.6.1 Some Prevention Methods for The Unwanted Steady-State Voltage Rise

Several studies have mentioned the effectiveness of the under-excited operation of DER, a
condition of which the DER absorbs reactive power in order to reduce the increased level of
unwanted steady state voltage (non-transient condition) [11], [69]. As described in the studied
literature, the solution for the unwanted steady-state voltage rise is achieved by allowing the
PV to operate under-excited. So far such practice has been applied in some grid codes. In
Australia, it is reported that any PVs which connect to a distribution grid are expected to be
operated under-excited with 0.9 power factor when the PV's active power operating are at
minimum 50% of its maximum active power capacity [70]. UK grid code requires onshore
non-synchronous generating unit, which including onshore power park, such as, wind or PV
park, has reactive capability corresponding to 0.95 lagging power factor at rated MW in the
event of overvoltage up to 1.05 pu at their point-of-common-coupling (PCC) [36]. The
Republic of Ireland Grid Code, EirGrid, requires their Power Park Module (PPM) has
controllable reactive power capability equivalent to its £0.95 power factor. So in the event of
overvoltage PPM will absorb reactive power to prevent further overvoltage [33]. Similar to
the EirGrid, the System Operator for Northern Ireland (SONI) Grid Code has the same steady-

state voltage support requirements [32].

Another method of implementing reactive power regulation as a means to prevent unwanted
steady-state voltage rise can be found in [11]. The under-excited operation is regulated based
on the so-called ‘active power dependent' (APD) method. The method is made to prevent
unwanted steady-state voltage rise through two choices of approaches; active power capping

and under-excited operation. It enables the DER to choose the most appropriate in terms of the
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effectiveness of the method and for the better benefit of the DER user. Unwanted steady-state
voltage rise prevention through excessive active capping results in unwanted active power loss.
Meanwhile, minimising unwanted steady-state voltage rise through DER's under-excited
operation will result in an additional line loading due to reactive power absorbed by the DER.
As such, the method is intended to find a favourable trade-off solution from the two approaches
concerning security (unwanted steady-state voltage rise) and economical factor (minimising
line losses due to the under-excited operation and minimising the unnecessary active power
capping which results to unwanted power losses). The study about APD is also presented in
[71]. Unlike in [11], the study is more complicated since the aim of the method is not only for
preventing unwanted voltage rise, but also to improve the operating performance of the
unbalanced three-phase system. The active and reactive power curtailment is utilised for each
phase. Further, the peak and low operating condition of the DER is also considered in the study.
During peak operation, reactive power is limited in accordance with the X/R ratio of the
networks, while during low operation the PV is expected to optimise its reactive support

considering its minimum loss.

Several studies have exposed the usefulness of under-excited operation in minimising
unwanted steady-state voltage rise. Under-excited PV operation with active curtailment is
possibly selected when traditional voltage regulator such as transformer tap cannot mitigate

the unwanted steady-state voltage rise [69].

2.6.2 Active Power Curtailment as a Means to Minimise Unwanted Steady-State

Voltage Rise

Active power curtailment is often used for preventing unwanted steady-state voltage rise that
is usually caused by reverse power flow [55]. However, the idea of active power curtailment
is selected when it comes to prioritising the system security instead of the ‘DER owner's
revenue'. This approach is discussed in [72], whereas the strategy for the unwanted steady-
state voltage rise prevention is done by utilising active power capping method (here, active
power capping is the same with the power curtailment as in [71]). The active power is
adaptively set in real time with the help of PV inverters. This method can maintain voltage
profiles below a default upper limit while maximising the PV generation and fairly distributing
the active power curtailments among all the PV systems in the local grid. The benefit of this
method is that each of the PV systems in the network has an equal chance to supply electricity
and shares the same fair amount of responsibility for regulating the voltage stability. Both
steady-state and dynamic simulation studies have been carried out and show the effectiveness

of the method. However, the dynamic stability study considered only the sudden irradiance
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change with an account to the low and peak load condition. This [71] study did not cover the
FRT/LVRT stability aspect when the system is subjected to a disturbance (such as three-phase
fault).

2.6.3 Energy Storage for Unwanted Steady-State Voltage Rise Prevention Tool
and FRT/LVRT Supports

As mentioned in section 2.6.2 earlier, a high penetration of DERs into low-voltage (LV)
distribution networks creates reverse power-flow and voltage-rise problems. This phenomenon
usually happens when the generation from DERs substantially exceeds the local load demand.
Thus, the most straightforward approach to mitigate both unwanted steady-state voltage rise
issue and FRT capability is to upgrade the existing distribution network by introducing storage
facilities, such as battery systems. This approach has been discussed in several studies [73]—
[75]. In all of these studies, the storage is utilised to absorb excessive solar PV power locally
during PV peak insolation, and the stored energy is used during the evening for the peak-load
support. Particularly in [75], a charging/discharging control strategy is developed by
accounting the current state of charge (SoC) of the storage and the intended duration of
charging/discharging period to exploit the available storage capacity effectively. The storage
strategy can also mitigate the impact of sudden changes in PV output, due to intermittent
irradiance, by employing the storage into a short-term discharge mode. The charging rate is
tuned dynamically to recover the charge drained during the short-term discharge to ensure that
the level of SoC is as close to the desired SoC as possible. This method is useful for mitigating
the negative impacts of solar PV, and support the evening peak-time load demand management

while utilising the available capacity of the storage device.

Further, it was reported that the utilisation of battery storage could be useful as well for
assisting the DER in improving LVRT voltage sag, such as presented in [76]. In the study,
through Wide Area Measurement System (WAMS) the battery is monitored and is used for
coordinating the utilisation of the battery energy storage system (BESS) to improve voltage
sag in the event of fault disturbance. The focus of this study is to evaluate the effectiveness of
the active and reactive power injected by a BESS-assisted DER in improving the voltage sags.
The studied systems are made by considering as well the presence of the dynamic type of load,
such as motor load is also considered in this study. From the simulated result, it is demonstrated
that both of the active and reactive power injection by the BESS-assisted DER could support
the voltage of the connected bus following a three-phase fault disturbance. The simulation
results are compared with the non-BESS-assisted DER scenario. It is shown that voltage sag

improvement is observed to be better than when the DER is also equipped with the BESS.

26



The results and the work discussed above show the usefulness of energy storage as a tool to
prevent unwanted steady-state voltage rise and helping the DER to improve FRT capability.
Further, the help of batteries can also for reducing the effects of intermittent DER. However,
for an economic perspective, the implementation of energy storage is an expensive solution. It
is claimed that from [77] the ‘Benefit/Cost’ Ratio (B/C ratio) for the investment of coupling
PV and Storage can be more expensive than PV only. Even it is also claimed that B/C ratio of
coupling PV and Storage is often reported high, though not as high as PV only, it is mainly
due to the investment tax credit (ITC) scheme [77]. The investment tax credit (ITC), such as
the one in the US, which known as the federal solar tax credit, allow us to deduct 30 percent
of the cost of installing a solar energy system from the federal taxes. When it comes to DER’s
voltage support, reactive power compensation that comes from DER support is still a preferred
method for voltage support at transmission level [2], [78], [79] and in distribution level [62],
[80]. As such, the idea for underlying the reasons for energy storage installation along with the

DER implementation is needed.

2.6.4 Aspects Considering The Need for Energy Storage Installations

Initially, the use of energy storage in the DER integration studies is mostly for covering the
nature of DER’s intermittency [81]-[86], since their intermittent nature challenges the
system’s long-term and ability to meet the peak demand [82], [83]. For example, the
implementation of PVs along with its battery in both grid-connected and micro-grid modes
allows the PVs enabled to do peak supply-shaving and transferred the energy during peak load
low supply [87]. Many energy storage discussions are mainly focussing on its implementation

with DER as to cover DER’s drawback during its low performance.

To emphasise the importance of energy storage, the intermittency of DERs is often significant
in arural/isolated area. Many researchers suggest the utilisation of energy storage in an isolated
grid since in such condition (rural/isolated area) energy storage is usually served to provide
ancillary service order to support the relatively low-voltage rural/isolated grid stability [88].
For instance, the study in [89] illustrates off-grid solutions based on PV-diesel hybrid systems
with battery backup during the night that are operationally ready to provide communities with
electricity services in rural areas. Since the lack of efficient energy management to balance
supply and demand that results from frequent outages especially during night and increase the
diesel fuel consumption, the study focuses on how energy from the batteries in the hybrid
system can be managed during the night and efficiently distributed among the loads such that
the critical loads like hospitals and telecom towers get maximum energy security. A more

specific study about the rural LV-grid study is described in [90]. The topic of this paper is to
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study the influence of battery energy storage systems (BESS) on a rural LV grid. Three
scenarios are analysed. Load-flow analyses for the grid with and without PV and BESS, by
considering different points of time in summer and winter are done in this paper. It is claimed
that during sunny summer days at noon, the BESS could reduce the high steady-state voltages
along several feeder lines, reduce the loading of the majority of cables and distribution
transformer, and reduce the losses to be covered by utilities. From the observed studies, it can
be claimed that energy storage presence in the rural/isolated area is essential. However, it will
be shown in the following paragraph, under an extreme situation, such as when the DER's
intermittencies is high, and the power source is scarce due to clouds in the winter, or no wind
at all, utilising battery alone to cope the DER’s intermittencies is not enough to secure the grid

stability.

It is claimed from a reported study, that utilising BESS alone with PVs could be less effective
in a rural island LV grid, unless a combinational power source, such as with diesel generators,
are employed [91]. The study claimed that potential instability due to the PV intermittencies
and the battery limits is often the inherent problem, especially when the island is very small
and the cloud is frequently present. In the study, the problem could be overcome with the
utilisation of the diesel. With the help from the diesel, when the battery discharge is at the limit,
and the PVs are not in operation, the loads are still supplied, and hence the grid stability can
be maintained. For further example, in [92], a power management strategy for water pump
storage on a stand-alone PV based system is presented. The role of the water pump storage is
similar to the diesel in the previous study. The aim of the power management strategy is
feeding the induction motor and optimal charging/discharging of the battery with respective
of power availability from PV. The maximum power of the PV panel was obtained by using
perturb and observe (P&O) algorithm. Their study shows that with the water pump storage,
the studied system has fast and effective response under variation irradiance levels. It can be
observed that energy storage in the rural/isolated area can be useful for coping with the DER
intermittency, under the condition that the steady power sources, such as diesel and water

pump storages, are present and readily available whenever the battery capacity is at its limit.

The purpose of the battery storage for the grid-connected DER can be a little bit different. The
battery storage for non-rural/isolated grid is often treated as storage, rather to be used to
minimise the DER intermittency problem. Unlike in rural/isolated grid, since the DER and its
storage are connected to a strong network, the problem of the DER's intermittency can be
avoided. Since, when the DERs are at its low performance, the local loads can still be supplied
by the grid. Moreover, the grid is still under the support of abundant power sources. As such,
even though the battery storage on grid-connected DER can be relied on as storage, or as an

additional power source to support ancillary services, such as steady-state and LVRT voltage
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support, its presence is often treated as tertiary needs.

Section 2.6.5 will present the introduction of the feed-in tariff scheme which allows the DER’s
(EXIM) export-import metering system, enabling the DER's owner to export the DER's
additional power source to the grid instead of storing it into the battery. As such, in the
following section, the consideration of the of utilising the battery on grid-connected DER is
discussed further. The discussion is made to confirm the necessity standpoint of the battery
usage along with the emergence of the feed-in tariff scheme and its relevancy to employ a

battery to assist DER's LVRT voltage support.

2.6.5 Appraising Energy Storage Usefulness with Some Other Methods for
Unwanted Steady-State Voltage Rise Prevention and FRT/LVRT Capability

The importance of DER with energy storage implementation on a large grid planning that is
still relying on conventional generator's ancillary services is discussed by considering the
economic viability in [55]. By considering several options available for mitigating unwanted
steady-state voltage rise problem and short/transient voltage instability, it is claimed that the
idea of using energy storage for mitigating unwanted steady-state voltage rise problem and
short voltage instability seems fit when, for instance, unwanted steady-state voltage rise
problem could not be solved by power curtailment approach due to ‘DER owner's revenue'
issue, or, a condition that is the FRT capability inherently provided by the DER for solving

voltage cannot maintain its function anymore.

Also, Carsten Heinrich et al. in [55] claim that, although a combination of power curtailment
and reactive voltage support for unwanted steady-state voltage rise prevention and FRT
capability is not economically favourable, the bargain as a ‘trade-off' for system stability is
still better than installing the battery as energy storages. Besides, relying on storages as the
only investment strategy as a means both unwanted steady-state voltage rise prevention and
helping to improve the DER FRT capability was not seems economically sensible. From their
simulated result, in the grids with 30% DER penetration, although storages in combination
with reactive power control (RPC) and/or curtailment can be cheaper than grid expansions
strategy (ex. adding energy storage), there is only little energy to be stored and hence little
potential could be used from the energy storage as for long-term solution. Even more in the
cases of DER penetrations 50%, and 70% of the total load, energy storage will not represent
an economical alternative. It is understood since the Benefit/Cost Ratio of DER with battery,
as reported in [77], is much less than PV alone. Even more, it is reported that on the distribution
level, share in total PV installed capacity in Germany and Australia, as examples, in the recent

past has been estimated as 80% and 99% respectively. Thus under such penetration level,
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relying voltage support through the use of storage on PV installations, for an economic
perspective, would be less promising. Also, for the curtailment method itself, although it seems
promising strategy, this method seems less profitable in the 70% PV penetration scenario, since
it is more expensive than grid expansions strategy (ex. adding energy storage) [55]. The
definition of the cost in the work of Carsten Heinrich et al. in [55] is the cost of the installations
and also the operational cost of the planned grid. The detail of the costs can be studied in detail
in their research [55]. Overall, under the circumstance of large DER penetration scenario,
reactive power regulation provides the most reliable way to answer unwanted steady-state
voltage rise, and possibly FRT issue, considering its availability in the DER’s inverter. Further,
the adaptation of export-import (EXIM) capability - a capability which allows exporting the
DER’s power source to the grid instead of storing it into the battery [55], [93], may become a
more favourable solution than employing energy storage to solve the on-grid DER’s

intermittency source.

2.6.6 Summary on The Review about Unwanted Steady-State Voltage Rise
Mitigation Methods

On the issue relating to the unwanted steady-state voltage rise, various different of approach
as solution, whereas the ultimate goal is to minimise the unwanted steady-state voltage rise
that is originated from the reverse power flow (RPF) due to the presence of DER, has been
long discussions in many studies [2], [9]-[11], [54]. From the author findings, generally, there
are three approaches to mitigate the unwanted steady-state voltage rise issue. First is the
reactive power regulation by applying under-excited DER operation [10], [11], [54], the
second is active power capping [69], and the third is by applying energy storage installation
[94], [95]. Reactive power regulation is the most preferred while under certain circumstance;
it is more suitable to cap DER's active power, through curtailing its active power [72].
Although on the other hand, active power capping is not proposed very often in literature since
limiting active power as means for reducing the unwanted steady-state voltage rise is not
beneficial for a longer term of DER usage [96]. The battery as for energy storage is often
preferable for mitigating DER's issue, aside from the unwanted steady-state voltage rise, but
also the intermittency nature of the DER itself [94], [97]. However, its implementation is
expensive and not so economically favourable as compared to the implementation of DER

with export-import (EXIM) capability [93], [98]-[100].

Thus, from the previous discussion, relating the methods for minimising unwanted steady-
state voltage rise, it can be assumed that the method through reactive power regulation is the

best bargain. Further DER’s reactive power regulation has been demonstrated useful not only
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for minimising the unwanted steady-state voltage rise in many studies [9]-[11], [54], [101],
but also for improving LVRT voltage sag / transient voltage stability [3]-[5], [14], [23], [51],
[51]. Therefore, DER’s transient voltage support through reactive power regulation is the main

feature of this study.

2.7 DER Regulation Strategies as Means for LVRT Voltage Support

Reactive power regulation/support is done by injecting additional reactive power via
additional reactive current injection (aRCI). The necessities of LVRT voltage sag improvement
through DER’s transient voltage support is required by the grid code (GC), that any DER
connected to a grid, should contribute to the grid disturbance mitigations in the future,
including fault [3], [4], [19]. It is important to understand the typical response of the inverters,
especially during LVRT, and further to understand what is the mechanism through which the

DERs’ inverter provides the LVRT ancillary service and what are its limitations.

Following chapter 2.7.1 and 2.7.2 strategies relating LVRT voltage support through active and

reactive power regulations are reviewed.

2.7.1. DER’s Reactive Power Regulation Strategies for LVRT Voltage support

In essence, The DER’s Reactive power-based LVRT voltage support is done via additional
reactive current injection (aRCI). The reactive current injection is a linear function of voltage
difference - between pre-fault condition with the during fault condition - and the injection level
of the aRCI - known as the K-factor [3]. This implies that for any DER which experienced a
voltage bus value outside a pre-specified dead band (figure 2-11), are required to perform
voltage support for voltage sag mitigation via aRCI (Al,) [102]. In other words, once a
transient voltage sag is detected, there will be a reactive current /, injected into the grid. The

value of this current depends on the various factor as shown in (2.22) and (2.23).
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Al is the additional reactive current for the reactive power support during LVRT, /4 is the pre-
fault reactive current, /, is the nominal current of the PV (reactive current during steady-
state/normal condition), U, is the nominal voltage of the PV, U is the voltage during FRT, and
Uy is the pre-fault voltage where its nominal value is within the range of the +Ujesdband. Udeadband
represents voltage dead band to prevent the aRCI function being too sensitive with the transient
voltage deviation and is usually pre-specified upon DER installation for 10% of the nominal
voltage U, [33]. This dead band (which is seen in Fig. 2-11), however, can also be pre-specified
to be smaller than 10%, and sometimes can be completely removed (defined as 0%) [3]. This
reactive power regulation is initiated during transient conditions and activated when the
positive sequence voltage U deviates from the pre-fault voltage Uy (exceeds the Udesdband).
An example of the real application of the voltage dead band setting was reported in [70]. It is
reported that the voltage dead band of the household-level photovoltaics in Australia were at
+4% which allows voltage variation without reactive support for +4% along the LV cable

connecting to each house’s switchboard.

DER’s Reactive power-based LVRT voltage support via aRCI is encouraged to become a
standard in some renewable grid codes [32]-[36]. There are some alternative of reactive power
injection (RPI) strategies; these are ‘RPI with constant average active power control (RPI-
Const.-P)’, ‘RPI with constant active current control (RPI-Const.-/;)’, and ‘RPI with peak
current control (RPI-Const.-Ij pqy)’ [8]. The objective of RPI-Const.-P is to maximise the
output energy with MPPT control during LVRT operation, whereas, the average active power
can be maintained constant in the short-term period of the fault. RPI-Const.-I; offers flexibility
to the injection given on lower current rating inverters. The drawback of RPI-Const.-P and RPI-
Const.-1; is, however, the possibility of overcurrent during LVRT [103]. Hence RPI-Const.-
Iy max on [103] is designed to prevent unintentional inverter shutdown due to overcurrent
protection. The operative strategy is done by allowing the magnitude of the injected grid
current to be kept constant but consistently lower than the inverter current limitation during
LVRT. In doing so, the active power will be reduced proportionally in order to inject sufficient
reactive power during LVRT. All three mentioned RPI strategies have to inject full reactive
current in case of severe voltage sag. Generally, the implementation of these type of LVRT
reactive supports, as adopted in many grid codes, is motivated by the idea that when a DER
that is mostly grid-interfaced with an inverter injects reactive power to a highly inductive
Point of Common Coupling (PCC), it will increase the phase of the voltages sag

proportionally to their phase current amplitudes [103].

It can be understood why the use of reactive supports is preferred in many grid codes [32]—
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[36], [58] since it was initially for power park module which generally located in a relatively
remote area, far away from the urban/residential area [4]. As such, it is often connected to an
express feeder, which relatively has a higher X/R ratio than the low voltage connection lines
that are usually located in an urban area. With the emerging growth of inverter-based DER in
the urban/residential area, such as roof-top PVs, there is the need to evaluate some other means

of LVRT voltage support, which is presented in the following section.

2.7.2 Some DER’s Power Regulation Strategies for LVRT Voltage Support

DER’s LVRT voltage support through a combination of active and reactive power regulation
via additional active and reactive current (aRACI) is found in [1], [14]. Particularly by Boemer
et al. in [1], claimed that impedance angle adjusted aRACI lead to higher effectiveness than
either a pure reactive (aRCI) or active (aACI) current injection. Higher effectiveness of aACI
is observed because the active and reactive current in accordance with the angle of the
impedance between the DER and the located fault could keep the active and reactive current
within Active and Reactive Current Transfer Limits of the DER. The theory of Active and
Reactive Current Transfer Limits of the DER can be found in [5].

However, also Boemer et al. in [1] have found that Impedance angle adjusted aRACI was
found to less effectively to support the LVRT than a pure reactive current injection (aRCI)
under reverse power flow situations. It should be noted that many low-voltage-connected
DERs such as mainly photovoltaics are situated in the residential area. The PVs regularly reach
their peak operation during the daytime, a condition when the load of the house is at its lowest
point. Thus, this implies that peak low-voltage-connected DERs will mostly be under reverse
power flow situations. Furthermore, LVRT through aACI and aRACI needs a continuous
standby of ‘additional active reserve power' from the DER, which means that DER must be
operated under sub-optimum condition. This is a condition that is not economically favourable

for long-term of DER usage [55].

With that in mind, aRACI, and even aACI should not be adapted as LVRT support preference
in future DER connection requirements. The above argument emphasises the reason as to why

the study is focused on reactive power regulation.

The employment of LVRT/transient voltage support, whether through active or reactive power
regulation as proposed by many researchers, has the purpose of improving the voltage sag at
the PCC of the DER. By doing so, the voltage stability could be improved. The voltage support
is employed on a condition of a certain level threshold of voltage sag, with a particular duration
of time. The criteria are documented on the grid code relating to LVRT requirements, which is

described in the following section.
33



2.8 The Grid Code Requirement on DER Connection, DER
Fault-Ride-Through, and Its Voltage Support Strategies

The implementation of DER units enforces the grid utility to regularly check and improve their
regulations and standards through the grid codes. This sets of rules are not only restricted to
popular DER such as photovoltaic (PV) and wind power farms but also any electric power
sources that are directly connected to the distribution network or connected to the network on
the customer site [6]. A grid code serves the mission of defining the physical connection point
requirements to be followed by energy production equipment to be connected to the grid. In
addition, a regulatory framework defines the requirements for permanent connection and the
relevant network parameters to be supported, in a way to secure system operation. A grid code
has a particular role in this integration paradigm. By complying with these rules, all DER

owners may contribute to the system stability [104].

The grid codes set the full range of ancillary services, similar to conventional synchronous
machines, to support the network during the disturbance [105]. In this code, both steady state
and transient state requirements are covered in their technical aspect. Steady-state
requirements are about the perfect balance between generation and demand, such that the grid
stability is maintained irrespective of the operational activity of both the loads and the supplies
[104]. With the continuous, intermittent generation from the DERs at larger-scale, the
balancing requirement becomes more complex and less predictable. Therefore, the steady-state
requirement covers operation under such condition that balance between generation and
demand is achievable so that the power flow at PCC of the DER is steadily measurable [60],
[106], [107], whereas the transient state requirement looks into the performance of the DER

during the transient state following disturbances or faults [22], [78], [88], [108]—[111].

2.8.1 Grid Codes on DER Reactive Power Regulation for Steady-State

Operations Requirements

To achieve steady-state stability of the grid under all condition of the operational activity of
both the loads and the supplies, the voltage profile of the grid has to be maintained within an
acceptable range [112]. Maintaining the steady-state voltage stability through DER reactive
power regulation has been adopted in many grid regulations [32]-[35], [37], [40], [58],
[113]. From the studied review, the reactive power capability that is set in the grid code on
each country is defined differently. This is understandable since each country has different
interpretation relating the typical steady-state voltage range at the DER’s PCC and the typical
reactive power capability of certain generating units that are made. For instance, on
synchronous-based generating units, the specification relating to the reactive power capability
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can be seen on the generator performance charts/generator nameplate which specifies their
reactive power capability limits [114]. Minimum short circuit ratio is also usually specified,
as for the case of United Kingdom (0.4 pu for units under 1600 MVA and 0.5 pu for larger
units) [36] or Northern Ireland (0.5 pu) [32], [33]. For non-synchronous generators, such as
inverter-based DERs, grid codes define the reactive power capability as in the form of ‘PQ’
and ‘UQ’ diagrams. ‘P’ stands for the active power, ‘Q’ stands for the reactive power, and ‘U’
stands for the voltage. Figure 2-12 [32], [33], [37], [40], [58], [113], [115] shows the
comparisons of reactive power limits for non-synchronous power plants in terms of reactive
and active power (PQ diagram). It can be seen that Australia and New Zealand have the most
relaxed requirements. The requirement shows in Figure 2-12 define the reactive operating

limits which allowed the DER to keep the steady state voltage stability.

From the Figure 2-12, the reactive power generation requirement is specified up to 80% of the
active power output since the simultaneous generation of maximum active and reactive power
will unnecessarily affect the reliability of the DERs. The need for steady-state voltage support
is low at high levels of active power. Reactive power requirement is also reduced for low
power output below 50% for the case of the Republic of Ireland, whereas below 20% seems
to be observed for Spain Grid code. For Northern Ireland, the reactive power requirement is

observed to be more relaxed on below 50%.

P (%)

Australia

—— New Zealand

—— Spain
Northern Ireland
Republic of Ireland
United Kingdom

39.5% 30% 0% 30 % 50 %

Q (%P)

Leading Lagging
Figure 2-12 Comparison of PQ diagrams (reactive power capability region for distributed

generator)

The steady-state voltage limitations at the PCC of the DER connection also affect reactive
power capability. Many grid codes further indicate voltage limits for the compliance of the
reactive power requirement through UQ chart, as shown as an example in the Figure 2-13
[32]-35], [37], [40], [58], [113]. For inductive compliance, for instance, Spanish regulation
sets a maximum voltage limit of 1.05 p.u. and for capacitive condition, a minimum limit of
0.95 pu. For New Zealand [115], voltage limits depend on the voltage level, with 1.1 and 0.95
pu for 220 kV. For 110 kV transmission level, it must be within 1.1 and 0.9 pu; a requirement

that is relatively more relaxed than on Spain grid and Northern Ireland grid code [32], [33]. It
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is observed that under-excited/lagging capacity may decrease as steady-state PCC voltage
increases because of converter current constraints. Overexcited/leading capacity is observed

wider with the increase of terminal voltage.
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Figure 2-13 Comparison of UQ diagrams for distributed generator (wind farms)

2.8.2 Grid Codes on DER Transient Voltage Support and Its Minimum

Standard Requirements

Transient Voltage recovery requirements should be met into different forms. Some grid code
classified the voltage recovery based on the type on the generating unit, and some define the
voltage recovery requirements generally. The Australian Energy Market Operator (AEMO)
requires the voltage recovery on both scheduled and non-scheduled generating system for
above 30MW voltage level at the connection point to within 2% of the setpoint for at least 7.5
s [58]. The AEMO defines that voltage recovery through DER voltage support must be made
through reactive power regulation via reactive current. The Danish technical regulation [35]
on PV power plants above 11kW suggests its voltage recovery must be able to reach to its
voltage settling time condition for no later than 10 seconds. For wind power plant above 11kW,
it must be designed to withstand voltage sags down to 20% of the voltage in the Point of
Connection throughout a minimum of 0.5 seconds without disconnection. For other power
plants that are above 11kW, it must be designed to withstand transitory condition for up to 100
ms. The voltage support for the PVs and Wind park power plant is made via reactive power

regulations as well.

The UK National Grid [36] requires onshore non-synchronous generating unit which
connected below 110kV capable of retaining 85% of the steady-state voltage lasting 2.2
seconds. For the onshore synchronous genmerating unit, it is required that the terminal
connecting voltage should reach 90% in less than 1.5 seconds. Also, the rise time within 75%
of the voltage change shall be met less than 0.6 seconds. Similar to the previously mentioned

grid codes, the voltage support required by the UK grid code is made via reactive power
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through reactive current regulation as well and should be within 140ms. For longer durations
of voltage sags, they are required to provide an active power output at least in proportion to
the retained voltage at the grid entry point and must generate maximum reactive current

without exceeding their transient rating limits, while remaining transiently stable.

In the German Grid Codes [116], [117], the voltage recovery should reach 90% of the steady-
state for at least within 1.5 s, while the voltage recovery rise should reach 90% from its nominal
pre-fault value for at least within 1.35 s. During faults, the renewable power sources are
required to support the network voltage during a voltage sag through additional reactive power.
The voltage control according must be activated in the event of a voltage sag of more than 10 %
of the effective value of the power source voltage. The power source must be capable of
feeding the required reactive power within 20 ms into the network. When the reactive power
injection is in working, the active power shall be reduced proportionally to the reactive power
needed to improve the voltage sag. The duration of reactive power support is expected up to

150ms (unlike Great Britain which limits reactive support for up to 140 ms) [3].

In the EirGrid Grid Code (The Republic of Ireland) [33], Controllable Power Park Module
(Controllable PPM), which could be interpreted as wind and PV park module, should attempt
to control the voltage back towards the nominal voltage and should be at least proportional to
the voltage sags. The reactive current response shall be supplied within the rating of the
Controllable PPM, with a rise time no higher than 100ms and a settling time no greater than
300ms, while the active power must remain to withstand during the voltage sags. For System
Operator for Northern Ireland (SONI) Grid Code [32], voltage recovery of the controllable
PPM should able to achieve its settling time in no more than 300ms, to reach within +/-10%
of its steady-state voltage value. The PPM should provide voltage support via reactive power
injection at least from 90% of its steady state active power response, measured by output, at
the point of connection to the distribution system within 1 second of the voltage recovery to

the normal range.

In Spain [37], PPM must be able to resist voltage sags down to 20% of the nominal voltage
over a time span of 500 ms. Spain also requires the voltage rise time should be at least 60%
within 500ms. Spain requires maximum reactive power injection should be given during three-
phase faults. However, for two and one phase faults, the maximum permitted injected reactive

power is 40% of the rated power after the fault entrance by a 150 ms.

Voltage recovery requirements should be met in many grid codes in one of several ways. For
the sake of study, the voltage recovery requirements are summarised in Table 2-2. Though the
comparison is loosely defined, it can be seen based on ‘slope', ‘rise time' and ‘settling time'.

Table 2-2 overviews the minimum transient voltage recovery should be met as required in
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many grid codes. In order to ensure the grid stability, during transient voltage recovery, the

DER's voltage support from the DER is required.

Table 2-2 Minimum Voltage Support requirements should be met in many grid codes

Region Slope | Rise time Settling time
Australia [58] - 2 s for a 5% step until +5% of the steady-state
2% of the voltage voltage for at least within
setpoint 75s
Denmark [35] - - 10 s with an accuracy of
0.5% of voltage setpoint
UK [36] onshore non- 2-7% | 75% for <0.8 s <2.2 s for at least 85% of
sync. gen. its nominal voltage
UK [36] onshore sync. At lowest 20% for <1.05 | <1.5 s for at least 90% of
gen. S its nominal voltage
Germany [117] - 90% for at least within <1.5 s for at least 90% of
1.35s its nominal voltage
Ireland (FirGrid) [33] & 1- 90% of its nominal <3 s for at least 90% of
Northern Ireland (SONI) | 10% | voltage for at least its nominal voltage
[32] within 2.375 s
Spain [37] 0- 60% s for <0.5 s Settling Time within 1.5s,
25% for
+/-10% of its pre-fault
voltage value

The means of the voltage support which is chosen, either through active or reactive
power-based regulation, depends on which grid code is being referred to. The DER's voltage
supports are aimed to improve the voltage sag magnitudes, and to allow the voltage recovery
time as soon as possible. As such, the rise time and the settling time of the voltage are essential
for determining the effectiveness of the voltage support. From table 2-2, it can be seen that the
UK grid code has the most stringent rise time, whereas the Germany grid code has the most
stringent settling time. Meanwhile, ideally, the rise time and the settling time of the transient
voltage recovery should be met, at best, as short and quick as possible. However, the time rise
and settling time requirements are commonly made based on the practical experiences
achieved from monitoring the power system operation/behaviour. As such, there is no
appropriate way of determining rise time and settling time of the transient voltage recovery

for universal application.

2.8.3 Grid Codes on DER Fault-Ride-Through Requirements

In this section, several transient voltage recoveries in the form of Fault-Ride-Through (FRT)
requirements from several grid codes are presented. It will be shown in general, the major
difference between distinct FRT patterns is in the time duration, which the RESs are requested
to withstand the fault and stay connected to the grid. The DERs are also required to remained
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connected in the event of stability disturbance [32]-[35], [37], [40], [58], [113]. The ability of
DER unit to stay connected with the main grid during short voltage instability events for a
specified time frame without DER being disconnected is referred to as Fault-Ride-Through
(FRT) capability [4]. FRT requirement is presented in the form of a transient voltage deviation
limits vs time. DERs are also required to provide voltage support as well [23], which is

described further in section 2.8.4.

Two requirements can be defined relating to the Fault Ride-Through (FRT) requirement: Low
Voltage Ride Through (LVRT) for voltage sag and High Voltage Ride Through (HVRT) for
transient over-voltage. HVRT is less common, however, but reportedly exist in some grid

connection rules, which is described in the following.

2.8.3.1 Low Voltage Ride Through (LVRT)

For LVRT, its patterns are classified based on two characteristic patterns; depth and duration
of the voltage sag [104], [118]. It can be seen in the Figure 2-14 [32], [33], [37], [58], [113],
[118], the minimum level of voltage sag is less diverse than the duration for the DER’s LVRT
capability, which clearly indicated closeness agreement of the DER’s LVT requirement among
all of the grid codes in term of interpreting minimum allowable voltage sag. Meaning that even
though different grid codes have different LVRT duration, their voltage sag standard is less
diverse. This concludes the fact that little differences are to be made regarding the depth of
voltage sag on several grid codes regarding LVRT from various countries [88], [119]. The
LVRT is created in order to accommodate inverter-based DER's behaviour following severe
faults such as three-phase short circuit at their PCC, and allowing them to keep their power
supply passed through to the grid whenever possible during their timely acceptable transient
period to the normal (steady-state) condition [3], [5] or to unavoidably disconnect the DER
[120].
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Figure 2-14 The LVRT from different countries

All described grid codes cover LVRT requirements. Reportedly the same rules for any type of
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generation apply in Australia, French counterpart, and UK power systems. Meanwhile, for the
New Zealand grid code, separate requirements are proposed to be met by generators connected
to the North Island and the South Island [115]. In the case of Australia [58], [113], the standard
proposed by the Australian Energy Market Operator (AEMO) which acts as the National
Transmission Planner, require the LVRT duration to be at maximum 450 ms. On The Denmark
grid code, however, any generation power plant with a rated active power more than 11 kW
must ride through low voltage sags [34], [35], and no different LVRT standard is applied

between synchronous, PVs, and wind power generations [34], [121].

In Great Britain [36], for faults shorter than 140 ms no specific profile is mentioned, and it is
only stated that any generator connected to the transmission grid should be able to ride through
voltage sags for a maximum duration of 140 ms. The UK Grid Code has a different standard
of LVRT requirements for each of their type of power sources. Their power plant classification
can be broad. However, particularly for their Small Power Station, it can be classified into:
Type A, Type B, Type C, and Type D; which their sizes have to be; below 1MW, between
IMW and below 10MW, between IMW and below 10MW, and above SOMW; respectively.
For type A, they do not provide LVRT voltage support. Their voltage support is only for steady-
state. For Type B, C and D, they have to provide LVRT voltage support. Figure 2-15 shows
UK LVRT requirements for Type B, C and D Power Park Modules connected above 110kV.
Note that in the UK grid code, there is LVRT classification for the synchronous generating unit
as well. However, only the LVRT classification for power park module is presented since it is

the focus area of this thesis.
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Figure 2-15 UK LVRT requirements for Type D Power Park Modules with a grid entry point above
110kV [36]

For connections below 110kV, the LVRT requirement is shown in Figure 2-16.
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Figure 2-16 UK LVRT requirements for Type B, C, and D Power Park Modules connected below
110KkV [36]

It can be seen for power park modules connected below 110kV, during voltage sag (below
140ms), the modules are allowed to be disconnected when the LVRT voltage reaches below
0.1 pu. For power park modules connected above 110kV, during a voltage sag, the modules
have to ‘zero' ride through, since it must remain connected even though the voltage reaches 0

pu [36].

Further during LVRT, power park module for type B, C, and D (except for type A, <IMW) are
also required to provide fast fault reactive power regulation via reactive current injection as
well. These aspects are discussed in more detail in the UK Engineering Recommendation
(EREC) G99 [122], which covers the requirements for the connection of generation equipment
in parallel with the public distribution network. The faults referred to are Transmission System
faults which clear within 140 ms and which will be seen in the Distribution Network as a
voltage depression/voltage sag. The injected current from each power park module must be in
proportion and remain in phase with the change in system voltage at the PCC during the period
of the voltage sag. The detail of the fast fault reactive current injection for power park module

can be shown in Figure 2-17.
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Figure 2-17 Chart showing area of reactive current injections for voltage depressions/sags [122]
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Figure 2-17 shows the chart showing the permitted area (above the shaded area) of reactive
current injections for voltage depressions. During the first 20 ms, the power park modules are
allowed to inject reactive current at full level. During 20 ms to 60 ms, if the voltage is still
depressed, then the injected reactive current can be given in proportion to the retained voltage
at the PCC but shall still be required to remain above the Forbidden Operating Area as shown
in the Figure 2-17. For over 60 ms, if the retained voltage reaches below the ‘Blocking
Permitted' area, then the power park modules/the DERs is permitted to block (i.e. reduce the
current injection) in order to mitigate against the risk of transient overvoltage instability that

would otherwise occur due to transient overvoltage excursions [122].

On the German Grid Code, the power generating units must not be disconnected during a
voltage even drop-down to 0% of rated voltage (V,uwq), within a duration of 150 ms. Assuming
that the post-fault voltage magnitude is greater than borderline 1, zone A — as shown in figure
2-18 [123], the power plants may not lead to DER disconnection. If during post-fault the grid
voltage magnitude is in zone B, the power plants should be ridden through. In zone C, a short-
time disconnection can be carried out in any case. Sometimes, longer disconnection times are
also possible. After a short-time disconnection in the zones B and C, active power must be
online within a gradient of at least 10% of the normal capacity per second. Underneath the

zone D, there are no requirements for maintaining the grid connection [123].
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Figure 2-18 Technical Guidelines for Power Generating Units following FRT/LVRT

Overall from the explained above grid codes, although only three-phase faults have been
represented, some grid codes require specific treatments depending on the short circuit type.
For the Australia case, the three-phase fault has to be ridden through on shorter times (120 ms)
compared to the other type of the fault (250 ms) on 250 kV networks. For grid code from
Northern Ireland and the Republic of Ireland, Transmission System Operators (TSOs) employ
a generalised LVRT profile for all types of faults. So, an LVRT standard applies to all

conditions balanced or unbalanced fault. In Denmark, all DER has to ride through regardless
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of unbalanced faults. Particularly on wind power plants, it has to ride through within the LVRT
requirements when at least two unrelated faults appeared within 2 minutes. In the UK, for non-
synchronous power park module which connected above 110kV, a ‘zero voltage sag' LVRT

requirement has to be met.

Further, to ensure the grid stability, many grid codes also require minimum active power
recovery that should be met for the DERs, following LVRT. The recovery of active power

generation required in many regions is given in Table 2-3.

Table 2-3 Active power recovery after fault clearance

Region Time in s P (% of pre-fault P)
Australia [58] 0.1 s after clearance | 95%
French [124] 10 s after clearance | 95%
UK [36] 0.5 s after clearance | 90%
Ireland (SONI [32] & FirGrid [33]) | 0.5 s after clearance | 90%

Following a successful fault clearance, normally, the active power recovery is delayed to
ensure the post-fault voltage stability is secured firstly. A sudden feeds-in of active power
could cause voltage fluctuations, and hence it could result in system instability, especially in
weak power grids [125]. As such, the time delay for the DER’s active power recovery should
be fairly fast enough but shall not cause unwanted voltage fluctuations. The post-fault active
power recovery time is commonly determined according to the practical experiences obtained
from power system operation monitoring. The summarised active power recovery after fault
clearance required from the grid codes as presented in Table 2-3 are made based on the
practical experience from the respective grid operators. It can be observed the least stringent
requirement; the French Grid Code requires a time delay of maximum 10 s, which is the most

relaxed among other presented requirements.

The design of the active power recovery requirements is generally made by considering the
compromise for a quick active power recovery (as in order to immediately supplying the load)
and, while on the same time, ensuring the voltage stability through adjusting appropriately
active power recovery speed. As such, the active power recovery speed, aside from being made
to adjust with the renewable ratings, it should be made to account with the grid adaptability —
meaning, the active power recovery would not impose the grid post-LVRT voltage stability.
The need for appropriate DER's active power recovery settings is important since it would

secure the post-LVRT voltage stability.

2.8.3.2 High Voltage Ride Through (HVRT)
On the grid codes, voltage-time profiles are also defined for overvoltage or voltage swell

conditions. This voltage profile requirement is usually defined to prevent caused by sudden
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large load switching, capacitor energising or faults in the network. This requirement is referred
to as HVRT. On Spain and Australia [37], [58], [124] for instance, for both synchronous and
non-synchronous generation (inverter-based DER), as in the following Figure 2-19 [37], [58],
[124], the highest value of respectively 1.25 and 1.3 p.u. has to be withstood for up to 50 ms.
After 50 ms, the overvoltage may remain observed, and thus the DER remain connected until
the time of 1 s, with a maximum overvoltage 1.15 pu and 1.18 pu for Spain and Australia

respectively.
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Figure 2-19 HVRT requirement in Australia and Spain

2.8.4 Summary of The DER Requirement on Strategies for DER’s LVRT
Voltage support

The presented summary is made to overview voltage support styles adopted in many countries.
Most grid codes favour reactive power regulation as the means to allow their DER’s to support
voltage during LVRT. Even though many studies suggest that the growth trends of the DER
will be most likely on low voltage connections, such as roof-top PVs [4], the current grid codes
do not yet consider the need of requiring low voltage connected DER’s to provide LVRT
voltage support as well. For instance, in the UK [36], [122], for the non-synchronous
generating unit with a capacity lower than 1MW, the reactive power regulation is provided
only for steady-state voltage support. The Northern Ireland (SONI) [32] & The Republic of
Ireland (EirGrid) [33] requires their Non-Centrally Dispatched Generating Units (ex.
distributed roof-top PVs), to provide the reactive power regulation only for steady-state

voltage support. Similar treatment is to be found in the German Grid Codes as well [126].

Table 2-4 and 2-5 summarise the voltage support strategies from various grid codes. The first
column defines the Grid Codes of which the DER's LVRT voltage support strategies is adopted,
while the second column defines the power source classifications which subject to the
requirements. The third column, defines the power source sizes and the fourth column defines
the means of voltage support. The fifth column descibes the minimum voltage support standard

should be met, and lastly, the sixth column presents additional descriptions.
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Table 2-4 Summary of the DER’s LVRT Voltage Support Strategies (Part 1)

the power source

minimum voltage

Grid classifications . Means of dard dditional descrioti
Code which subject to power source size Voltage Support support standar additional description
- should be met
the requirements
onshore non- .
not available
synchronous -
generating unit (reactl\{e power
. - <IMW (type A) regulation only - -
(including DC
for steady-state
Connected Power voltage support)
Park) Modules ge supp
the rise time
reactive power minimum: 75% for
onshore non- regulation via <0.8 s and the
synchronous - steady-state volt.
. . reactive current R
generating unit L settling time: <2.2 s
injection % of
IMW< and for at Ie_ast 85% 0
<1OMW (Type its nominal voltage
B) P the rise time should
be min.20% for
onshore automatic <1.05 s and the
synchronous excitation steady-state settling
generating unit system time should be <1.5
s for at least 90% of
its nominal voltage
the rise time For voltage sags longer
S .
onshore & reactive power T(;rgrsg;nd Zr:‘:;/(’ for than 140 ms, the unit
offshore non- regulation via . must provide active
- steady-state volt. .
UK synchronous reactive current settling time: <2.25 | POWer at least in
generating unit injection g sop proportion to the
for at least 85% of -
1OMW< and it inal volt retained voltage at the
<50MW (Type s nominal votiage grid entry point and
the rise time should : .
C) - must provide maximum
be min.20% for . .
onshore & . reactive power without
automatic <1.05 s and the - p
offshore excitation steady-state settling excee_:dmg the" L
synchronous - transient rating limits,
. . system time should be <1.5 - .
generating unit s for at least 90% of while remaining
: . 0 transiently stable
its nominal voltage
the rise time
. minimum: 75% for
onshore & reactive power <08 s and the
offshore non- regulation via .
- steady-state volt.
synchronous reactive current R,
enerating unit injection settling time: <2.2 5
g 9 ) for at least 85% of
50MW< (Type its nominal voltage
D) the rise time should
be min.40% for
onshore & automatic <1.05 s and the
offshore L d li
synchronous excitation steady-state settling
enerating unit system time should be <1.5
g 9 s for at least 90% of
its nominal voltage
Non-Centrally <SMW (for not available
Dispatched Zkws and . (reactive power
Generating Units <SMW, the unit regulation onl - -
(ex distril:?uted shal I. be fo? steady-stat)é
Northen roo.f—to PVs) monitored by the voltage support)
Ireland P DSO) ge supp
(SONI)
& The the voltage should
Republic be able to reach
o ot i -
?f land reactive power 38@8: Ift;rr;c:rlllgsil the active power must
relan ; ; ;
(EirGrid) goc\}irggfgsvgflar Capacity of 5 regulation via within 2.375 s. the rLe\T:,? :ﬁ(tj'\ﬁui?rmg
park Module MW or more reactive current voltage settling time proportional to the

injection

should reaches at
least <3 s for at least
90% of its nominal
voltage

voltage magnitude
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Table 2-5 Summary of the DER’s LVRT Voltage Support Strategies (Part 2)

the power source minimum voltage
Grid classifications - Means of o _—
Code which subiect to power source size |\, oo s uonort support standard additional description
4] ge supp should be met
the requirements
+5% of steady-state
reactive power voltage setpoint
non-synchronous regulation via within 2 s. should
generating system reactive current | reach settling time
injection of the voltage +5%
foratleast7.5s
should able to rise
Australia - the voltage to +5% -
of steady-state
synchronous excitation xsgﬁge <52eté)cs>|nt
generating system control systems L
should reach
settling time of the
voltage +5% for at
least 7.5 s
PV power plants reactive power should able to rise
Wind power plants regulation via the voltage to +5%
Deanmark above 11kW - of steady-state -
synchrorlmus _refact;\_/e current | - tage setpoint
power plant injection within <10 s
not available
Non-Controllable (reactive power
Distributed regulation only - -
Generating Unit for steady-state
voltage support)
the voltage
recovery should When the reactive
Germany - reaches 90% of the power injection is in
Controllable reactivz_e power st_ead_y-state for working, the active
Distributed regul_atlon via within 155, and the | power s_haII be reduced
Generating Unit reactive current voltage rise should propc_>monal|y to the
injection reaches 90% from reactive power needed
its nominal pre- to improve the voltage
fault value within sag
1.35
the voltage
recovery should
reaches 90% of the During the whole
Controllable Solar reactiw_e power stgaQy—state for trar]s_ient regime, the
Spain & Wind Power S 10MW regul_atlon via within 155, and the faplllt)_/ must be e_lble to
Park Module = reactive current voltage rise should inject into thg grid at
injection reaches 60% from least the nominal
its nominal pre- apparent current
fault value within
0.5

2.9 The Potential Research Gap as The Summary of The Literature

Review

It has been observed that the current DER requirements on LVRT voltage support usually are

coming in three types; the reactive power-, the active power-, and the combinational active

and reactive power-based LVRT voltage support. Each country has its preference for providing

the LVRT voltage support. To the date, it has been revealed that the attention on the DER

LVRT requirements has been given to the renewable park type, a group of wind turbines and

PVs that is typically placed in a dedicated location that which often connected with a long

express feeder. Roof-top PVs in the other hand, are often located at the top of housing estates,

hotels, and sometimes hospital buildings, which unlike PVs park, it is often located closely
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with the load, and commonly located within the urban/residential area.

Meanwhile, it is revealed that the effect of the X/R ratio of the DER connection affects the
performance of the LVRT voltage support [3], [4], [23], [28]-[30], [50]. This is an interesting
observation since many rooftop PVs are located in low voltage distribution connection. As
such, many of grid-connected DERs, such as roof-top PVs, are connected on a low X/R ratio
system. Further it is shown, for instance, by Alizadeh et al. in [20] through their simulation,
the inverter-interfaced doubly-fed induction generator (DFIG) LVRT voltage support with
reactive power regulation has better performance when connected on a grid with high X/R ratio
systems, whereas contradictory result can be found on low X/R ratio grid [20]. This argument
seems aligned with Martinez et al. in [127], Weise in [3], and Boemer et al. in [1]. The same

argument can be found in many studies as well [28]-[30], [50], [110].

Moreover, it is revealed that among all of the LVRT voltage support types; the reactive power-
(via additional reactive current injection - aRCI), the active power- (via additional active
current injection - aACI), and the combinational active and reactive power-based LVRT
voltage support (via additional active and reactive current - aRACI); the reactive power-based

control that via aRCI is found to be the best preference for LVRT voltage support.

Even though some of the studies favour the use of the combinational active and reactive power-
based voltage support (via aRACI), such as claimed in some studies [5], [19], it has been
revealed that aRACI less effective to support the LVRT than aRCI under reverse power flow
condition. Many low-voltage-connected DERs are situated in the urban and housing complex.
The PVs frequently reach their peak operation during the daytime, a condition when the load
is at its relatively low point. As such, the peak low-voltage-connected DERs will mostly be

under reverse power flow situations.

Furthermore, LVRT voltage support via aACI and aRACI needs a continuous standby of
‘additional active reserve power' from the DER. As such, DER must be operated under the
sub-optimum condition which is not economically advantaging [55]. Although this can be
solved with the use of power storage, the introduction of feed-in tariff scheme, the employment
of the EXIM (Export-Import) net meters [98]-[100], the utilisation of battery as power storage
would be seen less appealing solution due to economic factor [77]. Therefore, it is strongly
suggested that reactive power-based LVRT voltage support will be the likeliest possible option

for distribution grid connected-DER as well.

However, as according to the studied literature review, the current grid codes do not yet
consider the need of requiring low voltage connected DER's to provide LVRT voltage support
as well. In the UK [36], [122], for the non-synchronous generating unit with a capacity lower

than 1MW, the reactive power regulation is provided only for steady-state voltage support.
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The Northern Ireland (SONI) [32] & The Republic of Ireland (EirGrid) [33] requires their
Non-Centrally Dispatched Generating Units (ex. distributed roof-top PVs), to provide the
reactive power regulation only for steady-state voltage support. the German Grid Codes also
do not require their Non-Controllable Distributed Generating Unit to provide LVRT voltage
support as well [126].

It has been shown the current DER LVRT requirements in many grid codes does not consider
the aforementioned aspects — the fact the need to consider the effectiveness of the distributed
connected-DER’s aRCI in improving LVRT voltage sag. This gives us the potential research
gap that is hence presented in the author’s research. Investigating the relationship of the
effective rate of the reactive power-based LVRT voltage support and the X/R ratio of the

network is the main feature of the presented research.

Currently, the most extensive study that considers the impact of the X/R ratio of the grid to the
DER connection has been found on studies which investigate the impact of the X/R ratio to the
steady-state voltage stability of the DER-integrated grid. This topic has been presented in
section 2.5. It provides valuable insights on how is the grid characters, which many researchers
indicated by the X/R ratio of the grid, gives impact to the increment steady-state voltage of the
grid-connected DER. It further presents valuable information about the method of estimating
the steady-state voltage increment of the DER-connected grid under different X/R ratios.
Through their analytical methodologies, along with their assumptions, such as; DER
representation in their analysis, the representation of DER location with respect to the observed
grid, the representation of the power supply which comes from the transmissions, and so on;
the impact of different X/R ratios to the steady-state voltage increment of the DER-connected
grid could be estimated. The formulation on assumptions and the approximations they made
upon presenting their analytical methodologies are useful for constructing the thesis author's
perspective on how the X/R ratio is impacting the steady-state voltage increment of the DER-
connected grid. This valuable information is useful for helping for the thesis author to develop
the proposed methodology for estimating the effectiveness of reactive power-based Low

Voltage Ride-Through support of the DER, which is then presented in chapter 3.
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Chapter 3 A Simple Method for Estimating the
Effectiveness of Reactive Power-based Low Voltage

Ride-Through Support of the DER

3.1 Introduction

Ancillary services, such as Distributed Energy Resources' (DERs') low-voltage ride-through
(LVRT) voltage support through reactive power regulation, are becoming common. The
DERSs' reactive power-based LVRT voltage support is made to improve the short-term voltage
stability in power systems. The regulation of the reactive power by adding their additional
reactive current injection (aRCI), is made in proportion to the voltage sag. However, the
effectiveness of the LVRT voltage support is very much influenced by the characteristic of the

DER's grid connections.

Chapter 3 presents a methodology for estimating the effectiveness of voltage support. Unlike
through the commonly computer-assisted approach, such as through dynamic RMS simulation,
the benefit of the proposed methodology is on the computing process needed, which is much
simpler since the construction of the dynamic DER modelling is not needed, and the evaluation
of the effectiveness can be gained even when the grid information is incomplete. Grid planners
often face problems relating to the grid data unavailability and challenges relating to the
construction of the DER modelling. A more straightforward approach to do the estimation may
help the task at hand. Therefore, from a practical viewpoint, the proposed methodology can
support distribution system operators (DSOs), or a DER grid planner in the event they need to

justify effective grid support requirements for fault ride-through on a distribution network.

Its accuracy is validated against typical positive-sequence-RMS simulation results obtained
using PowerFactory Dlgsilent software for well-characterised networks. There are several
suitable RMS simulation tool that are reported in many studies. Aside from DIgsilent [3], [4],
[43], [128], there are; ETAP [129], [130], NEPLAN [131], [132], PowerWorld [133], [134],
PSS/E [135], [136], etc. The reason that the Dlgsilent is chosen as the comparative tool is

explained in section 3.7, particularly subsection 3.7.1.

3.2 The Background The Need for DER's Reactive Power-based LVRT
Voltage Support Modelling

The implementation of Distributed Energy Resources (DERs) has become a significant
concern especially when their high penetration is considered. It is well known that

conventional power plants using synchronous generators can handle faults without the need to
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be disconnected, while at the same time injecting short-circuit currents during voltage sag.
This feature of synchronous generators is crucial in a power system helping to raise the voltage
around the location of the fault [5]. Initially, DER's implementation and its impact related to
the grid faults was not considered critical. Hence, as a means of protecting the electronic
components of the DERs, these inverter-based generating units were disconnected during grid
faults. Such a disconnection mechanism can be achieved through under-voltage protection.
However, with the increasing penetration of DERs, the disconnection may become
counterproductive. Usually, when a grid fault occurs, the fault's impact can be sensed in a wide
area surrounding the fault, as it propagates away from the fault site throughout the power
system. Consequently, this can lead to several DER units automatically tripping. Such
disconnection in series of DER groups will result in a considerable cascading loss of electricity
generation. Therefore, to avoid the problems mentioned above, with the ongoing plans to
increase the penetration of DER units, DER with reactive power support on low-voltage ride-

through (LVRT) is required.

The voltage sag improvement during LVRT through the reactive power support needs to be
evaluated. As such, it is necessary for the DER grid planner to estimate the effectiveness of

the reactive power support through modelling of DER along with its reactive power support.

3.3 Challenge of the Modelling

Evaluating the effectiveness of the reactive power support can be done through RMS
simulation. However, using a detailed dynamic DER modelling in the simulation tool will
increase the complexity of the models, and hence it increases the computational effort needed
and data required. Contrarily, modelling power systems elements through an
oversimplification may lead to a solution that does not adequately solving the problem that
needs to be addressed. Examples of the oversimplification can be seen in many grid codes,
whereas their DER requirements were originally studied and specified in simple system
configurations at which either the transmission or the distribution system level was highly
simplified [32]-[37], [40], [58], [113]. The accuracy of the integrated power system model in
these studies may be significantly reduced to an extent it neglected the interaction of
transmission and distribution systems with large amounts of DG [4] with advanced control

features, such as their dynamic voltage support [23].

Compromising model both accuracy and simplicity of modelling power systems elements can
be a laborious task. Hence, designing LVRT voltage support that should meet the desired needs,
such as the magnitude, permitted duration of the lowest voltage sag and the balance/unbalance
distribution matter, is highly influenced by the accuracy of the DER modelling of the
corresponding grid, and the required data availability [3], [4], [14], [23], [51].
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On determining LVRT voltage support and deciding the requirements of the minimum voltage
sag that should be met and the voltage support that should be given, it is necessary to build a
simulation of the grid including the DER models. Evaluating the effectiveness of the DER's
LVRT voltage support through typical positive-sequence-RMS simulation commonly can be
done when the required knowledge and the data availability to establish the simulation blocks
of the DER modelling such as; photovoltaic array, DC voltage controller, Pulse Width
Modulation (PWM) modelling, current controller, and the diagram block of the LVRT voltage
support; are available [53]. When all previously mentioned information is at hand, the

estimation could be successfully made through the RMS simulation.

It can be inferred that a laborious task is needed for estimating the effectiveness of the DER's
LVRT voltage support. Moreover often on many occasions, the information needed is to
construct the modelling incomplete and hence is often done through approximations. Hence

on such situation, extensive work and knowledge to construct the DER modelling are needed.

3.4 The Key Contribution of the Proposed Methodology

The proposed methodology is made based on a simple phasor analysis, to estimate the
effectiveness of the DER's reactive power-based LVRT voltage support effectively without the
need of the extensive work and the knowledge on DER modelling that is commonly necessary
when using dynamic RMS simulation. The proposed methodology can estimate the
effectiveness of the DER's LVRT voltage support when it is highly influenced by the character
of the DER connections - the X/R ratio of the network. It can further also cover several other
aspects that have not been considered before, such as the increasing resultant steady-state
voltage of the load bus where the DERs are connected, the short circuit impedance (Zg.), the
steady-state active and reactive power of the DER (Ppggr and Qpgr), and the reactive

power/aRCI setting (the value of the K-factor of the DER, where K-factor= Al.qqctive/AV).

The proposed methodology offers simplicity since it does not require the knowledge on
constructing the DER modelling and thus could avoid problem relating the DER data
unavailability. Therefore, the main contribution of this study is a methodology and an approach

to estimate the effectiveness of the LVRT voltage support that will benefit grid planning.

3.5 Analysis of DER’s LVRT Voltage Support via aRCI on Different X/R
Ratio

The proposed method is made to allow the estimation of the effectiveness of DER’s LVRT
voltage support via aRCI and is also capable of considering the effect of the X/R ratio of the
system, steady-state active and reactive power of the DER (Ppgg and Qpggr), and the rising

resultant of the steady-state voltage of the DERs connected bus. To understand how the
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proposed methodology works, it is best to understand firstly the effect of X/R ratio of the DER
connection and then the estimation of the effectiveness of the DER’s LVRT voltage support

via aRCI, which are presented in the following sections.

3.5.1 The Effect of X/R Ratio of The DER Connection

VSZé‘V_S Zsc Vloadéévfload

AC source load

(a) Network diagram with Thévenin
equivalent of grid without DER unit

Vséé‘v_s Zsc VDERZéi/_DER I&F{Zé"—DER

[

AC source load DER

(b) Network diagram with Thévenin
equivalent of grid with DER unit

Figure 3-1 Network diagram with the Thévenin equivalent of the grid, load, and DER unit

Let us consider the Thévenin equivalent network diagram as previously shown Figure 2-1

which is re-illustrated in Figure 3-1, whereas an AC voltage source V£ 8y ¢ is defined as the
external power source while a short-circuit impedance Z,,. (in this context, Z. can be referred
as the transfer impedance Z ; as referred in Figure 2-1). Note that the definition of short-circuit

impedance refers to the impedance between the location of the fault and the DER connection
(the definition is detailed in chapter 3.3.2). A constant load representing the local load, along

with its V,44£ 6y 1044 15 defined, as shown in Figure 3-1 (a). In Figure 3-1 (b), DER unit is
connected to the distribution system, and thus a constant current Ipzr£ 8; pgg is present. In
such a scenario, the steady-state voltage at the load bus (V444 8y joaq), 18 increased by AV.

The risen steady-state voltage is defined as Vpgp£ 8y pgp.
AV=Z Ipgr (3.1)

Suppose voltage AV has phase component ‘x’ as AV, that in phase with the magnitude of
Vioad4 v 10aa With 8y 1444 as reference (as shown in Figure 3-2), then an orthogonal ‘y’ as

the AV, is defined perpendicular to the AV, . As such, by neglecting the load, the two
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components can be approximated as [137]

Upper voltage

limit
Lower voltage Iimit\\ \
\

Figure 3-2 Phasor diagram of steady-state voltage change due to DER unit power [137]

AV 1 .
v =~ S (Pper €0S @sc + Qpgg Sin @) (3.2)
LOAD sc
AV 1 .
o — (Pper Sin @sc — QpgrCoS @s¢) (3.3)
VLOAD Ssc

with Ppgp and Qpggr, and S, is the active and reactive power supplied by the DER unit, and
short-circuit power of the corresponding system, respectively, whereas @, is obtained from

(3.4)..

tan @5, = Lsc (3.4

Rsc

Xsc/Rgc from the above equation is yielded from Z,.. The definition of short circuit power
S, 1s related to how does the external grid short-circuit power of the corresponding bus is
formed (more detail in chapter 3.6). The value Ppggr and Qpgr represent the value of the
steady-state condition. -Qpgg represents DER's in the under-excitation setting. DER on unity

power factor operation has zero Qpgg.
As illustrated in Figure 3-2, Vpgp is obtained by adding (3.2) and (3.3) to V;p4p, as follow
Voer< 8y per = (Vioap + AVx) + jAVy (3.5)

The phasor diagram of Vpgp as shown in Figure 3-2, illustrates a situation where the steady-
state voltage has risen due to DER connection and is within the voltage limit Vpzr£ 6y pgg-
It represents the voltage magnitude and phase at the load bus when the DER is connected.
Therefore, AVpgg represents the voltage increment from Viyq4 8y a4 t0 Vppr4 8y per-
Spgr represent the apparent power of the DER. Also from (3.2), (3.3), and (3.5), it can be
concluded that the steady-state voltage rise due to the DER connection, depends on the X/R

ratio of the short-circuit impedance as well as the DER’s normal operating settings.

Figure 3-3 [138] illustrate the effect of different X/R ratio (with the DER’s normal operating

settings) to the steady-state voltage rise at the DER connection. From this figure, it can be
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concluded that the voltage rise due to the DER’s presence is more apparent on lower voltage
networks (assuming lower voltage connection has lower X/R ratio than high voltage
connection), whereas in higher voltage level the effect of DER’s presence is likely less
observed. In Figure 3-3 V,4p (the voltage of the load bus without DER) is taken as the
reference, whereas the Vp gy is the voltage of the load bus with DER. Red, yellow, and green

coloured line represent X/R>1, X/R=1, and X/R<1, respectively.

\ \

\ \ -
Lower voltage limit -\ \ -« voltage limit
\A VDER for X/R>1 \
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Upper

(
\ y %‘\ \ AVDER for
I |
M AVy
0 47T e
> e L e T AV for X/R< 1

|

T
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Figure 3-3 Phasor diagram of steady-state voltage rise due to the DER presence for different X/R
ratios, by considering (3.2), (3.3), and (3.4) [138]

It can be seen when the DER penetrations increases, as presented from Figure 3-3, the
magnitude of the steady-state voltage increment (Vpgg) will reach voltage limit sooner when
the DERs are connected on a low X/R ratio grid. Contrary results will happen when the DERs
are connected on a high X/R ratio grid. It should be noted that the consideration of X/R>1,
X/R=1, and X/R<1; as high ‘high’, ‘medium’, and ‘low’; are presented for illustrations only,
which intended to help better understand standpoint of the X/R ratio of the grid on affecting
the steady-state voltage magnitude of the DER-connected grid.

It will be shown in the next section, the resulted phasor diagram as shown from Figure 3-3
helps us understand better how such the X/R ratio of the DER-connected grid affects the

voltage sag improvement level during LVRT.

3.5.2 Estimating the Effectiveness of the DER’s LVRT Voltage Support via aRCI

It is understood that DER’s aRCI is perpendicular with their active current. Therefore
according to [1], [5], if the DER is operated in unity-power factor, and assuming that the X/R
ratio of the connection between the DER and the point-of-common-coupling (PCC) of the
DER is negligible, the active current of the DER’s normal operating setting is in phase with
Vper — implying that aRCI (I,¢;) is perpendicular with ‘Vpggr’. Therefore, the effectiveness
of I,rc; during LVRT on different X/R ratio based on (3.4) by considering (3.2), and (3.3), can
be observed in Figure 3-4. Further, in the Figure 3-4, it is observed DER’s aRCI during LVRT
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is more effective when the DER is connected at high voltage grid (high X/R ratio) rather than
at low voltage grid (low X/R ratio). This can be observed in Figure 3-4, through ‘a’ (red, X/R>1),
‘b’ (yellow, X/R=1), and ‘¢’ (green, X/R<1), whereas these ‘a’, ‘b’, and ‘c’ represent the voltage
sag magnitude level of the grid with aRCI-enabled DER connections. The best voltage sag
improvement is observed when the DER is connected to high X/R ratio grid (‘a’). The least
voltage sag improvement is observed when the DER is connected to low X/R ratio grid (‘c’).
The dashed line represents the voltage sag magnitude when the DER is not injecting aRCI
(‘No aRCI Vper’), whereas the bold non-dashed line represents the voltage sag magnitude
when the DER is injecting aRCI (‘With aRCI Vpgr’).
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Figure 3-4 The effectiveness of aRCI during LVRT on different X/R ratio based on (3.4) by
considering (3.2), and (3.3). a, b and c signs, at the top of the figure, represent voltage sag

improvement level when the DER injects aRCI under different X/R ratio [138]

Figure 3-4 provides useful understanding for analysing the effectiveness of DER’s LVRT
voltage support via aRCI on different X/R ratio. Normally transient voltage control (for both
enabling the system to do both LVRT and HVRT) via reactive power regulation (such as with
static-VAR compensator (SVC), or STATCOM) is traditionally applied in the high-voltage
transmission grid [3]. The impedance is dominated by the reactance element and therefore
provides effective transient voltage control. At a lower voltage, however, such as in
distribution system, whereas with low X/R ratio, in theory, could be less effective [11],

although, from an economic point of view, it is preferable as discussed in chapter 2.6.6.
3.6 The Philosophical Understanding of The Reactive Current Injection
On transient voltage sag, the DER unit must inject an additional reactive power via reactive
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current injection (aRCI) proportionally to the voltage deviation [3]. In principle, the operation
of this support is based on pre-defined settings - a setting that is generally made/decided upon
the DERs installation, or made based on the DSO's configuration standard. The support kicks
in shortly following a detectable transient voltage sag to assist the local distribution load
voltage. The support is done to keep devices that cannot ride through voltage sags on-line,
such devices are loads and some ‘passive’ DER, remain connected to the grid [23]. As
mentioned in chapter 2.7.1, the reactive power support depends on the voltage deviation during

LVRT and is proportional to a gain, the K-factor [3].

As such, the philosophical understanding of the reactive current injection can be explained as
follow. First, the magnitude of the aRCI is subject to a gain (K-factor setting). The higher the
gain, the higher will be the magnitude of the aRCI. Further upon fault state, the voltage
deviation that is used is input signal to the aRCI function, translates the magnitude level of the
aRCI. Along with the K-factor setting, the aRCI is affected with the value of the voltage
deviation. Note that the realisation of the aRCI injection is happened under transient condition,
within order of milliseconds [139], whereas the ‘state derivative’ condition of the dynamic
component of the aRCI function along with the DER modelling can be ignored [140]. In
another word, upon estimating voltage sag at the fault location, it is possible to measure the
improved voltage sag at the DER connection, without the need to measure the ‘state derivative'
of the dynamic properties of the DER. Assuming one knows the amount of the steady-state
active power DER and the planned gain of the K-factor, without understanding the dynamic
characteristic of the DER modelling fully, and even possibly without understanding fully the
dynamic characteristic the local load, it is possible to measure the effectiveness of the aRCI

on improving the voltage sag.

The proposed methodology in this study is made by underlying the philosophy as mentioned
earlier and is made based on the understanding that is given from section 3.5. The idea about
the ‘state derivative’ in dynamic RMS simulation will be understood better in the section 3.7.2
and will be later understood that the complexity of the ‘state derivative' in dynamic RMS
simulation can be omitted upon estimating the effectiveness of the aRCI through the proposed

methodology.

3.7 Dynamic RMS Simulation on Power System Analysis (PSA) tool

Usually, the selection of the power system simulation tool is chosen to fit the purpose of the
usage. The purpose often falls into four categories as follows [141]. Power system analysis
(PSA), operation decision support, investment decision support, and scenario decision support.
RMS simulation is categorised as PSA as it usually dealing with power flows, fault level

studies, and dynamic stability. Several PSA tools have been developed to study the
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performance of power systems; nevertheless, the problem is how effective these tools can be

applied in the design and simulation of electrical power systems.

3.7.1 Brief Review on PSA Tool

The effectiveness of the selected tools can be considered on; deployability - how easily a tool
can be made available to the designer taking into consideration compatibility with the existing
infrastructure, simplicity - the tool should offer design and analysis methodologies necessary
to handle the complexity system at minimum effort, and the modularity and expandability —
structured according to a clear hierarchy that enables future revision and expansion of the

software [142].

Further, as mentioned in [142], traditional PSA tools, such as PSS/E and Eurostag, for instance,
though they are capable of performing all fundamental types of power system analysis such as
load flow, small signal stability, dynamic simulation, and voltage stability studies, it suffer
from their closed architecture where it is very difficult to observe or even modify most of the
component models. User-defined models can be added in these tools but in the form of low-
level Fortran code - a complicated process which may be prone to user/human error. Moreover,
on Fortran environment, built-in shelf libraries; such as predefined-generator and -motor
modelling; do not exist. As such, it has to be entirely designed by the user. Also, traditional
PSA tools suffer from their limited debugging capabilities; hence, it becomes very difficult for

the software to detect the source of the programming errors especially from the user designs.

Modern PSA tools, such as ETAP, PowerWorld, NEPLAN and DigSilent PowerFactory, have
flexible structure to allow more straightforward addition of new components, such as
manufacturer-based models. It even allows the user to add their model much affordable - as
affordable as building a model in the MATLAB Simulink. Plus, most of these modern PSA
tools have been used for wind and photovoltaic integration studies [43], [130], [143].

Most of these tools have research or student license, which claimed to be cheaper than their
regular license, though, it is not disclosed on their webpage. DigSilent PowerFactory, however,
discloses the research license price for 50 euros per year [144]. Further, The University of
Southampton facilitated the thesis author to get access for DigSilent PowerFactory training for
renewable integration in Germany. Thus, with such access being given to the author by The
University of Southampton, DigSilent PowerFactory is chosen as a comparative tool for the

RMS simulation.
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3.7.2 Common Procedure on Simulating Transient Stability in The Commercial

Software Tools

The procedure of transient stability simulation using commercially available simulation tools

such as Simulink and DlIgsilent is discussed here.

LVRT study is usually considered as short transient stability that is originated from a short
circuit fault. Similar to other transient studies, like load shedding, generator shedding, upon
simulating in a simulation tool (such as in Simulink or Digsilent), LVRT is done through two
processes. It is firstly initialised by a load flow computation. The load flow computation is
done to profile the steady-state bus voltage of the all corresponding buses. After all steady-
state bus voltages are profiled, then the next process, the transient computation through
dynamic RMS simulation is done. During LVRT simulation, several elements, such as the
dynamic models of generators, loads, and possibly the DERs, are included to perform the
dynamic simulation. The dynamic elements characterise the system behaviour during transient

simulation.

A faulty condition is defined as the system under short circuit conditions. Faulty condition due
to short circuits such as three-phase fault, two-phase to a neutral fault, and so on, is indicated
by sudden changes in the system's voltage profile (transient voltage deviation). The transient
voltage deviations can be estimated through short-circuit analysis [140]. The elements in the
system that have dynamic characteristics, such as the DERs, the generators, etc. which are
connected to the corresponding buses, will react to the sudden transient voltage changes on
all corresponding buses. The magnitudes of transient voltage changes of the corresponding
buses depend on their locations respective to the faulty bus, and their steady-state voltage

value prior fault condition (pre-fault steady-state voltage) [139].

On simulating dynamic DER’s transient stability, DER’s pre-fault steady-state voltage is
obtained from steady-state power flow computation. These initial conditions represent the
steady-state operating point at the beginning of the simulation, fulfilling the requirements that
the derivatives of all state variables of loads, machines, controllers, etc., are zero [139]. Thus
estimating steady-state voltage rise due to DER connection on DER grid planning is necessary

before simulating DER's dynamic transient stability.

On typical procedure/sequence on simulating transient stability of a system, such as in
Dlgsilent for instance [139], a transient condition due to the system’s short circuit in the
dynamic RMS simulation is expressed by the transient voltage changes. Thus, during the
fault, the resulted transient voltage changes are vital since they will define the initial state

on the dynamic transient simulation. This ‘initial state’ that is expressed by the transient
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voltage changes are used to initiate transient conditions for all power system elements
including all controller units and mechanical components [139]. As such, in the simulation,
through the transient voltage changes, dynamic RMS simulation could be processed, and hence
the dynamic response of all dynamic element (as responding the voltage changes) could be

observed. Figure 3-5 illustrate the typical procedure of transient stability simulation.

The computation starts with the estimation of the steady-state voltage of all corresponding
buses (V;£ 6y ;). Typically this is done through the Newton-Raphson method [139]. In the
DIgsilent simulation tool, for example, the simulation uses an iterative procedure to solve AC
power flows. Next, the short circuit current at the faulted location (Ir£ &; f) is estimated.
Knowledge of the impedance of network components is necessary for the current calculation
[145]. For a three-phase fault case, the three-phase components are balanced, and hence only
positive sequence impedance is needed. For asymmetrical fault case, however, positive
negative and zero sequence impedance are necessary. After the sequence impedance of the
network components is estimated, the short-circuit current at the faulted location (Iz£ §; f) is
computed. From I¢£ §; ¢, short circuit current contribution from the corresponding
buses (I iconu_fé 8i1_contl_f) could be estimated [140]. The calculation of short circuit
current contribution from the corresponding buses (/ icontl_fL 5t I_contr r) 18 then obtained
through a short-circuit fault computation [146]. Then, the transient voltage changes

(VifL 1) iV_f) of all corresponding buses are estimated from the positive sequence of the

steady-state voltage with voltage sag (V;2 6y ; — AVifL é iV_f) [146].

In the DlIgsilent tool [139], the transient voltage changes (VifL ) iV_f) is converted into

(v fat vl fq) to ease the computation of the derivative state of all corresponding element, that

is often in ‘dg representation’ form. The ‘dq' representation will allow for processing the
interactions with the state variables of the dynamic elements, such as the DER units, in order to
produce the dynamic response of the system. The state variables of the DER units represented
in Dlgsilent, using the ‘dg form’, have zero derivatives in pre-fault condition. On transient

voltage changes (v fq T vt fq)’ non- zero derivatives of the state variables of the DER exists.

As such during transient voltage changes, the value of the state variables of the DER units,
such as the state variables of the DER’s phase-locked loop, and the dg-current loop controller,
derivate iteratively with respect to the transient voltage changes as to produce the dynamic

response of the DER.

Unlike the process described above which implemented in Dlgsilent, the following the
proposed method does not need to fulfil the requirements to compute the derivatives of all
state variables. Thus the proposed methodology offers simplicity, but it is still able to retain
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fairly acceptable accuracy.

‘static’steady-state voltage computation

Profiling the steady-state voltage
value of all corresponding buses (e.g.
by using Newton-Raphson method)

V. Z8, i=1,23...,n

n =max_number_of buses

‘static’vo Itagevsag computation

Estimating the short circuit
current at the faulted location

11 £6, ¢

v

Estimating short circuit current contribution from the
_ corresponding buses
Ilcont'_féé‘ll_cont'_f | :1,2,3,...,n
n =max_number_of _corresponding_buses

Y

Estimating the ‘4 voltage sag’
AV' L6 i=123..,n

n =max_number_of_corresponding_buses

Y

Estimating the ‘voltage sag’ of all corresponding buses
vz i=123..,n
n = max_number_of_corresponding_buses
V' Z68' =V 48, -AV' L5,

v

Vizs' —2=d syl gy R0y v 212,300

n=max_number_of_corresponding_buses

dynamic RMS|computation
Y

Based on Vi g +Vflq,
Execute the dynamic RMS simulation to obtain the
dynamic response of the system

Figure 3-5 Typical procedure of transient stability investigation, as implemented in available

commercial software tool such as DiIgsilent.

3.8 Proposed Simple Method for Analysing The Effectiveness of
the DER’s Reactive Support
The methodology proposed here has five distinct steps. First, all loads in the network of interest

are represented by equivalent impedances. Secondly, an equivalent Thevenin circuit of the
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network is established. Thirdly, the steady-state voltage rises due to DERs connections,
AVpgr4 A@pEg, is estimated using a modified superposition analysis. Fourthly, the potential
voltage sag in the observed network with DER connections needs to be estimated. Finally, the

effectiveness of the DER’s reactive power support may be estimated.

The basic principle of the proposed method is that the observed part of the network needs to
be transformed into a relatively simplified equivalent impedance description. On a condition
which all no-DER-connected nodes have steady-state voltage closely to its normal operating
setting, 1 per unit, according to Elrayyah et. al in [101], one could estimate the steady-state
voltage rise of the DER connected node through an approach that is presented in the first to
third step in the proposed methodology, as in the following explanation. The estimation of
steady-state voltage rise on DER connected node proposed by Elrayyah et al. in [101] is

claimed to have reasonable accuracy.

3.8.1 First Step

Consider a system with several nodes representing load points, e.g. housing estates, and its
representation as shown in Figure 3-6. Each node denotes an aggregated loading point (at 220V
consumer level voltage). The ‘external network’, outside the observed portion of the network,
can be illustrated as an ‘infinite node’, which in this calculation serves as a ‘voltage source’.
Furthermore, suppose the planned location of the DER is at the most remote node (n+2). Then,
assuming the steady-state voltage profiles of all nodes are available through local

measurements, the average peak and low active and reactive power consumptions (Pgyg 10ad
and Qgpg 10aq) May be profiled. Hence the equivalent load impedance of each loading point

(node), Zgyg 10ad> €an be expressed as

Vloadﬁ‘sload2 (3 8)

Z 26 = -
avg_load=avg_load (Pavg_load +anvg_load)

where Vipqq4610aq 18 obtained from the steady-state positive sequence (phase to phase)
voltage of the node. Assuming this analysis is for grid planning, Vj,q4408;044 can be easily
obtained and is the steady-state nominal voltage before the DERs are implemented. The rising
steady-state nominal voltage due to the presence of the DER will be considered in the third

step.

The aggregated DERs are represented as current sources. The circuit diagram using the
impedance representation of the loads, along with the DERs as current sources, is shown in
Figure 3-7.

After the impedance representation is completed, a single line diagram of the observed system
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can be represented as shown in Figure 3-7. The circuit can now be used for the second step of
establishing the equivalent Thevenin circuit of the network.
ode Node
’\1‘1.1 b.2

. bt i% o
Sl P

by

L4
oad 01+ JQuoad_n1 Piozd no T JQioad_n2

‘Infinite node’
Node 1 Node 2 Node n Node (n+1) Node (n+2)
r-1 + Jxl r2 + JXZ rn + J)% L‘ rn+1 + an+1 | rn+2 + Jxmz
. P +i0 P +<'Q7 P Lo Poer *+ 1Qoer
';I_.1+J>S.l load2 T JQi0ad2 load_n T JQload _n toad_n+1 T JQioad_ns1
Node Nqde Poad ns2 T 1Quoag ns2
111 132
r1.2"‘J)$25“‘;

:
:
H
FAAd
Poaar1 T 1 Qloars Poarz + 1Qioaar2

Figure 3-6 an example distribution part of a network

3.8.2 Second Step

To obtain the equivalent Thevenin circuit representation of the network, several stars to delta
transformations (Y to A) may be necessary. These transformations are detailed as follows and
are shown graphically in Figures 3-8 (a) to (d). Each external branch is first transformed into
Zy1 and Z,,. After the transformed star impedance is obtained, Z;, and Z;, are connected in

parallel with respective nearby impedances (Figure 3-8 b).

PDER + jQDER

Fig. 3-7 transforming all active and reactive power load into impedance forms
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Note that Zeys grig > Zyz, SINCE Zext grig is the overall impedance of the outer part of the
observed network (external grid). Therefore, one can assume that the impedance of the infinite
bus (the outer part of the observed network) can be represented by Zey; grig, as shown in

Figure 3-8 (d) [101].

Essentially, the external grid represents an ‘external element’ that is outside of the system
under consideration (this can be referred to as an element outside the HV side of the
transformer which is connected to the ‘infinite node’ in Figure 3-6) [101]. However, for
transient stability analysis, one should define it as an existing element, in the form of
aggregated properties that affect the calculations [147], [148]. These properties include the
short-circuit current of the ‘external grid’ I''y, the positive sequence nominal voltage V£ &,
and its positive sequence X/R ratio of the ‘external grid’ [148]. Technically I'j, is the value of
the short-circuit current at the feeder connection point, which in this sense is the ‘infinite node’
in Figure 3-6. So if I’y is known, then the equivalent impedance Zey; 4riq of the external grid

at the ‘infinite node’ should be determined by

Cractor-Vo
Zext_grid = N (3.9)

PR, wed eeeae

..............
°, h B

line_n+g,

Za = Zioaa1r//Zx2 //Zm Poer + 1Qoer
Zf = Zy3//Zload_(n+2)
Zf =Zp3//Zx3 [/ Zload_n//ZyZ

Fig. 3-8 (b)
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......

Zg=Zd//Zzz Zh:Zf//Zz3

Fig. 3-8 (¢)
VOZé‘ |me th = DER V DER
%ﬁ Zigag_n =Lyl Z, ﬁ%
|«2 +
3 Q
R
— — ext _grid >>> Z — ® —L
Fig. 3-8 (d)

Figure 3-8 an example of impedance transformation of the example diagram circuit into the
equivalent Thevenin circuit

where Crqcror represents a voltage correction factor for the measured positive sequence
voltage at the external grid [147]. The calculation of the external grid impedance (Zext gria)
is made with the help of the equivalent voltage source (V) of the external grid. Meanwhile,
the value of the I/, should reflect the conditional status of the operational data of the load of
the consumers, tap-changers position of transformers, excitation of generators, and so on.
Requiring all conditional status of the operational data, for estimating Zx; griq, would impose
a computational burden, and sometimes could be tedious especially some of the data are hard
to obtain. As such, the present of Crgetor, as explained in [147], is meant to help Zeyt gria

measurement in equation (3.9)

If the X/R ratio is known as well, then Roy; grig and Xext grig could be estimated as

Zext_gri
Xext_gria = Tt (3.10)
1+(3)
with
X -1
Rext_grid = (E) -Xext_grid (3.11)

In the absence of national standards, it seems reasonable to choose a voltage correction factor

between 0.95 and 1.10 [147]. However, for the simplicity of our study, the value of 1 has been
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chosen. Zgyt grig can be used to represent the ‘characteristic’ of the external grid. If the
intention is to estimate I'’, for example through the well-known short circuit numerical
analysis [147], [148], this can be done by isolating the observed grid from the node were the
HV transformer is feeding to, and then perform a short-circuit calculation. Then one can obtain
I'"}, the short-circuit R, and the short-circuit X so that the X/R ratio can easily be found.
Alternatively, these properties can be obtained through the blueprint of the grid data [148].
Vo2 & is obtained from the LV side of the transformer in Figure 3.6. For simplicity, V£ §; is

taken as a reference, and thus & is set 0.

3.8.3 Third Step

Once the Thevenin circuit is successfully obtained, the third step of the proposed methodology
could be initiated. The purpose of the third step is to estimate the increased steady-state voltage
due to the DER’s presence (Vpgr £ Oy per)- Vper £ Ov per needs to be calculated since it
represents the steady-state voltage value of a DER-connected node, on a condition prior
voltage sag. As explained in section 3.4 the voltage sag improvement valuation is obtained by

comparing the voltage sag with and without the reactive support, which means, it requires the

increased steady-state voltage Vppr £ Sy pgr-

From this, the resultant of the additional reactive current injection aRCI (Al pgg, later on) is
determined, in step four. Vpgr4 6pgg is obtained through calculation which is described in the

following paragraph.

To estimate the increased steady-state load bus voltage due to the DER connection
(AVpgr4 ASy pgr), first, the simplified Thevenin Circuit Diagram as in Figure 3-8 (d), that
was used for our superposition analysis, is transformed into two points of reference, as shown
in Figure 3-9 (a and b). The first reference (Figure 3-9 a) considers the external grid voltage
source as a short circuit, while the second reference (Figure 3.9 b) treats the DER as an open
source. Note that to do the superposition analysis, the DER is commonly represented as a
current source. The representation of the DER as a current source is shown in the first reference
(Figure 3-9 a). Assuming that for grid planning the rated active and reactive power of the DERs
of Ppgr + jQpgr 1s obtained, it is very likely Ingr < 8; pgg 1s obtainable without knowing the

nominal voltage at the load node that is already connected with the DERs (Vpgr < 8y pgr).

which is the aim of the calculation. Therefore, to obtain Vppr = 6y pgr, @ modification of the
calculation is necessary. The modification can be accomplished by assuming the DER element

to be a negative load, or defining the DER’s element as ‘negative impedance’.
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DER spl DER _spl

DER I _DER

Ioad _th
DER + JQDER

(a) Superposition analysis by using External grid as a source

Volé‘o . Zie VzER_spZZ5DER_sp2
—_

] l
load_th _TL

(b) Superposition analysis by using DER as a source
Figure 3-9 (a and b) Superposition analysis using the simplified Thevenin Circuit Diagram from

the second step

Treating the DER element as a negative load is a common approach [2], [15], [149]. Defining
the DER’s element as ‘negative impedance’, for steady-state voltage rise calculations due to
DER’s presence, is not as accurate as when the DER is defined as a ZIP model [54]. However,
defining the DER element as a negative load is still acceptable for a steady-state voltage rise
estimation for non-complex systems. The network simplification made in the second step is

used here again.

First, the condition when the DER is present while the grid reference node is assumed to have
zero voltage (Figure 3-9 a) is considered. Under this condition, the steady-state voltage at the

Thevenin load node Vpgg sp14 8pgr sp1 may be found as

Zioad_th-Zline th. (3.12)

V. 208 = (pgrs & .
DER_sp1 DER_sp1l ( DER I_DER) Zload_th+Zline_th

The second case represents a condition where the grid reference node is considered while the
DER is assumed to have zero current (open circuit) (Figure 3-9 b). Therefore, the steady-state

voltage at the Thevenin load node AVpgg sp24 Adpgr_sp2 May be obtained from

_ Zioad_th
VpER sp24 OpER sp2 = (Vo4 o). Ziona th+ Ztime th (3.13)

The actual increased steady-state voltage Vpgr<4 Opgr is then obtained by combining

equations (3.12) and (3.13)
Voer4 8y pEr = (VDERSp14 5DERsp1) + (VpeR_sp24 OpER sp2) (3.14)
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Upon grid DER planning, if the DER’s capacity plan is defined with active and reactive power
( Ppgr *+jQper ), then Vppp 14 8pgr sp1 in (3.12) cannot be obtained, as to find
Ippr<4 6 pgr the actual increased steady-state voltage Vppr< 8y pgg is needed. Therefore, as
an alternative, from Ppgr + jQpgr, one could treat it as a negative load —(Ppgr + jQpgr)-

Then the Zload_thégload_th 1s modified into ZloadDER_théeloadDER_th as follows

VloadL(SViloadz (3 15)

Z 40 = >
toadDER th=FLoadDERLR ™ (b}, 44 en—PpER+/Quoad_th—QDER)

Here, Vipaq 40y 10aq 1S the steady-state voltage of the load node without the DER connections.

In a real situation, obtaining Vj,qq <8y jpqq can be done through voltage inspection at the

local bus-station panel.

Note that in the second step the equivalent load is still represented by Z;,44 1 £010a4 ¢n- Then

in (3.15), Zjpaq th£810aa tn 1s transformed into a form of Py,q4 ¢4 + Qoqa_tn by simply using

(3.8). After Pioga tn + Qioad cn is obtained, (3.15) is substituted to (3.13). ——2==— Zl"“f;h in
B ) load_th*Zline_th

(3.13) describes the overall impedance that represents both the load and the DER element.

This modification yields the actual increased steady-state voltage Vpgr4 Sy pgr as shown

below

_ Z10adDER_th4B10adDER th
Vper< 6y per = (Vo4 50)-2 0 7 (3.16)
loadDER_th loadDER_th line_th

The steady-state voltage rise due to the DER connection could then be estimated using the
above equation. The results from this approach are validated by simulations using

PowerFactory Dlgsilent, as presented in chapter 3.7.

VOZé‘O llline th fZé‘Iine_th_f VDERZé‘V_DER —
1 - - 15
F Ziine_tn g i S
P o '5: |:U —_
PN | N
N G N 1 N
e il %) i UQO
CHIN RN e
« HEN - I -
=} P D SRy
= - T
_%_ PDER + jQDER

Figure 3-10 representation of the observed system under the faulty condition
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3.8.4 Fourth Step

With Vpgr4 6y pgr now calculated, the fourth step can be undertaken. This step estimates the
potential voltage sag at the DER’s connection node (Vpgg s£ 6y per f). As mentioned in the

introduction, a 3-phase transmission line fault is used as an illustration. Suppose a transmission
fault occurs somewhere in the outside part of the observed network and causes a voltage sag
at the ‘infinite node’ in Figure 3-6, as such that it cause the voltage at the ‘infinite node' to
drop. The fault estimation can be done using a conventional symmetrical component fault

analysis. The impedance fault Z¢ includes the effect of the transmission line on the voltage drop
at the observation point (represented as Vo 8y — AVy£Aby ; in Figure 3-10). The fault is
shown as a red dot in Figure 3-10. Note that since a 3-phase fault is used to illustrate the method,
the observed-system representation is given for the positive sequence only. In Figure 3-10
I£ &; 5 represents the short circuit current contribution from (Voz 8y — AVp£AGy 5 ),
Liine th 4 01 tine th 18 the short circuit current contributed from the line,
Lioad_th_f4 61 10aa_tn_s 15 the short circuit current contributed from the load, while

Ipgr 54 61 per_f 1s the short circuit current contributed from the DER.

Before estimating Vpgg ££ 8y pgr r» the knowledge of ljjne th £ 61 tine th s 18 Tequired.
However, the short circuit current Ir£ &, ¢ is needed in order to get ljine th £ 61 tine th f- It

can be seen from Fig. 6 that I£ §; ¢ could be obtained from

Vos 8o 1

lre0y = Z3ph_th +Zf.ﬁ

(3.17)
with

Z3ph_th = (Zline_th + ZloadDER_th)//Zext_grid (3.18)

Note that Z;,54pgr ¢ 15 Obtained from (3.15) as previously explained. Then, by using the same

Figure 3-10, Line__p £ 81_tine._cn_s can be found as

Zext_grid
I; 26y g = =i * [/ 8 3.19
line_th_f Liine_th f Zext_grid‘l'zline_th +ZloadDER_th f Lf ( )

Once line th £ 61 tine_th r 18 obtained, then Vppgr £ &y ppr 5 can be estimated by first

calculating AVpgg r£ Aby pr ¢

AVpig £2 D8y per 5 = V3. Zioaaper th-line th £ £ 61 1ine th £ (3.20)

and then finding Vpgg r£ 8y pgr 5 as

Voer £ 6v pER f = VDERZ Ov DER — AVDER £ Ay DER £ (3.21)
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Note that Vpgr£ 8y pgpr Was obtained in the third step, see (3.16).

3.8.5 Fifth Step

After Vpgr s£ 8y pgr s has been estimated, the fifth step of the proposed methodology can be
triggered. The magnitude of the aRCI (Al pgg) can be estimated. The aRCI during the LVRT,

Al pEr. 1s defined as

|AVpER £l FVab

Al Q_DER = Klq Vo

(3.22)

where Ki, is the K-factor as explained in Figure 2-11 (chapter 2.7.1). The DER’s reactive

current Iy pgg during LVRT is described by

Lo pER prefauit T Bl pER » —Imax < lo pER < Imax
loper = 1lgrer = (3.23)
ref Imax' _Imax > IQ_DER > Imax
Lo pER prefauit 18 the DER’s pre-fault reactive current that is simply obtained from
lo_DER prefault = IDERprefault- cos (¢) (3.24)
where ¢ is
_ —1 (imaginary(Spgr™)
@ =tan ( realGopn’) ) + 8y pER § (3.25)
while I ERyrefault is the DER’s pre-fault current
I = SDER (3.26)
DERprefautt ™ y3.(Vpgrs 8y per)* '

Here, +V;, (equation (3.22)) represents the voltage dead-band in per unit, as illustrated in
Figure 2-11 (chapter 2.7.1). However, since our investigation is concerned only with the
effectiveness of the aRCI, for simplicity, the voltage dead-band is omitted. When the DER is

injecting reactive current the active current Ip prr during LVRT is given by

IP_DER = Id_ref = Jlmaxz - IQ_DERZ (3.27)

The application of the dead-band is often made to prevent the DER’s inverter to be at risk of
overcurrent and, thus, overheating due to this reactive control strategy [3]. In (3.27) a0, = 1.

Hence the DER current during LVRT Ipgg £ 85 pgr s can be defined as

Ipgr4 81 per = Ip pER +J10 DER (3.28)

However, it should be noted that Ip pgg + jlg pgr in (3.22-3.27) is defined on the stationary

reference frame. To represent this current in the grid synchronous reference frame, Ip pgp +
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J1g pEr has to be synchronised with the grid frequency. Normally this is done [150] by

converting (3.28) into

IpgrZ O = (Idref -cos @' — Ig,qp " sin 9’) +j(1d_ref -Sin@' + Ig yer - COS 9’)
(3.29)
whereas cos 8’ and sin 8’ relate to the dg/stationary reference frame of the DER. In practice,

this procedure can be done by the phase-locked loop (PLL) device of the DER’s inverter. In

our method, cos 8’ and sin 8’ are represented as follows

+ _ real(Vpgr r£ 8v_pER.f)
cos 9 - absolute(VDERifL 6V,DER,f) (3.30)
) imaginary(V V)
sin@’ = (VpER f£ 8v_DER_f) (3.31)

absolute(VDER_fL SV_DER_f)
Note that the real and the imaginary parts of Ippr2 8; pgg in (3.29) is the orthogonal axes of
the synchronous reference frame. Thus I pgg in (3.26) may be defined as the g-axis current
reference of the DER (I .¢5), whereas Ip pgg in (3.27) as the d-axis current reference (I yef)-

In this method, Ippr £ 8; pgg in (3.28-3.29) applies to a fault condition as well, hence

Ipgr 74 61 pER f = IpERZ 61 DER (3.32)

Equation (3.32) is important as with Ipgr £ 8; pgg it allows the effectiveness of the aRCI to be
evaluated. The evaluation can be done by performing the procedures from (3.22-3.32) twice,

first by applying the DER’s K-factor K| I, = 0, and then applying DER’s K-factor K Iq with the
desired setup. After two different values of Ipgrs 6; ppr have been obtained, say,
(Uper f£ 51_DER_f)K,q=0 and (Ipgg s£ 51_DER_f)K,q =n » then Alpgg s£ Ab; ppg f can be

calculated as follows
AIDER_fL A51_DER_f = (Ipgr_s£ 51_DER_f)K,q =n — (Upgr_s£ 51_DER_f)1(,q=0 (3.33)

Alpgg g4 Ab; pEr r represents the difference of DER’s current contributions during a fault
condition with and without the aRCI. Therefore, by adding Alpgg £ Ad; ppr § With I¢£ 6 ¢
from (3.17), the short circuit current of the system with aRCl-enabled DER, I¢ grcr4 61 5 arcr

can be estimated as

It arer4 61 f arcr = Ig£ 8 f + Alpgg s £ AS; pEr (3.34)

After Ir qrer4 81 r arcr has been obtained, (3.19-3.21) are repeated with Iz £ §; ; from (3.19)
replaced by Ir grer4 61 5 arcr- The improved voltage due to DER’s aRCI is obtained as

Vper ££ v pEr 5 from (3.21). (Vpgg s£ 6V_DER_f)K1q=n is the improved voltage sag, while
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(Vber_£4 6v_pER ) Kiq=0 is the non-improved voltage sag. Finally, the effectiveness of the

DER’s aRCI could be evaluated through comparing the different voltage sags between the

cases with and without aRCI, (VDER_fA 6V_DER_f)K1q:n and (VDER_fL 6V_DER_f)K1q=0 .

respectively
AVDERf4 ASVDERf = (Vper r£ 5V_DER_f)K,q:n — (Vper s 5V_DER_f)K,q:0 (3.35)
The flowchart of the proposed methodology is shown in Figure 3-11.

Start the algorithm

Step 1: Establishes the impedance value of each
loading point (node) of the observed distribution
part of a network (Fig. 3-7) by using eq. (3.8)

Step 2: Transforms the observed distribution part of
the network (Fig. 3.8 (a-c)) into equivalent Thevenin
circuit representation (Fig. 3.8 (d))

v

Step 3: Calculates the steady-state

voltage rise due to the presence of the DER, (Vogr 4%y per)
by using eqg. (3.12-3.16)

Step 4: Calculates the potential voltage
sag at the DER’s connection node, Voer 1<% per_+)
by using eq. (3.17-3.21)

Step 5: Evaluating the effectiveness
of the aRCI on improving the voltage sag, (AVper 440, peg )
by using eqg. (3.22-3.35)

Figure 3-11 Overall flowchart of the proposed methodology.

3.9 The Evaluation of The Proposed Methodology Against the DIgsilent
on Estimating The LVRT Voltage Sags

To validate the proposed methodology a typical distribution network is assumed and is used as
the test case. In order to assess the validity of the proposed methodology, the evaluation of the
LVRT voltage sag improvement through aRCI is made by using the proposed methodology
and the DIgsilent dynamic RMS simulation methodology. The results of the voltage sag
improvement from both methodologies are then checked to see whether the proposed
methodology gives result close to the result obtained from DIgsilent dynamic RMS simulation.
The simulation results in sections 3.9.1 to 3.9.5 show that without the need for building the
dynamic DER modelling, the proposed methodology could give results similar to the one

obtained from DIgsilent dynamic RMS simulation. This approach hence gives advantages for
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a grid planner working on DER’s LVRT voltage support evaluation, in the event of inadequacy
of the grid data (due to the DER’s manufacture confidentiality, limited grid data information,

and so on).

Upon designing the distribution network, some aspects need to be considered to fit the situation
of the case. First, regular distribution networks normally have a low X/R ratio (systems below
35kV usually have the X/R ratio of 10 or less, according to IEC-60909). Therefore the network
used for this evaluation should have similar characteristics. As such, the simplified Thevenin
Circuit Diagram of the test network that is shown in Figure 3-8 (d), should have the X/R ratio
of the external grid of 10 or less. In this study, the X/R ratio of 10 is chosen. Further, the
MV Apqse 18 chosen as SMVA. Assuming the short circuit apparent power, S, for all cases to
be 20MVA, yields the per unit value of 4 pu. Distribution load power at the Thevenin bus,
Pioaa_en (PU), is one pu. The validation case uses 80% DER penetration; hence MV Apgp is set
to 0.8 pu. Ten samples of the case are chosen, whereas each case is set to situate different grid
X/R ratios. The X/R ratios of the equivalent line impedances are set from 1 to 10 for the case
from 1 to case 10, respectively. Each case for the system has different equivalent line
impedance, Rjine th + jXiine th» @s shown in table 3-1. The impedance fault Z is set to
0.144+.0.144 pu for all cases. In the simulation cases, the impedance fault is given in order to
situate the fault is located on the transmission system. The design of the aRCI is made to
improve transient voltage which sourced from transmission fault and does not relate directly
to faults on the Distribution Network [122]. The load node voltage is assumed to be already
known through regular checks. X/R ratio of the external grid, Rext gria + jXext gria» are

chosen uniformly 0.01436+j.0.1436 per unit.

Table 3-1 The Observed system parameters in Thevenin Circuit Diagram

Parameters | Rine ¢n + jXiine tn (PU) Vioad £0v _10aa (Pusdeg)
case 1 0.00721688+j. 0.00721688 | 0.987,-0.75719
case 2 0.00721688+j. 0.01443376 | 0.9878482-1.487
case 3 0.00721688+j. 0.02165064 | 0.987904,-2.218
case 4 0.00721688+j. 0.02886752 | 0.98779752-2.9494
case 5 0.00721688+. 0.0360844 0.98751152-3.68213
case 6 0.00721688+j. 0.04330128 | 0.98706452-4.4165
case 7 0.00721688+j. 0.05051816 | 0.98644752-5.15312
case 8 0.00721688+. 0.05773504 | 0.98565752-5.89253
case 9 0.00721688+j. 0.06495192 | 0.984691~,-6.63525
case 10 0.00721688+j. 0.0721688 0.9835452-7.38187
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3.9.1 Steady-State Voltage Rise Estimation Results Analysis

The results estimated using the proposed methodology have been compared with the same
results obtained using the DIgsilent as shown in Table 3-2. The error/different estimation of
the proposed methodology as compared to the results obtained using the Dlgsilent are shown
in Table 3-3. It can be seen that the steady-state voltage rise Vpgg, are estimated quite accurately
by the proposed method. For Vgr, as shown in Table 3-2, fairly small error are observed for
all case. The error/different estimation for Vpgr and 6y pgp are obtained through

(X) roposed_method
Propotet * 100%,
(X)DigSilent_method

error = (3.36)

where the error represents the difference in estimation of the Vpgr and 6y pgg respectively,
whereas the (X)proposed_methoa Tepresents Vppg and 8y pgg obtained from the proposed
method estimation and the (X)pigsitent methoa Tepresents Vpgg and 8y pgg obtained from the

DigSilent estimation.

For instance, the Vg estimation obtained using the proposed method for case 1 has a different
estimation/error for 0.037% (Vpgg)- The largest Vpgg is to be found for case 10 which is
0.1987%, however, this is still acceptably small. Although different estimation/error for 8y pgr
for the case 1 is 14.544% (Sy pgr), Which is comparatively higher than the remaining case, the
proposed method that has an estimation for -0.15, is still reasonably close enough with the

DIgsilent method that has estimation &y pgx for -0.18.

Table 3-2 Comparison of Steady-State Voltage Rise Result (Vpzr £ 8y pgr) Between The Proposed
Method and The Powerfactory DIgsilent Method

Results Vper< Oy pr (pusdeg)
Method used | DIgsilent Proposed method
case 1 0.9982-0.18 | 0.9982£-0.15
case 2 0.9982-0.32 | 0.9982£-0.30
case 3 0.9992-0.47 | 0.9982£-0.45
case 4 0.9992-0.62 | 0.9992£-0.60
case 5 1.000£-0.77 | 0.9992£-0.75
case 6 1.000£-0.92 | 1.000£-0.89
case 7 1.001£-1.07 | 1.0002£-1.04
case 8 1.0012-1.22 | 1.002£-1.19
case 9 1.0012£-1.36 | 1.0032£-1.33
case 10 1.0022-1.51 | 1.0042-1.48
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Table 3-3 Different Estimation/Error of The Steady-State Voltage Rise Result Between The
Proposed Method and The Powerfactory Digsilent Method in %

Cases error

VDER 5V7DER
case 1 0.037 | 14.544
case 2 | 0.0631 | 7.376
case 3 0.078 | 5.0697
case 4 0.05 | 3.7948
case 5 0.067 | 3.107
case 6 0.041 | 2.698
case 7 0.003 | 2.468
case 8 0.054 | 2.352
case 9 0.123 | 2.327
case 10 | 0.199 | 2.374
* error (Different Estimation of the
proposed method from the Dlgsilent
method) for each; Vpggr, and 8y pgg; are
obtained from equation (3.36)

3.9.2 ‘LVRT with No aRCI’ Case — Results Comparison

The comparison of non-aRCI enabled LVRT result between the proposed method and the
PowerFactory DIgsilent method are shown in Table 3-4 and 3-5. For Vpgg ¢ the highest error

is observed for case 10 (2.868%), whereas the smallest error is observed for case 1 (1.675%).
The remaining different estimation/error between the two methods are shown in Table 3-6.
laq absolute ¢ YePresents the current magnitude in per unit, I . 5 represents the current
magnitude in per unit in d axial of the dq axis in per unit, I, ,.r  represents the current
magnitude in per unit in g axial of the dq axis in per unit, Ip pgg f represents the active current

magnitude in per unit, I, pgg 5 represents the reactive current magnitude in per unit.
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Table 3-4 Comparison of non-aRCI Enabled LVRT Result Between The Proposed Method and The

Powerfactory Dlgsilent Method for case 1-5

Results x:gh()d Case 1 Case 2 Case 3 Case 4 Case 5
Digsilent 0.6102- 0.6092- 0.6092- 0.6082- 0.6082-
Vber £4 Oy pER § 9.87 9.67 9.47 9.28 9.07
(puzdeg) Proposed 0.6202- 0.6202- 0.6202- 0.6202- 0.6202£-
method 7.34 6.99 6.64 6.30 5.95
DIgsilent 1.000 1.000 1.000 1.000 1.000
lag_absotute s (PU) Proposed 0.997 0.995 0.992 0.990 0.987
method
DIgsilent 1.000 1.000 1.000 1.000 1.000
Ly rer 5 (W) Proposed 0.997 0.995 0.992 0.990 0.987
method
DIgsilent 0.004 0.006 0.009 0.011 0.014
Iy yer ¢ (PU) Proposed 0.003 0.005 0.008 0.011 0.013
method
DIgsilent 0.986 0.986 0.988 0.989 0.990
Ip per 5 (PU) Proposed 0.990 0.988 0.986 0.985 0.983
method
DIgsilent -0.168 -0.162 -0.156 -0.150 -0.144
g per ¢ (PU) Proposed -0.125 -0.116 -0.107 -0.098 -0.089
method

Table 3-5 Comparison of non-aRCI Enabled LVRT Result Between The Proposed Method and The
Powerfactory DIgsilent Method for case 6-10

Results Method used | Case 6 Case 7 Case 8 Case 9 Case 10
Digsilent 0.6092- 0.6092- 0.6082- 0.6092- 0.6092-
Vber 74 Oy pER £ 8.87 8.67 8.47 8.28 8.08
(puzdeg) Proposed 0.6212- 0.6222£- 0.6232- 0.6252- 0.6262-
method 5.62 5.29 4.96 4.65 4.34
DIgsilent 1.000 1.000 1.000 1.000 1.000
lag absotute_r (PW) Proposed 0.985 0.982 0.980 0.977 0.975
method
Digsilent 1.000 1.000 1.000 1.000 1.000
g yer ¢ (PU) Proposed 0.984 0.982 0.979 0.977 0.974
method
Dlgsilent 0.016 0.019 0.021 0.024 0.026
I ref_f (PU) Proposed 0.015 0.018 0.021 0.023 0.026
method
DIgsilent 0.990 0.991 0.992 0.993 0.993
Ip per 5 (PU) Proposed 0.981 0.979 0.977 0.976 0.973
method
DIgsilent -0.138 -0.132 -0.126 -0.12 -0.114
lg per_f (PU) Proposed -0.081 -0.072 -0.064 -0.056 -0.048
method

In the following Table 3-6, the error/different of non-aRCI enabled LVRT result between the
proposed method and the Powerfactory DIgsilent method are presented. It can be seen the
estimation difference between the proposed method and the Powerfactory DIgsilent method,

particularly on voltage sag magnitude Vpgg ¢, are acceptably small.
75




Fairly large different estimation between the proposed method and the Powerfactory DIgsilent

method are observed on the voltage sag phase 6y pgg r and the reactive current injection
lg per 5. This finding can be seen on the significant different/error rate on Iy pgg f and
8y _per_s as shown in table 3-6. These differences will be discussed further in section 3.10 (in

the section of fifth important aspects from the simulated results).

Table 3-6 Different Estimation/Error of The non-aRCI Enabled LVRT Result in %

Cases error
VDER_f 6V_DER_f qu_absolute_f Id_ref_f Iq_ref_f IP_DER_f IQ_DER_f

Case 1 1.675 | 25.584 0.260 0.260 25.714 | 0.375 25.610
Case2 | 1.789 | 27.707 0.520 0.520 13.330 | 0.203 28.501
Case 3 1.773 | 29.882 0.780 0.790 7.059 0.132 31.498
Case4 | 1.957 | 32.115 1.040 1.040 4.545 0.394 34.600
Case 5 | 2.023 | 34.386 1.300 1.290 3.704 0.657 38.046
Case 6 | 2.022 | 36.709 1.550 1.550 6.250 0.929 41.619
Case 7 | 2.167 | 39.063 1.800 1.800 2.151 1.201 45317
Case 8 | 2.500 | 41.440 2.050 2.050 2.358 1.472 49.288
Case9 | 2.578 | 43.836 2.290 2.291 2.521 1.733 53.333
Case 10 | 2.868 | 46.249 2.531 2.536 2.845 2.004 66.530

*error (Different Estimation of the proposed method from the DIgsilent method) for each;

VDER_f ) 5V_DER_f , dq_absolute_f » lg re f f> I qref_f» IP_DER_f , and [ Q_DER_f > are
obtained by replacing each parameter with ‘X” from equation (3.36)

3.9.3 ‘LVRT with aRCI on K-factor=0.5" Case — Results Comparison

In this section, the scenario on LVRT voltage support via aRCI with K-factor 0.5 is presented.
The comparison of aRCI enabled LVRT result between the proposed method and the
Powerfactory Dlgsilent method are shown in Table 3-7 and 3-8 for case 1-5 and 6-10
respectively. It can be seen from table 3-7 and 3-8, voltage sag Vpgg s improvement is
observed as compared with the ‘non-aRCI’ case as shown in table 3-4 and 3-5. For instance,
on case 1, the voltage sag for ‘non-aRCI’ case as shown in the table 3-4 are estimated 0.610
pu and 0.620 pu through Dlgsilent and the proposed method respectively. The voltage sag for
‘aRCI with K-factor=0.5" case are estimated 0.623 pu (Dlgsilent method) and 0.634 pu
(proposed method). Therefore with aRCI, one could conclude that LVRT voltage support may
improve voltage sag during the transient fault. The voltage sag improvement is observed 1.280%
and 1.345%, according to the Dlgsilent and the proposed method, respectively, whereas on
case with highest X/R ratio of the system, case 10, the voltage sag improvement are observed
2.200% (DIgsilent method) and 2.129% (proposed method). The overall voltage sag
improvement of the aRCl-enabled system between the proposed method and the DIgsilent
method in % (with K-factor=0.5) are presented in Table 3-13.
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Table 3-7 Comparison of aRCI Enabled LVRT Result Between The Proposed Method and The
Powerfactory Dlgsilent Method K=0.5 for case 1-5

Results Method used | Case 1 Case 2 Case 3 Case 4 Case 5
Digsilent 0.6232- 0.6242- 0.6252- 0.6252- 0.6272£-
VbEer £4 Oy pER £ 12.76 12.73 12.71 12.68 12.65
(puzdeg) Proposed 0.6342- 0.6342- 0.6422- 0.6422- 0.6422-
method 5.99 5.71 5.42 5.14 4.86
DIgsilent 0.834 0.834 0.834 0.834 0.835
lag_absotute_r (PU) Proposed 0.831 0.829 0.827 0.825 0.823
method
DIgsilent 0.812 0.811 0.812 0.811 0.811
Iy yef ¢ (pu) Proposed 0.809 0.806 0.803 0.800 0.798
method
DIgsilent 0.190 0.192 0.194 0.196 0.198
Iy ver ¢ (PU) Proposed 0.191 0.194 0.197 0.200 0.202
method
DIgsilent 0.834 0.834 0.834 0.834 0.835
Ip per ¢ (PU) Proposed 0.827 0.824 0.820 0.817 0.814
method
DIgsilent 0.006 0.008 0.011 0.013 0.015
Io pEr £ (PU) Proposed 0.086 0.095 0.103 0.111 0.119
method

Table 3-8 Comparison of aRCI Enabled LVRT Result Between The Proposed Method and The
Powerfactory DIgsilent Method K=0.5 for case 6-10

Results Method used | Case 6 Case 7 Case 8 Case 9 Case 10

Digsilent 0.6274£- 0.6292- 0.6292£- 0.6312- 0.6312-
Vber 74 v pER £ 12.63 12.61 12.59 12.57 12.55
(puzdeg) Proposed 0.6432- 0.6442- 0.6452- 0.6464- 0.6492-

method 4.59 4.32 4.06 3.81 3.56

Dlgsilent 0.835 0.835 0.835 0.835 0.835
lag absotute_r (PW) Proposed 0.821 0.819 0.818 0.816 0.814

method

DIgsilent 0.811 0.810 0.810 0.810 0.810
g yer ¢ (PU) Proposed 0.795 0.792 0.790 0.788 0.786

method

Digsilent 0.186 0.201 0.203 0.205 0.206
Iy yer 5 (Pu) Proposed 0.205 0.207 0.210 0.212 0.214

method

DIgsilent 0.835 0.834 0.835 0.835 0.835
Ip per 5 (PU) Proposed 0.811 0.808 0.805 0.802 0.800

method

DIgsilent 0.017 0.019 0.021 0.024 0.026
lg per_f (PU) Proposed 0.086 0.134 0.141 0.148 0.154

method

In the following Table 3-9, the error/difference of aRCI enabled LVRT result with K-factor=0.5
between the proposed method, and the Powerfactory DIgsilent method is presented. It can be
seen that the estimation difference between the proposed method and the Powerfactory

DIgsilent method, particularly on voltage sag magnitude Vpgg f, are relatively acceptable.
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Again, reasonably large different estimation between the proposed method and the

Powerfactory DIgsilent method are observed on and the reactive current injection Iy pgg 5 and
the voltage sag phase 8y pgg r. Similar to table 3-6, it is observed that there are relatively
significant differences for Iy pgr r and 6y pgg r. These differences will be discussed further

in section 3.10 (in the fifth important aspects from the simulated results).

Table 3-9 Different Estimation/Error of The aRCI Enabled LVRT Result K=0.5 in %

Cases error
VDER_f 6V_DER_f qu_absolute_f Id_ref_f Iq_ref_f IP_DER_f IQ_DER_f

Case 1 1.823 | 53.029 0.348 0.419 0.632 0.899 93.039
Case2 | 1.587 | 55.183 0.612 0.629 1.146 1.283 91.226
Case3 | 2.704 | 57.335 0.863 1.047 1.651 1.631 89.689
Case4 | 2.720 | 59.476 1.103 1.332 2.095 2.049 88.448
Case5 | 2.505 | 61.594 1.402 1.640 2.481 2.421 87.352
Case 6 | 2.488 | 63.685 1.630 1.937 9.268 2.792 86.371
Case 7 | 2.398 | 65.742 1.892 2.209 3.182 3.082 85.479
Case 8 | 2.512 | 67.757 2.107 2.469 3.350 3.533 84.719
Case9 | 2.488 | 69.722 2.334 2.716 3.564 3.904 84.011
Case 10 | 2.827 | 71.632 2.467 2.964 3.777 4.266 83.398

*error (Different Estimation of the proposed method from the DIgsilent method) for each;

VDER_f ) 5V_DER_f , dq_absolute_f » lg re f f> I qref_f» IP_DER_f , and [ Q_DER_f > are
obtained by replacing each parameter with ‘X’ from equation (3.36)

3.9.4 ‘LVRT with Maximum aRCI’ Case — Results Comparison

In this section, the scenario on LVRT voltage support via maximum aRCI is presented. To
create maximum aRCI, K-factor is set arbitrarily to 6. The comparison for aRCI enabled LVRT
results are shown in Table 3-10 and 3-11 for case 1-5 and 6-10 respectively. It can be seen
from table 3-10 and 3-11, voltage sag Vpggr s improvements are observed as compared with
the ‘aRCI’ case with K-factor set to 0.5 as discussed in section 3.9.3. These voltage sag
reductions can be seen as improvements due to the higher k factor, which hence showing the

aRClI is useful to improve the voltage sag.

Both methodologies, DIgsilent and the proposed approach show improvements in terms of
voltage sag for aRCI cases when compared with the "non-aRCI" cases. The improvements are
better for the test cases that have higher X/R ratios. The overall voltage sag improvement of
the maximum aRCl-enabled system calculated with the proposed method and the DIgsilent

method in % are presented in Table 3-14.
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Table 3-10 Comparison of maximum aRCI Enabled LVRT Result Between The Proposed Method
and The Powerfactory DIgsilent Method for case 1-5

Results Method used | Case 1 Case 2 Case 3 Case 4 Case 5
Digsilent 0.697«- 0.7064- 0.7132- 0.721«- 0.7292-
VbEer £4 Oy pER £ 23.80 24.29 24.79 25.29 25.80
(puszdeg) Proposed 0.7192- 0.7182- 0.7392- 0.7392- 0.7392-
method 1.82 1.75 1.68 1.60 1.53
DIgsilent 1.000 1.000 1.000 1.000 1.000
lag_absotute_r (PU) Proposed 1.000 1.000 1.000 1.000 1.000
method
DIgsilent 0.000 0.000 0.000 0.000 0.000
I rer 5 (PU) Proposed 0.000 0.000 0.000 0.000 0.000
method
DIgsilent 1.000 1.000 1.000 1.000 1.000
Iy ver ¢ (D) Proposed 1.000 1.000 1.000 1.000 1.000
method
DIgsilent 0.400 0.406 0.411 0.417 0.423
Ip per ¢ (PU) Proposed 0.128 0.122 0.116 0.110 0.104
method
DIgsilent 0.916 0.914 0.911 0.908 0.906
Io pEr £ (PU) Proposed 0.992 0.993 0.993 0.994 0.995
method

Table 3-11 Comparison of maximum aRCI Enabled LVRT Result Between The Proposed Method
and The Powerfactory DIgsilent Method for case 6-10

Results Method used | Case 6 Case 7 Case 8 Case 9 Case 10

Digsilent 0.7374- 0.7442- 0.751«- 0.7592- 0.7662-
Vber 74 Oy pER £ 26.31 26.82 27.34 27.86 28.39
(puzdeg) Proposed 0.7392- 0.7612- 0.7612- 0.7692- 0.7702-

method 1.46 1.39 1.32 1.25 1.18

DIgsilent 1.000 1.000 1.000 1.000 1.000
lag_absotute_r (PW) Proposed 1.000 1.000 1.000 1.000 1.000

method

Dlgsilent 0.000 0.000 0.000 0.000 0.000
g yer ¢ (PU) Proposed 0.000 0.000 0.000 0.000 0.000

method

DIgsilent 1.000 0.999 1.000 0.999 1.000
I ref_f (PU) Proposed 1.000 1.000 1.000 1.000 1.000

method

DIgsilent 0.429 0.435 0.440 0.446 0.452
Ip per 5 (PU) Proposed 0.098 0.092 0.086 0.081 0.076

method

DIgsilent 0.903 0.901 0.898 0.895 0.892
lo pER (puw) Proposed 0.995 0.996 0.996 0.997 0.997

method

In the following Table 3-12, the error of maximum aRCI enabled LVRT result between the
proposed method and the Powerfactory DIgsilent method are presented. It can be seen that the

resulting error of voltage sag magnitude Vpgg 5 on the proposed method, are at maximum
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3.64%. According to N Jenkins etal. in[151], on a voltage magnitude estimation method, error

estimation for around 3% is acceptable.

Large differences in estimation between the proposed method and the Powerfactory DIgsilent
method are observed on the active current injection Ip pgg  and the voltage sag phase
Oy per r- These differences will be discussed further in section 3.10 (in the fifth important

aspects from the simulated results).

Table 3-12 Different Estimation/Error of The Maximum aRCI Enabled LVRT Result in %

Cases error
VDER_f 6V_DER_f qu_absolute_f Id_ref_f Iq_ref_f IP_DER_f IQ_DER_f

Casel | 3.099 | 92361 0.000 0.000 0.000 68.074 | 8.228
Case2 | 1.758 | 92.804 0.000 0.000 0.000 70.010 | 8.611
Case3 | 3.647 | 93.239 0.000 0.000 0.000 71.883 | 8.986
Case4 | 2.455 | 93.662 0.000 0.000 0.010 73.693 | 9471
Case 5 1.331 | 94.071 0.000 0.000 0.010 75.485 | 9.767
Case 6 | 0.281 | 94.462 0.000 0.000 0.010 77.169 | 10.162
Case7 | 2.231 | 94.835 0.000 0.000 0.100 78.808 | 9.551
Case8 | 1.358 | 95.188 0.000 0.000 0.020 80.359 | 10.971
Case9 | 1.308 | 95.519 0.000 0.000 0.100 81.847 | 10.214
Case 10 | 0.496 | 95.828 0.000 0.000 0.030 83.253 | 11.786

*error (Different Estimation of the proposed method from the DIgsilent method) for

each; Vpgg 5 » 5V_DER_f » lag absotute f > larer f» lgref s> Ip pERF > and
Iy pER f; are obtained by replacing each parameter with *X” from equation (3.36)

3.9.5 The Effectiveness of The aRCI on Improving The Voltage Sag — Results

Comparison

The effectiveness of the aRCI on improving the voltage sag for all cases on both maxed aRCI
and aRCI with K-factor 0.5 are shown in Table 3-13 and 3-14. It is observed that for higher
X/R ratio cases the DER’s LVRT voltage support via aRCI to minimise the voltage sag is more

efficient.

Table 3-13 Voltage Sag Improvement of aRCI-enabled system Between The Proposed Method
and The Dlgsilent Method (K=0.5)

Cases Voltage Sag Improvement in % The Percentage Difference
Proposed Method | DIgsilent Method Between The Results
Case 1 1.34 1.28 4.69
Case 2 1.35 1.5 10.00
Case 3 2.14 1.6 33.75
Case 4 2.15 1.7 26.47
Case 5 2.15 1.87 14.97
Case 6 2.11 1.83 15.30
Case 7 2.11 1.98 6.57
Case 8 2.12 2.1 0.95
Case 9 2.12 2.15 4.69
Case 10 2.13 2.2 10.00
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Table 3-14 Voltage Sag Improvement of maximum aRCI-enabled system Between The Proposed

Method and The DIgsilent Method

Cases Voltage Sag Improvement in % The Percentage Difference
Proposed Method | Dlgsilent Method Between The Results
Case 1 9.57 8.68 10.25
Case 2 9.56 9.65 0.93
Case 3 11.71 10.4 12.60
Case 4 11.7 11.3 3.54
Case 5 11.69 11.7 0.09
Case 6 11.79 12.81 7.96
Case 7 13.84 13.53 2.29
Case 8 13.83 13.8 0.22
Case 9 14.44 15.02 10.25
Case 10 14.89 15.34 0.93

It can be seen from the voltage sag improvement of the aRCI-enabled system with K-factor
0.5 (K=0.5) as shown in Table 3-13, the smallest percentage difference between the results
simulated from the proposed methodology is observed in the case 8 (0.95%). The highest
percentage difference between the results simulated from the proposed methodology is,
however, observed in case 3 (33.75%). For the scenario of maximum aRCI injection (as in
Table 3-14), the smallest percentage difference between the results simulated from the
proposed methodology is observed in the case 2 and 10 (0.93%), whereas the highest
percentage difference between the results simulated from the proposed methodology is
observed in case 3, for 12.60%. The difference estimation of the voltage sag improvement
obtained from the proposed methodology to the Dlgsilent can be understood since, in the
Dlgsilent methodology, the estimation of the voltage sag improvement is made through
dynamic RMS simulation. In the proposed methodology, the estimation of the voltage sag
improvement does not account the state derivative of the dynamic component of the DER —
this matter is better explained in fifth important aspects from the simulated results (section
3.10).

3.10 Discussion

The methodology proposed in this chapter is made for evaluating the effectiveness of the
DER's reactive power-based LVRT voltage support. Without the extensive work on
constructing the DER modelling which is a common requirement on dynamic RMS simulation
methodology, the proposed methodology can estimate the effectiveness of the DER's LVRT
voltage support on improving the voltage sag. It has been proven that the proposed
methodology offers a more straightforward strategy and can compromise the accuracy and

simplicity of the simulation modelling by tackling problem relating to the data restrictions.
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With a simpler computation process, the evaluation result of the investigated voltage support

has been proven fairly close to the results obtained through the dynamic RMS simulation that

is done via Dlgsilent simulation tool. This outcome is supported by some indications which

are shown in the following points.

1.

The voltage sag improvements predicted by the proposed method are fairly close to the
Dlgsilent results, with the differences of the voltage sags estimation Vg , in all cases as
indicated by the ‘% |Error|’ are acceptably small. With the most considerable % |Error]|
of the voltage sags estimation Ve  to be found at 3.64% on the case 3 on scenario
maximum aRCI Enabled LVRT, as shown in the table 3-12, the proposed method can
estimate the effectiveness of aRCI at mitigating voltage sags effectively. The smallest %
|[Error| of the voltage sags estimation V;z ; to be found at 1.3% on the case 9 on scenario

maximum aRCI Enabled LVRT, as shown in the table 3-12 as well.

Further, the steady-state voltage rise estimated by the proposed method is relatively close
to the DIgsilent results as well. The error of the steady-state voltage rise estimation Vpgg
in all cases as shown in table 3-3 are observed largest at only 0.2%, as shown on the case
10, whereas the smallest error steady-state voltage rise estimation Vjgg to be found at

0.003%, as shown on the case 7.

Table 3-13 and 3-14 show that, on the same level of reactive current injection, a lower
voltage sag improvement can be observed on a lower X/R ratio system. This trend seems
aligned with the argument that the DER connection to higher X/R ratio leads to more
effective aRCI (better voltage sag improvement), which was claimed in previous studies,
[27], [45]-[49]. It implies that the performance of the DER's LVRT voltage support via
aRCl is highly dependent on the characteristic for the distribution grid (X/R ratio of the
observed grid). Though in this study, X/R ratio variations are only set at the equivalent line
impedance, Rjine tn + jXjine tn, @s shown in the table 3-1, as explained in the first step
and the second step of the proposed method (chapter 3.6), equivalent line impedance
represents the ‘collective impedance’ of the observed grid in a form of a line between the
external grid and the DER connection that obtained from impedance transformation
process. Hence one could imply equivalent line impedance Rjine tn + jXjine ¢n T€present

the X/R ratio of the observed grid.

The level of the reactive current being injected is affected by the transient voltage sag
AVpgg 5 (as implied in the equation 3.22 and thereby 3.23). To estimate AVpgg £, steady-
state voltage rise magnitude |Vpgg| is needed. Thus estimating |V gg| is essential since it

is observed from equation 3.21 |Vpgg| determining the transient voltage sag Vpgg f.
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It has been shown that differences in estimation between the proposed methodology and
the Powerfactory DIgsilent method are observed on the voltage sag phase 428y pgg f,
which results to the different estimation on the reactive current injection Iy pgg 5 (as in
Table 3-9), and the active current injection Ip pgg 5 (as in Table 3-12). These findings can
be understood due to the fact that in the DIgsilent method, the voltage sag improvement is
made through dynamic RMS simulation, and 6’ is obtained from PLL. The DIgsilent
method considers the dynamic aspect of the simulation. In the proposed methodology, 6’
is obtained from equation (3.30) and (3.31). (3.30) and (3.31) as suggested in [150], to
serve a similar function to the PLL. In the case of Dlgsilent software, this is done via the
time-domain RMS dynamic simulation; this transformation is available within the DER’s
inverter model, phase-locked-loop (PLL), which is part of the DlIgsilent model. The
proposed methodology does not handle the dynamic aspects of the PLL’s performance;
however, it does not need to as its purpose is completely different. Further note that the
estimation of cosf' and sinf’ that are obtained from (3.30) and (3.31) rely on
Voer r4 Oy per_5- In the Dlgsilent, Vpgg ££ 8y peg ¢ is obtained based on each step of
the derivation of all state variable during time-domain RMS dynamic simulation. This
different way of interpreting Vpgr r£ 8y per s and the way of obtaining 6', results in the
different estimation of Ip pgg r and Iy ppr p. However, different results of 6 that are
attributed by the different way of interpreting PLL function between the proposed
methodology and the Dlgsilent method only causes the different interpretation of
28y pgr_f- On estimating the effectiveness of aRCI, Vpgp ¢ is the value to determines the
voltage sag improvement. As such, these different results (£8y pgg 5. Ig per r as in Table
3-9),and Ip pgg r as in Table 3-12) can be ignored since the difference does not adversely

affect the voltage sag estimation from the proposed methodology.

Aside from the fifth aspect mentioned above, in most cases, the differences are small and
acceptable as the proposed method does not account fully for the dynamic nature of the
phenomenon simulated, unlike the DIgsilent simulation. Further, the proposed method can

still be used reliably to estimate the voltage sag improvements.

The main feature of the proposed methodology is that it could estimate the effectiveness of

aRCI on improving voltage sags without the need the knowledge relating the dynamic

characteristic of the DER and way to construct the DER dynamic modelling. Therefore with

such feature, with the proposed methodology one could understand clearer ‘the flow' the whole

process of estimating the effectiveness of aRCI on improving voltage sags, from the process

of the voltage sags to the evaluation of the voltage sags improvement on the aRCI-enabled

DER-connected bus. Furthermore, from a practical viewpoint, the proposed methodology can
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support distribution system operators (DSOs), or a DER grid planner in the event of grid data
and the modelling inadequacies upon DER’s LVRT voltage support evaluation.

3.11 Summary

Methodology for estimating the effectiveness of DER’s voltage control via additional reactive
current injection (aRCI) as for LVRT support is given. As explained in the introduction,
without needing to perform a computation process that inherently has iterative nature
(computing derivatives of all state variables of the DER to estimate the dynamic response of
the DER), the proposed methodology still could successfully estimate the effectiveness of
aRCI in improving voltage sags. Further one could take benefit from the proposed
methodology on a grid planning to estimate the effectiveness of the DER’s LVRT voltage
support via aRCI without the need to concern if the grid information is incomplete — in the
event of grid data and the modelling inadequacies upon DER’s LVRT voltage support

evaluation.
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Chapter 4 The Dynamic Modelling of The DER’s
aRCI-based LVRT Voltage Support

4.1 Introduction

It has been explained from chapter 3 that LVRT voltage support is highly influenced by the
X/R nature of the DER connection. This matter can be understood as short-circuit current is
determined by the impedance characteristic which neighbouring the located fault. The DER’s
current regulation during the voltage sag determines the active and the reactive part of the
contributed short-circuit current injected by the DER. Meaning, when the additional reactive
current is injected, some amount of the reactive part of the short-circuit fault current is
compensated by the ‘additional’ reactive part of the contributed short-circuit current from the
DER. It will be presented in this chapter; this understanding can be proven in the perspective
of the dynamic RMS simulation. To do so, a proposed dynamic modelling of the DER’s aRCI-
based LVRT voltage support that is based on the reactive power regulation standard as
previously shown in section 2.7.1, is presented. The presented modelling of the DER, along
with the proposed modelling of the aRCI-based voltage support is made to understand better
the dynamic response of the system - the voltage response following LVRT, the voltage
improvement sag with respect to the amount of the additional reactive current being given, and

SO on.

The realisation of the voltage support modelling needs the construction of DER modelling as
a whole system. Meaning, the design of the DER system along with its connection in the grid
may be required. It should be understood; however, that the DER system modelling is very
situational, subject to the purpose of the study, as some generalisations and the assumptions of
the modelling are normally made. The DER modelling for studying LVRT voltage support is
different to, for instance, DER modelling for studying DER’s MPPT optimisations. In the
following, some aspects: the common DER modelling and its control structure, along with
some considerations needed upon designing the DER model; are presented. These aspects are

given to help understand better the required knowledge to construct studied DER modelling.

As has been explained from section 3.7, MATLAB Simulink offers a very reliable modularity
and expandability for power system transient stability analysis. It also gives us a complete
database for the DER modelling, spanning from the modelling of the PV arrays, its dg
reference frame-based current controller, to the PWM modelling. Even it provides us a
complete freedom in the event we need a modification of the components. Thus, the dynamic

modelling is made with the help of MATLAB Simulink.
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Section 4.2 to 4.5.7 reviews the DER modelling, along with some consideration needed
(presented in section 4.3 and 4.4) before designing the DER model for LVRT study. DER
modelling in this research is presented in section 4.5.1 to 4.5.7. Further simulation result
relating DER response on various level of aRCI following a fault is presented in section 4.7.
Section 4.8 presents discussion relating the mechanism of the DER’s Reactive power-based
LVRT voltage support and correlate it with the simulation results which showed in section 4.7.

The summary is given in section 4.9.

4.2 DER Modelling and Its Control Structure

There are plenty of varieties of PV inverter topologies; often the control structures can also be
very different as well [150]. As such, the modulation algorithm has to be specific for each
topology. In this study, an overview of a typical DER PV structure is presented in Figure 4-1.
Transformer-less PV inverter with the boost stage is used as an illustration. Figure 4-1 depicts

common PV representation, along with its typical functions that are shown in the coloured

boxes.
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Figure 4-1 Generic control structure for a PV inverter with boost stage [152]

The representation is common for all grid-connected inverters. The AC power output of the
PV is generated through DC to AC conversion with a PWM converter. The DC current that is
fed into DC-AC PWM converter is generated from DC to DC boost at the DC link. The DC
current that is fed into DC to DC boost is smoothed by the capacitive element at the DC link
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since the DC current from the PV panels is usually fluctuating with changes in irradiance. In
the AC grid part, a low pass filter is provided at the inverter to provide a smoother sinusoidal

AC output, minimising the harmonic effect being generated by the inverter.

From Figure 4-1, the functions that commonly available on the DER, such as vp control, grid
sync, current control, and so on, are shown and clustered in the coloured boxes. The operation
of these functions requires inputs and feedback signals; such as vp, (measured voltage at the
PV array), ipy (measured current at the PV array), vy (measured boosted the voltage of the
DC link), i, (measured AC current), and v, (measured AC current). Depending on the desired
control strategy; these functions are employed to regulate either DC-AC PWM converter, or
DC-DC boost, or both to achieve the desired control strategy. For instance, grid support
function commonly employed for minimising unwanted voltage sags. Such a function is
provided by applying DER with transient voltage control. The transient voltage control is done
through regulating the DER’s active and/or reactive power output reference. As such, during

DER’s active and/or reactive power regulation, the signal v, is used as feedback to evaluate

the effectiveness of the regulation in improving the voltage sag.

Grid-connected DER has typically basic functions. DER specific functions, such as MPPT
(that is used for extracting maximum available power from PV module), are commonly
available on medium voltage level grid-connected DER [1]. DER ancillary functions are still
regarded as tertiary need, and only a few medium voltage level grid-connected DER have these
functions [4]. However, many studies show that DER should be provided with these ancillary
functions. One of these ancillary functions is generally in the form of LVRT voltage support.
In recent studies, it is suggested that DER with ancillary functions should be provided not only
by the medium voltage level grid-connected DER but also low voltage level grid-connected
DER as well [3]. To better understand the need for DER's LVRT voltage support as its ancillary
services, it is best to overview some basic functions of the grid-connected DER that are
commonly available. The function as shown in the following paragraph is generalised as based

on Figure 4-1.

From Figure 4-1, the basic functions of the grid-connected DER, along with its every function

can be generalised as follows.

1. The vy control, a function that is made to ensure the unwanted DC voltage fluctuation
level , arising from the radiance intermittency, could be kept within acceptable limits [53].
This function is typically meant to ensure the DER's reliability in the grid. All DER

normally have this function.

2. Grid synchronisation, a control function that is made to ensure the DER connection to the

AC grid, and is made for enabling the DER on the operation at the unity power factor [3],
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[4]. Grid synchronisation is also required to ensure the DER’s power which comes in the

forms of DC source, can be delivered to the AC grid.

Current control, a function that is made to ensure the DER operation stable, in the case of
significant grid impedance variations [3], [4], [14]. The current control usually is available

to ensure the DER could ride through fault, without being disconnected from the grid.

In addition, some specific functions of the grid-connected DER are also available. These

specific functions are described in the following numbered points.

1.

MPPT control, which is a control function that allows DER to track rapid irradiation
changes [153]. The MPPT control is generally equipped in some PV park to allow the
moving of the PV direction relative to the sun radiance in order to ensure optimum energy

harvest.

Anti-islanding protections, which is a control function that allows DER to protect itself

from the unwanted effect of localised/islanded grid condition [18], [154].

Grid/DER plant monitoring [68], which is a function that allows DER to detect

voltage/frequency for the anti-islanding protections and for the ancillary function [18].

Further, the ancillary functions of the grid-connected DER are typically given as follows.

4.

Active filter control, a control function that is made for enabling the DER able to provide
‘reactive compensation' in order to minimise the rate of the unwanted unbalanced three-

phase voltage on an unbalanced three-phase distribution load [155].

Microgrid control, a control function that is made for enabling the DER capable of doing
active or reactive power sharing without having the need for communications/centralised
coordination between the DERS [156]. Microgrid control allows DER to work not only in
grid-connected operations but also on the stand-alone operating mode. DER on stand-alone
operating mode allows them to regulate the island voltage while the output power is dictated

by the load.

DER grid support, a control function that is made for allowing the DER to provide transient
voltage support through active and reactive power regulations during LVRT [3], [4], [14].
The DER transient voltage support that is made via either active-, reactive-, or both active

and reactive-power regulation, are categorised into this function.

The modelling of the DER along with its control structure depends on the purpose of the study

since some simplifications (such as the assumption of some certain part of the DER model)

are commonly considered. This is often made to suit a certain objective of the study. For

instance, the design of DER modelling for investigating LVRT support usually does not
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consider the design of the MPPT control. Such consideration is often made since the time
interest for simulating LVRT support usually is less than 10 or 20 seconds. MPPT control is
made to handle the PV array direction in order to ensure optimum energy yields following sun
irradiance changing level, whereas the irradiance changing level is within an order of minutes
or more. As such, within such time frame, the simulation of LVRT support assumes that the
DER receives constant irradiance level. In the following section, more detail considerations
regarding the DER modelling are presented, to understand better the requirements needed
before constructing DER modelling for simulating LVRT support, which is the main focus of

this study.

4.3 Consideration of the DER Modelling

Aspects needing to be considered relating to DER dynamic modelling usually are on, how the
functions (as shown in figure 4-1) of the DER are modelled. In order to understand better the
consideration needed for the DER modelling, some cases relating to DER modelling

considerations are given.

On DER LVRT study, the DER dynamic modelling is focused more on the grid-interface aspect
such that the function relating to the grid synchronisation, current control and grid support is
considered. This typical DER modelling can be found in some LVRT transient stability studies
[3], [4], [14], whereas some of its dynamic aspects, such as the DC voltage regulator, or the
MPPT controller, are not considered. In such study, the DC side output (as in dg reference

frame) of the DER is often simplified as a constant current.

There are studies on modelling the DER where the MPPT controller and the DC voltage
regulator are considered. Such study is usually about the impact of the radiance changing to
the stability of the DER’s AC output, whereas the DER modelling is made to account the effect
of the irradiance intermittency to the DER’s energy yields [62]. The objective of such a study
is to observe and (in most of the cases), to minimise the unwanted effect of the radiance
intermittency [157]. Further, there are studies, whereas the DER’s functions, such as the MPPT
controller, DC voltage regulator, and even the function that is relating to the grid
synchronisation, are considered, such that the DER modelling is more complex [53], [158]. In
such studies, the objective is usually made to investigate the impact of the irradiance
intermittency to the DER's power output to the grid. Overall many DER modelling for such
studies commonly focus on the investigation of either for; tuning, improving, or sometimes

proposing a modification on these functions [53], [158].

Study relating DER modelling that focused on the effect of the unbalanced three-phase
distribution grid to the DER performance can be found in [159], [160]. Such a study usually

focuses DERs on medium voltage level connections, whereas the DERs are directly connected
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to the three phase lines. In such study, the DER modelling commonly consider the design of
the DC voltage regulator and the function relating to the grid synchronisation. The DC voltage
response on the DC link is utilised to observe and determine the three-phase voltage unbalance
rate of the distribution grid. Under the condition of the unbalanced voltage, DC voltage

response tend to fluctuate more than on balanced condition.

There is the study that is mainly focusing on the design and optimising the MPPT control
function. These studies are usually about MPPT control improvement by taking into account
the effect of radiance changing to the DER operability. The study is usually involving in the
design of the v control as well. The quality of the proposed MPPT design can be seen at the
DC voltage response. It is known the DC current intermittency is due to the quality of the
MPPT control in handling the radiance changes [153], [157]. Thus, in order to test the
effectiveness of the MPPT control, the DC current output is needed as it is used as a means for
evaluation [153], [157]. As such, DER modelling that is purposed for the design and
optimising the MPPT control function usually considers the vp. response on the radiance

changings [153], [157].

On the study about transient LVRT support, the DER control structure modelling has to
consider the modelling of the grid support ancillary function (4v,4f,4Q). The DER’s grid
support ancillary function is usually in the form of transient voltage support, frequency support,
or reactive compensator. Particularly on transient voltage support, it is made through some
ways, either through additional active current injection (aACI), additional reactive current
injection (aRCI), or combinational additional active and reactive current injection (aRACI) [1].
DER studies on transient LVRT issue do not consider the MPPT function and DC voltage
regulator. This can be understood since the time frame of interest of the LVRT study is relating
to the duration of the voltage sag that is often in milliseconds; hence the DER’s DC output
(vpc) is often considered constant, such that the design of the PV panel and the MPPT function
can be neglected. This approach can be found on [14], [22], [78].

In this study, the design of the DER is made on MATLAB Simulink. It will be shown later

each component needed to build the model in the following sections 4.3.

4.4 Some Principles of The DER Modelling and Its Grid Synchronization
Mechanism

The aim of the design of the AC power inverter control is to establish its feeding mechanism
to the main grid. Particularly on grid-connected DER, the purpose of the DER’s AC power
inverter control is to regulate the DER’s AC output frequency so that can be synchronised with

the grid frequency. It can be seen previously in Figure 4-1, i; and v, which represent the

signals of the grid current and grid voltage that are used for DER AC output synchronisation.
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Through these signals, the DC-AC power conversion is regulated such that the DER’s AC

current output could then have the same frequency as the grid.

Simulating dynamic response of DER on the transient condition, that requires signals i, and
V4 as control input which later then to be used to synchronise DER’s AC output, requires
complex computation. Since on synchronising DER’s output, the operation mode of the grid
inverter (for example, unity power factored operation) and the reference power strategy (the
way establishing DER’s voltage control through reactive power, for instance) should be
considered such that the controlled AC current and/or voltage output, should be set by
underlying the principle of instantaneous power theory [161]. For better understanding, Figure
4-2 shows the implementation of instantaneous power theory on the mechanism of current
and/or voltage control of grid-interfaced DER. Instantaneous power theory is useful for

building DER modelling in the MATLAB Simulink.

DC side of the DER s inverter

DC signals in dq reference frame

(Id_meas ' Iq_meas ! Vd_meas ! Vq_meas ' Id_ref ' Iq_ref ’Vd_ref 1Vq_ref )
A
Y Instantaneous Power theory
Synchronous Synchronous
reference frame dq reference frame dq
Stationary Stationary
reference reference
frame of frame of8
Three-phase Three-phase
reference reference
frame abc frame abc
¢ T
AC side of the DER ’s inverter
DER’s regulated AC Regulated AC grid
output signals
(Vabc ) (Vabc_ meas ! Iabc_ meas )

Figure 4-2 the implementation of instantaneous power theory on synchronising DER’s DC current

signals to the grid frequency on dynamic simulating computation [150]

In order to understand figure 4-2, further implementation of instantaneous power theory on
synchronising DER’s DC current signals to the grid frequency is given in the following

paragraph with the help of illustration that is given in figure 4-3.
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Figure 4-3 The full diagram of the control methodology and the modulation of Grid-connected
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Assuming the DC current on dq reference frame (ig_ref, iq_rer) Of the DER’s inverter which
is already regulated by the DC-DC boost is generated, then the value difference between
(lg_ref iq rey) and the dg measured current (ig meas) iq meas) g€nerate signals to regulate
voltage reference. The regulated reference voltage that is being added by the dg measured
voltage (Vg meas) Vq_meas) Tepresent dq reference regulated voltage vy ref, Vg rey- A better
illustration depicting this process is shown in figure 4-3. to generate (ig ref,iq res )s
(id_meas tq meas )> aNd (Vg meas: Vg meas ) that is in dg reference frame, a medium of
synchronisation between abc to dq reference frame is needed. In order to do so, a device called
the phase-locked loop (PLL) is required. The work of PLL uses the principle of the

instantaneous power theory as shown in Figure 4-2. It can be seen to obtain (Vg yef, Vg ref)s

(id_ref' iq_ref)a (ta_meas» iq_meas)a and (Vg_meas vq_meas)s it needs Vgpe meas and lgpe meas tO
be converted into their stationary (af) reference frame and then finally into their dg reference
frame. A similar procedure is needed to obtain v,.. As seen from Figure 4-2, to get vy,
Vg refs Vg ref that is in dg reference frame need to be converted through two steps. The first
is to convert it into their stationary (o)) reference frame. After their (af) reference form are
obtained, the respective value is then can be converted into their three-phase abc sinusoidal

AC form. Again, all these conversions require a value, 6, which is obtained by the PLL.

To represent such processes of the conversion as shown in Figure 4-2, it needs a regulated 9 .
Understanding further on how’s the signals conversions that require 6 is processed, along with
the use of the converted signals by all the DER’s corresponding dynamic elements, is explained

in the following paragraph.

Again, from Figure 4-3, it illustrates all the necessary elements to construct dynamic modelling
of the DER. The representation of the DER modelling which consider all dynamic aspect, from
PV array, Inverter Control (which comprise DC Voltage regulator, current regulator, Phase-
Locked-Loop (PLL) measurements, and the MPPT regulator), Pulse Width Modulator (PWM),
and the L filter of the DER's inverter, is visualised. The DER modelling is clustered into each
function, the MPPT, the DC voltage control, the synchronous reference frame environment,
the coordinate transformation functions, the modulator, the PV panel, and the DER connection
to the grid circuit. It can be seen DER's power generation that is generated from the DC current

output through PWM and then is inverted into AC outputs takes several steps.

To generate an AC regulated power, DC power source from PV array, which is represented in
a DC form by the signal v, ,.f, take several steps before it can finally successfully reaches
into its AC form. To begin with, first, the AC outputs are synchronised with the help of the
‘modulator’, which modulates the DC current into abc-AC outputs. The ‘modulator’ signals

the switching sequence to the PWM with the of ‘aff — abc module’ block. It is shown
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Vg refr Vb_refr Vc_rey Dy Using af — abc, are converted from vy rof and vg 5. The signals
Vg ref and Vg ror are obtained from vy ,or and vg o , with the help of signal 6. 6 is

regulated by the phase-locked-loop (PLL) device. From the figure, it can be seen its output

signal, 6, is necessary for aff = dq and dq — af8 conversions.

On ‘synchronous reference frame environment’, Vg meqs and Vg meqs are converted from
Vg, Vp, Ve through abc — dg module. Between ‘synchronous reference frame environment’
and ‘modulator’, there is ‘coordinate transformations’, which serves as coordinate signal
conversions, between abc, dq, and off. Vg ey and vy o5 are obtained from the addition of the
PI controller output signals, the Vg meqs and Vg meqs and the iy e and ig rer [150]. w(Lq +
L,) represent the cross-coupling effect due to line inductance L, and L, [150], [162]. The
‘cross-coupling effect’ is attributed by the fact that the d part of the PI controller outputs is
affected by the g part of the output filter —i; ,orw(Ly + L;), whereas the g part of the PI
controller outputs is affected by the d part of the output filter iy orw(Lq + L) [150], [162].
Note w on —ig rerw(Ly + Ly) and iy repw(Lq + Ly) defines 2nf. f'is the nominal steady-
state frequency of the system. Finally the generated vy rr and v ,er, through dg to abc

conversion, becoming Vg ref, Vp refs Ve ref t0 act to modulate the PWM outputs.

Above paragraphs in this section provide a useful understanding of designing DER in the
simulation tool. Next section describes the DER on MATLAB Simulink. The design of the

DER is made based on the principles described in this section.

4.5 DER Modelling on MATLAB Simulink

In this study, DER modelling on MATLAB Simulink based DER is presented in this section.
the DER modelling on Simulink is designed using underlying principles of the dynamic aspect
of the DER as shown in Figure 4-3. Several elements are needed to build DER’s dynamic
modelling on Simulink. These are PV array (in this study, PV is chosen), Inverter Control
(which comprise DC Voltage regulator, current regulator, Phase-Locked-Loop (PLL)
measurements, and the MPPT regulator), Pulse Width Modulator (PWM), and the filter of the
DER’s inverter.

4.5.1 PV Array [163]

In the Simulink library, some of the elements are predefined, such as the PV array, PWM,
inverter control, and the PLL. The PV array blocks, as shown in Figure below (which shows
PV array with 7 modules of string and 88x24 parallel), implements an array of photovoltaic

(PV) modules.
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SunPower SPR-415E-WHT-D
7-module string
88 parallel strings

Figure 4-4 PV array model from MATLAB Simulink Library [163]

The PV array is built of strings of modules connected in parallel, each string consisting of
modules connected in series. This block allows the predefined PV modules to be customised
according to the corresponding study. The PV array block uses two input, irradiance level and
the temperature of the environment. The two inputs can be seen in Figure 4-4, with symbol ‘Ir’
and ‘T, respectively. In this study, on LVRT study both irradiance level and the temperature
of the environment are considered constant, with 1000 W/m? and 45 Deg. Celsius, respectively.
For the outputs, it has three, the two polar output (+ and -) that represent the positive and the
negative side of the PV array output circuit, and the ‘m’, which represents the measured DC

current and the DC voltage output of the array. The three outputs can be seen in Figure 4-4.

There is a selection of pre-defined PV array modules can be used, which each define the array
characteristics differently. For example, as shown in Figure 4-5, SunPower SPR-415E-WHT-
D), which the default module data that is used in the study has array characteristics, are shown

below. SunPower SPR-415E-WHT-D is selected arbitrarily in this study.

Module data
Module: SunPower SPR-415E-WHT-D

Maximum Power (W) 414.801 Cells per module (Ncell) 128

Open circuit voltage Voc (V) 85.3 Short-circuit current Isc (A) 6.09

Voltage at maximum power point Vmp (V) 72.9 Current at maximum power point Imp (A) 5.69
Temperature coefficient of Voc (%/deg.C) -0.229 Temperature coefficient of Isc (%/deg.C) 0.030706

Figure 4-5 the block parameters of the pre-defined PV array module on MATLAB Simulink used in
the study [163].

The model is built based on the design from the Sandia National Laboratories [164].
Principally, the PV Array block is a five parameter model using a current source I; (light-
generated current), a diode (I, and n/ parameters), series resistance Rg, and shunt resistance
Ry, to represent the irradiance- and temperature-dependent /- characteristics of the modules.
The five parameters, along with the other parameters to characterise the PV array is shown in

the following Table 4-1.
95



Table 4-1 PV array block parameters [163]

Parameters value
Light-generated current /; (A) 7.8649
Diode saturation current I (A) 2.9259e-10
Diode ideality factor (nl) 0.98117
Shunt resistance R, (ohms) 313.3991
Series resistance Rg (ohms) 0.39383
Boltzmann constant £ (J.LK-1) 1.3806e-23
electron charge g (C) 1.6022¢-19
cell temperature T (K) 25
number of cells connected in series in a module Ncell | 60
Diode voltage V; (V) 0.7
Where diode current I; is obtained from
I, = Io(exp(\i)—lj 4.1
VT
Whereas terminal voltage V; is obtained from
V; = kF-r.nl.Ncell (4.2)

The circuit diagram of the PV array is shown below.

-
oy wfy e T
|

Figure 4-6 circuit diagram of the PV [163]

In this study, the PV has a 250kW power rating, which means it has 88 parallel strings with 7
series-connected modules per string (this can be seen in figure 4-4). The 250kW capacity is
selected for the study. The below table shows the PV array's characteristic, along with the five

parameters are predefined from the MATLAB Simulink library [163].

Through maximum power point tracking, with irradiance level for 1000W/m? and temperature
for 25 degrees C, the output power, the voltage and the current at maximum power point of the

PV array that is used in the studied modelling can be found as shown in the Figure 4-7.
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Array type: SunPower SPR-415E-WHT-D;
7 series modules; 88 parallel strings

q
500 L
X: 481.3
400 Y: 501.8
-
5 300
5
© 2001
100 45 °C
0 i L i ; A IS
0 100 200 300 400 500 600
Voltage (V)
X 105
2.5 —
X:481.3 459
2F Y: 2.415e+05
215}
5]
3
o
0.5
0 i . . : . N
0 100 200 300 400 500 600
Voltage (V)

Figure 4-7 I-V characteristics of the PV (above) and The output power of the PV (below)
From figure 4-7, the three outputs are summarised in Table 4-2. The modelled PV array
represents model ‘PV array' at the right-bottom corner as shown in figure 4-3. Next, the

modelling of the pulse width modulation system is explained in the next section.

Table 4-2 PV outputs with maximum power point tracking

Output power at maximum power point (kW) | 241.5
Voltage at maximum power point Vmp (V) 481.3
Current at maximum power point Imp (A) 501.8

4.5.2 Pulse Width Modulator (PWM) [165]

PWM from Figure 4-3 can be represented by using ‘3-Level IGBTs Bridge’ from the Simulink
library that is shown in Figure 4-8.

o
=
—
m >
o o o/

3-Level
IGBTs Bridge

Figure 4-8 3-Level IGBTs model from MATLAB Simulink Library [165]

The Three-Level Bridge block implements a three-level power converter that consists of three
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arms of power switching devices. Each arm consists of four switching devices along with their

antiparallel diodes and two neutral clamping diodes as shown in the figure below.

0+
Dla Qlb r/ Dlb Dlc
D3b
D2a Q2b D2b D2c
L
B o—
D3a Q3b # D3b D3c
Déb
Dda Q4b / Ddb Ddc
D -
ON

Figure 4-9 three-level power converter with three arms of power switching devices from MATLAB
Simulink Library [165]

In the predefined MATLAB Simulink toolbox, the type of power switching device (IGBT,
GTO, MOSFET, or ideal switch) and the number of arms (one, two, or three) are selectable
from the dialogue box. When the ideal switch is used as the switching device, the Three-Level
Bridge block implements an ideal switch bridge having a three-level topology as shown in
Figure 4-10. The detail explanation of how the Three-Level Bridge block is operated can be
found in [165].

+V »
AL / swl ) swl
b a4 N | o8 ~_ | ,c
Sw3 Sw3 Sw3
7 sw2 Zsw2 /5w2
—Vdc - .. & &
N »

Figure 4-10 three-level topology switch bridge from MATLAB Simulink Library [165]
In this study, the number of bridge arms is selected 3, while the snubber resistance and the
snubber capacitance, in ohms () and in Farad (F), are 10 and infinite, respectively. The

IGBT internal resistance, R,y in ohms (€2), the Forward voltage, V¢ in voltage (V), and the

Diode Forward voltage, Vr4 in voltage (V), are 107, 0, and 0, respectively.
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4.5.3 Inverter Control modelling [166]

Inside the Inverter Control model, there is a DC Voltage regulator, current regulator, Phase-
Locked-Loop (PLL) measurements, and the MPPT regulator. Note that though Inverter
Control is a predefined element that is available in the Simulink, to fit with the modelling
purpose (as for transient LVRT study), these elements are modified since, in the predefined
Inverter Control, there is no Reactive power-based LVRT voltage support function. Figure 4-

11 illustrates the predefined inverter control provided by the Simulink.

|2

Inverter Control

Figure 4-11 Inverter control from MATLAB Simulink Library [166]

It can be seen from the Figure; the Inverter Control has six inputs. ‘MPPT enabler' enables the
MPPT functions provided by the MPPT regulator. This function will be enabled when the input
of the ‘MPPT enabler' is set ‘1'. When the input of the ‘MPPT enabler' is set 0', it means the
inverter control will disable the MPPT functionality. On a transient LVRT study that considers
constant irradiance and constant temperature, the MPPT control can be excluded from the
inverter control structure. This can be done by assuming the voltage, the current and the power
of the PV array are known. ‘Vabc PCC’ and ‘labc_ PCC' are the three-phase ‘abc' voltage and
the three-phase ‘abc’ current measured at the PCC of the DER. ‘Vabc PCC’ and ‘labc PCC’,
as in abc reference frame, are used to construct wt, v4 and v, through PLL device. This is
explained later in the ‘PLL section'. ‘Vdc' is obtained through DC voltage output measured at
the PV array. In the Simulink modelling, this can be done by measuring the voltage between
the output ‘+' and the ‘-' of the PV array, as shown in Figure 4-4. ‘“V_PV' (voltage output) and
‘I_PV' (current output) are obtained from the PV array. Both can be referred to as the ‘V' and
the ‘I' from Figure 4-12, whereas representing the ‘V' and the ‘I' in Figure 4-6. ‘g’ as the output
of the Inverter Control represents the modulating signal as input for the IGBT, which can be
seen in Figure 4-11. The overall element that constructs the Inverter control module is shown
in the Figure below. It shown in Figure 4-12 ‘PWM signal generator’ output signal is processed

to modulate the IGBT.
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Figure 4-12 Inside the Inverter control from MATLAB Simulink Library [166]

It can be seen from Figure 4-12, six inputs represent the feed-in signal as seen in Figure 4-11.
On the inverter control, when the MPPT enabler is set 1, then the *V_PV' and ‘I PV' are
processed through an MPPT controller, as seen in the Figure above. Note the ‘V_PV', and
‘I PV'represent the & from Figure 4-3. Therefore, ‘V_PV’and ‘I PV’ act as feedback for the
MPPT function. Through ‘V_PV’and ‘I PV’, and some MPPT parameters, the perturbed and
observed technique (P&O) module defines the DC voltage reference, vgc rer, Which then
together with the measured DC voltage, V4. meqs, are used to regulate the d-axis reference
current, ig rer. The ‘switch' as seen in Figure 4-12, represents the MPPT enabler function. On
the transient LVRT study, the radiance is often considered constant. Thus a constant vg¢ e

for 480 volts, through ‘Vdc_ref Init' (as seen in Figure 4-12) is utilised. In this situation, the

MPPT enabler is set 0, and the v of on Vde regulator receives ‘Vdc_ref Init” instead. The

MPPT controller in the predefined inverter control uses the perturbed and observed technique
(P&O) to optimise DC current output to handle radiance changing, which can be studied more

in detail in [157].

4.5.4 DC Voltage Controller [150]

The design of the DC voltage controller is usually made for minimising the intermittency effect
of the DC output of the PV array. On a unity power factor PV operation, such that on iy or =
0, the ar is set as 0 (the a can be seen in Figure 4-3). In the Simulink modelling, the Vdc
regulator, which received vgc meqs and Vg rer as input, regulates iy .o through PI controller,

can be seen in Figure 4-13.
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Figure 4-13 Diagram block of the Vdc regulator [150]

From Figure 4-12, it can be seen V¢ meqs 1S the measured vy, whereas vy or represents the
reference v,4.. Note that the inputs and the outputs of the Vdc controller as shown in Figure 4-
12 is similar to Figure 4-3. In the Vdc controller (Figure 4-13), the sum of v, peqs and
Vgc ref 18 transformed into iy rof through the PI controller. The PI controller uses Avy, in pu
as the input signal. Its output is iy . In the predefined Simulink modelling (defaulted version
in the MATLAB) [166], the predefined PI controller has a default value for 2 and 400 on the

proportional and the integral gain, respectively.

Later, it will be shown on transient LVRT study, the output of the Vdc controller iy or will

also be regulated by the aRCI function.

4.5.5 PLL & Measurements [150], [167]

Grid synchronization is necessary on grid-connected power converters since it allows the
power converter to work on the system frequency uniformly. The synchronisation is done
through employing Phase Lock Loop (PLL) control. In principle, the Phase Lock Loop (PLL)
control system works by tracking the frequency and phase of a sinusoidal three-phase signal
by using an internal frequency oscillator, so that the PLL control system adjusts the internal
oscillator frequency to keep the phases difference between the one measured with the one as a
reference, zero. The PLL diagram block is shown in Figure 4-14 [150]. In this study, v, need

to be transformed into v4,. However, several steps need to be taken. v, is firstly needed to

be transformed into v4p through equation

v,] 2|" _% _% v

a|1_= V. |. (43)
{Vﬂ} 3|, Y3 3
° 7y T

The v,p can be transformed into v4, with

v, = |:Vd } :{ co_s(@) sin(H)}{va} | )
A —sin(6) cos(6) || v,
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In the PLL function (Figure 4-14), v, signal is used to generate w through PID controller. By

adding w with w., w ” is then generated. With integral function (1/s), € is then obtained.

v, =|v|=V
d
Vv Quadrature [ aﬂ
eyl signal v 7
generator [ dg L»| PID Controller >

Figure 4-14 Diagram block of the PLL [150]

Note from Figure 4-14 one could conclude that the different angle between the axis of af and
the axis of dg is defined by 6. Since the PID controller is connected to the v, output, as shown
in Figure, 4-14 the virtual input vector v’ will rotate, coincide in time with the ¢ axis of the
dq reference frame in the steady state. Thus, it can be implied on the steady-state condition,
when the of axis aligned with the dg axis, then d6/dt=0. In the PLL representation, the v,
signal will serve as the amplitude of the input voltage vector and the phase-angle detected by
the PLL will be in-phase with the virtual input vector v. This means that the detected phase-
angle will be lagging for 90° with respect to the one of the sinusoidal input voltage. The
representation of the above PLL in MATLAB Simulink, and the measurements, which

comprise per unit conversions, from vgp, to V44, can be seen in Figure 4-15 [167].

‘ Freq —H
‘ abc 4 ‘
| wit——1—e
} PLL }
s T B
|
} P abc /"// —
| Vabc_PCC - wt/ dq0 > 4>.
VdVg_PCC
} V->pu abctodq -
|
|
|
|
|
|
| K- abc
[ d —
| labc_PCC Ly 40 > C
|
imeasurements V->pul abc to dq -

Figure 4-15 Model of the PLL along with the measurement blocks from MATLAB Simulink Library
[167]

The abc to dg conversion box can be seen in the below figure 4-16. It can be seen from the

figure the input vgp signals are converted into v,g. The conversion is done by applying

equation (4.3). The signals v, is then converted into v44. The conversion is done by applying
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equation (4.4) with the help signal 6 as illustrated in figure 4-14 (in figure 4-15 and 4-16, it is

represented by wt’).

abe Mago
abc —_of plwi do0[ > 1)

abc to alpha-beta dq0
2

w

alpha-beta to dqg

Figure 4-16 Inside the PLL block [167]
The predefined PLL (phase) is used in the model building on the top part of Figure 4-15.
According to the MATLAB technical reference [167], for general purpose, ky, k;, and k4 of

the PID controller are set 180, 3200, and 1, respectively. It can be seen ‘wt’, as (6) referred in

the model, is used to define ‘VdVq PCC’ (v44), and ‘Idlq PCC’ (igq). The principle of the
instantaneous power theory as shown in Figure 4-2 helps to understand the function of & on

the transformation of vgp. to vg4q.

The transformation of vgp t0 v4p, and then from vyp to v44 that is done in the PLL diagram
block requires Clarke and Park transformation [150]. The Clarke transformation converts
balanced three-phase quantities, which in this case is the v, into balanced two-phase
quadrature quantities (v4p). The conversion of Vg, 10 Vgp is made for easier mathematical
modelling in the MATLAB Simulink design. Further, in order to synchronise the voltage (v4p)

as in af reference frame to the synchronous (dg) reference frame that is relative to the grid

frequency, v4p is converted into v, as in dq reference frame, through Park transformation.

Park transformation converts vectors in a balanced two-phase af stationary system into dg
rotating/synchronous reference frame. In the dq rotating reference frame, the d axis is at an
angle 6. For better understanding, the transformations, vector representation of the signals

Vabes Vap> and Vg4 on PLL and the measurements block is presented in Figure 4-17. It can be
seen the signal vy, is represented with the 4, B, and C axis; the signal v, is presented with

the o and f axis; and the v, is represented with d and g axis.
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S
C axis "

Figure 4-17 The vector representation of the signals v, V45, and vy, on PLL and the

measurements block [150].

From Figure 4-12, it can be seen the signals ‘VdVq PCC’ (v44), and ‘Idlq PCC’ (igqq) are
then transferred to the Current Regulator block. Observing the d axis of iy, on ‘Idlq PCC’ is
referred to be the iy, then the g axis of igzq as ‘Idlq_PCC’ represents i, as shown in Figure 4-
3. Both iy and i, from Figure 4-3 can be seen on the Simulink model (as shown in Figure 4-
16), referred to the ‘Idlq PCC’ (izq). The definition ‘PCC’ stands the Point of Common
Coupling (PCC) of the DER.

4.5.6 The Modelling of The DER Current Controller [150], [166]

Current control has the responsibilities of the power quality issues and current protection of
the inverter, whereas its form is in DC quantities [150]. In a DC quantity, every deviation of
the grid voltage and/or the grid current will be reflected in the response of the corresponding
(d- and g-axis) components. The transient response that is transformed into d- and g-axis
components would result in a more straightforward solution to filter and to control all
corresponding signals that in DC quantities by means of Proportional-Integral (PI) based
controllers [152]. The predefined current control modelling has a default value for 0.3 and 20
on the proportional and the integral gain, respectively [166]. From figure 4-3, it can be seen
the iy o5 signal is in accordance with the DC voltage regulator. iy .5 is utilized as the
reference for the active part current controller, whereas the reactive part current reference is
usually set to be zero in normal operation — in figure 4-3, such condition is set by applying
a=0. When the reactive power has to be controlled in some cases, such as when the DER has
to provide voltage support through reactive current injection during LVRT, a reactive power
reference must be set such that the DER current controller could regulate reactive current
injection in the event of LVRT voltage deviation. Such control, namely reactive-based current

regulation, is presented in the next section.

As shown in figure 4-3, the current control is located in synchronous (dg) reference frame. By

applying the Park transformation to the three-phase variable and igpc meqs, it allows the
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possibility of the current control in the dg-control form. The term ‘meas’ refers to the measured
value. Current control is generally with the help of PLL. It can be seen the current control from
Figure 4-3, are redrawn into Figure 4-18. The PLL and the DC voltage (v4.) controller are
also given for better illustrating the functionality of each component. It can be seen the PLL
output, 0, is used to transform iy meqs and ig meqs IO iy meqs aNd ig meqs- Similarly, when
the current controller generates signals vy ,or and v ef, to transform the two signals into

Vg meas a0 Vg meqs, it needs PLL output, 6. 6 is also used to generate Vg meqs and Vg meqs-

Va _ ref abc
i > v
abc_meas abc
Vﬂ_ref
> af

Vq_meas
ap Vo _mea
Vabc_meas g
— > N PLL
[ ma@
abc v
_ Vd _meas

- [qu* Vq_mﬁs

Figure 4-18 Diagram block of current control along with related supporting signals from the PLL
and the DC voltage (v,,.) controller [150]

with
| cos(@) sin(0)
[qu*}{—sin(e) cos(e)} [19] 4)
T | cos(8) -sin(H)
[qu,}z[quJ :Lin(e) cos(6) } [150]. (4.6)

It can be seen on DER unity power factor operating setting, the i, . is set 0, as seen in the
figure 4-18.
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4.5.7 The Proposed Modelling for The DER Current Control with aRCI

Functions

The proposed modelling for the DER’s current controller with the aRCI functions is presented.
The proposed modelling is made based on equation 2.22 and 2.23 as explained in section 2.71.
The main principle of aRCI function is to enable the DER to have the capability to regulate
the idref and iref during LVRT. For enabling the aRCI function, the iy rof and iy s input for
the above modelling block (Figure 4-18) is needed to be added with the aRCI function
modelling block (Figure 4-19). From Figure 4-19, it can be seen the aRCI function modelling
is made by adding some diagram block at the output of the DC voltage (v4.) controller and

adding some function for the signals i; ,or. The modelling is shown in Figure 4-19. The

modification can be observed on the red-dotted squared functions.

| |
| | |
v. y rTDD===-- )| d_max| | id ]
dc_ref - | Pl )| | _re
——>; ——t 3 e
Controller [ f

+ I I I
| Vg controller | 1 | =i | |
————————— | - [

L __ A
 E—— |
| _ | 2 i 2 |1
| Td_max max q_ref :
— - - = = = = ‘i__

Figure 4-19 The Proposed Modelling for the DER current control with aRCI functions

As it can be seen from Figure 4-19, when there is a voltage sag that is detected at the DER
connection, the different of the pre-fault voltage magnitude and the fault voltage magnitude
AvVger f, 1s used as the input signals to determine the amount the additional reactive current
being injected to the grid Ai,. The voltage dead band vgeqapana Sometimes is used to prevent
the aRCI function from being too sensitive with the small voltage fluctuation. When the dead
band is enabled, the signal Avg,, f is deducted by Vgeqapana, and then multiplied by the K-
factor, kl-q, that is already set up upon DER installation. v, is the steady-state voltage at the
DER connection. Commonly the Vgeqapana i set at 10% of the vy [3], [33]. Signal Ai, is
added by the pre-fault reactive current, ig prefquir» to represent the regulated reactive current
reference iy rof. The signal iy rof is limited by maximum current magnitude, i;qx and —ipqy,

that is set to prevent overcurrent. Some studies set the value to be 1.5 and -1.5 for i,,,,, and
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—limax Tespectively [5], [168]. However, some studies set i,y,4, and —i,, 4, for 1 and -1 [3]. In
this study, i;,4, and —i,,4, are set 1 and -1. The definition of i,,4, and —i,, 4, are related to
the physical limitation of the inverter. Further, since the objective is to investigate the impact
of the grid characteristic and the fault on the effectiveness of the LVRT voltage control via
aRCI. As such, the determination of i, and —i,,4, may possible to not to be included in
consideration of simulation testing. For simplicity, the voltage dead band v.44pana 18 set 0%
since it would not affect the objective of the study. Next section is about defining the

simulation test system.

4.6 Defining Simulation Test System

In this section, simulation test system for the purpose of evaluating the aRCI-enabled DER
response during LVRT is presented. The simulation test is done by using MATLAB Simulink.
The three-phase DER model is connected to a distribution grid. The distribution system test
example is shown in Figure 4-20. It presents typical single line diagram which commonly
representing low voltage distribution grid. A three-phase single line diagram with five buses
is shown. The distribution grid is connected to a main supply/infinite bus. The infinite bus has
the line to ground voltage 120 kV, connected to a lower voltage level bus, Bus 2, that has the
line to ground voltage 25 kV via Trafo 1. The photovoltaic/DER is connected to a line to
ground voltage 0.25 kV bus 4. Trafo 2 connects bus 4 with the line to ground voltage 25 kV
bus 3. Three distribution loads which representing community area are observed in the

simulation testing.

| |
I distributionI
120kVv |25kV load 1 | - - - - - - - - - - - - -
5| 120kv/25kv, | 25kV [25kv 0.25kV
° o 4 || 25kv/0.25kv
E Distribution line 1 | Distribution line 3
“,_3 Trafo 1 (3ph) (3ph) (3ph)

Bus 2 Trafo 2 (3ph) I3ph-connected DER

Bus 6

R . —Ddistribution )
/]/:——Bus4 | load 3 Commt;nggRarea
| distribution | | wit

connection
3ph neutral-fault | N load2 | (Bus5 _ _ _ _ _ _ _ connection |

@®
o
w
-

Distribution Bus 3
line 2 (3ph)

Figure 4-20 Single line diagram of the distribution grid used in the simulation testing

The consideration of the used test system on how the modelled DER connected to the bus,
along with the aggregated load connections, and the representation of the infinite bus, is similar
to the studies in [4], [14], [120], [169]. In their studies the load modelling is made based on a
simple power load, whereas the infinite bus is made to situate the distribution system is
connected to a strong grid. The design of the test system, the modelled distribution grid, is

intended to illustrate typical distribution network and is to be made having typical distribution
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network characteristic which used in many studies that relate to the distribution level DER

issue.

Infinite bus, as shown in Figure 4-20, represent the external grid — the grid of the external part
of the observed network. In the simulation, MATLAB Simulink Dynamic Three-Phase Source
block is used. Dynamic Three-Phase Source block implements a balanced three-phase voltage
source with an internal R-L impedance. Its source is the three-phase voltage sources that are
connected in Y to an internally grounded neutral. It has internal resistance and inductance that
are specified by the three-phase inductive short-circuit power and X/R ratio. On a defined

three-phase inductive short-circuit power, S, the internal inductance, L;,,ornai> 1S defined

through
Vpase” 1
Linternar = ?ﬁ 4.7)
with
2nf.Lintern
Rinternal = &Tri“:l (4.8)
and
Xinternal = Rinternal (X/R)ratio- (4-9)

Through three above equations, the parameters of the external grid (Lipternat> Rinternar> and

Xinternar) could be defined, and are shown in the table below.

Table 4-3 Parameters of External Grid

Parameters value
Phase-to-phase voltage v, (kV) 120
Frequency (Hz) 60
3-phase short-circuit level at base voltage S;. (MVA) | 2500
Phase-to-phase base voltage v} 45 (KV) 120
(X/R)ratio 7
Linternai (H) 0.015
Rinternar (Q) 0.82
Xinternar (Q) 5.76

The table below shows the parameter of the two transformers (Transformer 1 and Transformer

2) in the system.
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Table 4-4 Parameters of Transformer 1

Nominal power Sy (MVA)

47

Frequency (Hz)

60

Winding 1 parameters [v,,s pn pn (KV) Ry
(pu) Ly (pw)]

[120 2.67x107 0.08]

Winding 1 connection

Yg (Wye grounded)

Winding 2 parameters [ Vyms prpn (KV)
R, (pu) L, (pu)]

[25 2.67x107 0.08]

Winding 2 connection

Delta (with lagging to high-voltage winding

(Y) by 30 degrees)
Magnetisation resistance R, (pu) 500
Magnetisation inductance L, (pu) 500

Table 4-5 Parameters of Transformer 2

Nominal power Sy (MVA)

250

Frequency (Hz)

60

Winding 1 parameters [v, ., . (KV) Ry
(pu) Ly (pw)]

[25 1.2x107 0.03]

Winding 1 connection

Yg (Wye grounded)

Winding 2 parameters [vyms phpn (KV)
R, (pu) L, (pu)]

[0.25 1.2x107 0.03]

Winding 2 connection

Delta (with lagging to high-voltage winding

(Y) by 30 degrees)
Magnetisation resistance R, (pu) 500
Magnetisation inductance L,, (pu) 500

The parameters of remaining of the element of the system test, the distribution line and the

loads, are shown in the below table.

Table 4-6 Distribution line 1, 2 and 3

positive-sequence resistances [r1] (Ohms/Km) | 0.1153
positive-sequence inductance [11] (H/Km) 1.05x10*
positive-sequence capacitance [c1] (H/Km) 11.33x10°
Line length for distribution line 1 (Km) 8
Line length for distribution line 2 (Km) 8
Line length for distribution line 3 (Km) 14
Table 4-7 Distribution load 1, 2, and 3
Distribution load 1 [MW MVar] | [30 2]

Distribution load 2 [MW] [2]

Distribution load 3 [MW]

[0.5]

The DER penetration is set 50% of the distribution load 3. Thus 250kW of aggregated three-

phase PV used.
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Later in the simulation testing, to test the effectiveness of the DER’s LVRT voltage support

via aRCI, three-phase short-circuit is set at bus 4, as shown in Figure 4-20.

In the MATLAB Simulink, to represent short-circuit fault, a Fault block that similarly acts as
breaker blocks which can be individually switched on and off to program the faults is used.
The Fault block in the MATLAB Simulink modelling is shown in Figure 4-21. To simulate
fault, in the system test (4-20), the 4, B, C connector is connected to the bus 4. Ry, 4, Rop 5,

and R, ¢ represent fault resistance. Ry represents ground resistance.

Figure 4-21 Fault block modelling on MATLAB Simulink
Below table represents the setting up the three-phase short-circuit for the simulation testing

used in the study.

Table 4-8 Fault block parameters

Short circuit duration (ms) | 150
Ron A> Ron B> Ron C (Q) 0.01
Ry (Q) 0.01

Next section presents some simulated results.

4.7 Simulation Results

In this section, the simulated results of the aRCl-enabled DER response during LVRT are
presented in order to evaluate the effectiveness of LVRT voltage control via aRCI. Several
system’s component response; voltage terminal at the DER connection in per unit (Vpgr), dg
reference current in per unit (ig ref, iq ref)> dqg measured current in per unit (ig meas» tqg meas)s
dgq measured current in per unit (Vg meas» Vg meas)>» DER’s active power in kW (p), and DER’s

reactive power in kVAr (g); are shown.

The simulation runs for 3 seconds. The three-phase fault is set at 1.5 s. Since the fault duration
is set for 150 ms, the fault is cleared at 1.65 s. The fault location is at bus four as shown in

Figure 4-20. There are five scenario tests; DER with K-Factor (K| ,q)=0, 0.5,1,1.5, & 2; which

each are presented in the following section. The K-Factor number adjusts the aRCI magnitude
of the DER following LVRT. As such, as according to equation (2.22) and (2.23), Higher K-
factor results in higher aRCI magnitude. Following the simulation results, discussion relating

to the simulation results is presented in section 4.8.
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4.7.1 DER’s Voltage response

voltage terminal at the DER connection
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Figure 4-22 Response of the voltage terminal at the DER connection in per unit (Vpgz) during LVRT

Table 4-9 the voltage sags at the DER connection in per unit (Vpgr) during fault

Parameters | Symbol Value
K-factor K, |0 05 |1 1.5 2
voltagesag | Vpgr | 0.370 | 0.371 | 0.372 | 0.3729 | 0.373

From Figure 4-22, it can be seen that voltage sags are observed at the DER connection during
fault. On DER with no aRCI, when the voltage sags, it reached 0.371 pu. The simulation result
of the DER with no aRCI can be observed at the scenario K-factor=0. Since no aRClI is given
during LVRT, the voltage sags (red line) the lowest. On DER with aRClI, for instance, with K-
factor 0.5, the voltage sags are improved to 0.371 pu. More voltage sag improvement can be
observed on DER with aRCI on K-factor=1, for 0.372 pu. Voltage sag improvement on DER
with aRCI on K-factor 1.5 and 2, are observed to reach 0.3729 pu, and 0.373 pu, respectively.
On the table the value of the voltage sags are estimated at the condition in which the value
during fault is relatively steady — voltage sags at which prior post-fault response (in this case,
the value is taken at around 1.6-1.65 s). Overall improvement of the voltage sags on all
scenarios can be seen in table 4-9. It can be seen that when the maximum aRClI is enabled,
voltage sag improvement is observed from 0.37 pu to 0.373 pu. From the simulation result, it
can be observed voltage sag improvement through reactive power based voltage support still
can be achieved on the distribution level. The line for the DER park is normally has X/R ratio
impedance for above 1.2. In the simulation study, the X/R ratio of the connection line are set
9x1073, which is below 1.2 [170]-[172]. According to the simulation results, the use of LVRT
voltage support via aRCI has a value even for a distribution system to improve the voltage grid
stability. As such, it indicates the aRCl-based LVRT voltage support can be used on

distribution-connected DER as well.
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4.7.2 DER’s dq Reference Current Response

dq reference current in pu
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Figure 4-23 Response of the dg reference current in per unit (iy ,s, iq rof) during LVRT

qref

Figure 4-23 shows the dg reference current responses. On DER without aRCI, the K-factor is
set to 0. On such condition, the dg reference current stays constant even during the fault. These

responses can be seen in the figure, red line (ig_rer) and dark-yellow line (ig rer). When the
DER is with aRCI function, the dg reference current responding the fault by injecting ¢
reference current (i, o). Note the sign convention of the g reference frame in the simulation
dictates g reference current injection is applied when i, o is negative. In the figure, for
instance on DER with aRCI on K-factor=0.5, g reference current injection means the iy ef

goes down to -0.314 pu. However, on the d reference frame, dictates d reference current

injection is applied when i; . is positive. In the figure, for instance on DER with aRCI on
K-factor=0.5, d reference current reduction means the iy ..y goes down to 0.949 pu. On more
K-factor, more iy ,¢5 is injected. As such, more iy rof is reduced in order to compensate for
the magnitude of the i .5 injection. Overall the value of the dq reference current responses

can be seen in the table 4-10.

Table 4-10 the dq reference current responses (iy ,f, iq yor) during fault

q.ref

Parameters Symbol Value

K-factor Ki, |o 0.5 1 1.5 2
lgrer | 1.000]0.949 |0.778 | 0.338 | 0.000
dq reference current in pu | iq rer | 0.000 | -0.314 [ -0.628 | -0.940 | -1.000
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4.7.3 DER’s Measured dgq Current Response

measured dq current in pu
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Figure 4-24 Response of the dq measured current in per unit (i eqsr g meqs) during LVRT

The dg measured current responses (ig meas) Lq_meas) during fault are observed in Figure 4-
24. In general, it can be seen at the point when the fault is happening, dg measured current
responds transiently. It can be seen the iy ;045 Tises suddenly, up to around 3 pu, whereas the
iq_meas also behave transiently, goes down to almost -2 pu. The response of the both during
the initialisation of the fault represents the value of short circuit current which contributed by
the DER in the dq reference frame. The short circuit current contributed by the DER exists due
to the immediate need of short-circuit current that is needed to be flown to the faulted bus
[140]. Following transient fault, it can be seen that dg measured current reacts accordingly to

reach back its settling condition.

Depend on the K-factor setting, when the zero K-factor is given, no aRClI is given; it can be
seen that the dg measured current responses (ig meas iq meas) 0SCillates towards its initial state
(for ig meqs=1, while ig 1eqs=0). On DER with aRClI, for instance with K-factor 0.5, the dg
measured current responses during fault are oscillated, and on its prior post-fault state (at
around 1.6-1.65 s), both reach 1.069 pu and -0.156 pu for iy seqs and iy meqs respectively.
On DER with aRCI on K-factor=1, the dg measured current responses reach 0.759 pu and -
0.588 pu for iy meqs and iy meqs respectively, on its prior post-fault state. It can be observed
the dg measured current responses are dictated by the dg reference current since it can be seen
at prior post-fault state, dg measured current value are similar to the dg reference current.
Overall the responses of all dg measured current responses on all scenarios can be seen in the

table 4-11.
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Table 4-11 the dq measured current responses (g meqss Iq meas) during fault

time in seconds

measured voltage response on all scenarios can be seen in the table 4-12.

Parameters Symbol Value
K-factor K, |o 0.5 1 1.5 2
id meas | 0.000 | 1.069 | 0.759 | 0.337 | 0.004
dq measured current in pu iq_meas 1.000 | -0.156 | -0.588 | -0.937 | -1.005
4.7.4 DER’s Measured dgq Voltage Response
measured dq voltage in pu
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Figure 4-25 Response of the dq measured voltage in per unit (Vg yeqs) Vg meas) during LVRT

The responses of the dg measured voltage in per unit during fault are shown in Figure 4-25.
The dq measured voltages that are represented in Figure 4-25 are measured at the PCC of the
DER. As such, the dg measured voltages are the voltage as shown in Figure 4-22 that is in the
dq reference frame. On DER with no aRCI, the dg measured voltage responses Vg meqs SagS
at 0.384 pu, whereas v, meqs are relatively steady at 0 pu. On DER with aRCI, Vg eqs Sags
at relatively the same level. For instance with K-factor 0.5, the vy 045 sags at 0.371 pu

whereas on DER with aRCI on K-factor=1, 1.5, and 2, the v ;1045 sags at 0.37 pu. Overall dg

Table 4-12 the dq measured voltage in per unit (Vg ;neqsr Vg meqs) during fault

Parameters Symbol Value
K-factor Ki, 1o 05 |1 15 |2

Vd meas | 0.384 | 0.371 | 0.370 | 0.370 | 0.370
dg measured voltage in pu | Vg meas | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
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4.7.5 DER’s Active Power Response

DER's active power in kW
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Figure 4-26 Response of the DER’s active power in kW (p) during LVRT

On Figure 4-26, DER’s active power responses in kW (p) during fault are observed. It can be
seen in general, during the initialisation of the fault, that the DER’s active power jumps almost
350kW. Note the DER’s operational capacity in the simulation is 250 kW. The sudden increase
of the DER’s active power for all K-factor cases that are shown in Figure 4-26 are attributed
by the short circuit power contributed by the DER, which appear due to sudden need of short-
circuit power that is needed to be flown to the faulted bus [140] (the DER’s active power
responses, and the DER’s reactive power responses, as discussed in section 4.7.6 as well, will
be discussed in detail in section 4.8.1). On DER with no aRClI, it can be seen that the DER’s
active power during fault is shown on the red line. On DER with aRCI on K-factor 0.5, DER’s
active power during fault is shown on the pink line. The remaining DER’s active power
responses during fault are illustrated. Overall DER’s active power responses on its prior post-
fault state on all scenarios can be seen in the table 4-13. The DER’s active power oscillations

during fault are attributed by the dg measured current (ig meas) ig meas) and the dg measured
voltage (Vg meas» Vg meas)- The oscillations of the DER's active power will be explained in

more detail in the discussions in section 4.8.

Table 4-13 the DER’s active power in kW (p) during fault

Parameters Symbol Value
K-factor K, |o 0.5 1 1.5 2
DER's active power in kW ) 93.928 | 130.890 | 69.990 | 29.810 | 0

115



4.7.6 DER’s Reactive Power Response

DER's reactive power in kVAr
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Figure 4-27 Response of the DER’s reactive power in kVAr (Q) during LVRT

On Figure 4-27, DER’s reactive power responses in kVAr @ during fault are illustrated.
Similarly, with the DER's active power responses as explained in section 4.7.5, the sudden
jumps of the DER’s reactive powers are attributed by the short-circuit power that is needed to
be flown to the faulted bus [140]. On DER with no aRClI, it can be seen that the DER’s reactive
power during fault is shown on the red line. On DER with aRCI on K-factor 0.5, more DER’s
reactive power during fault is observed. Most DER’s reactive power is given during fault is
observed DER with aRCI on K-factor 2. Overall DER’s reactive power responses on its prior
post-fault state on all scenarios can be seen in the table 4-14. Again the DER’s reactive power
responses are attributed by the dg measured current (i meas, lq_meas) and the dg measured

voltage (Vg meas» Vq_meas)- The oscillations of he DER's reactive power will also be further

explained in more detail in the discussions in section 4.8.

Table 4-14 the DER’s reactive power in kW (gq) during fault

Parameters Symbol Value
K-factor Ki, 1o 0.5 1 1.5 2
DER's reactive power in kW (9) 0.830 | 16.276 | 50.110 | 86.270 | 92.136

4.8 Discussion

The discussion is presented to understand better the simulation results as illustrated in section
4.7. This section is presented into two parts. The first presents the discussion relating to the
DER’s dynamic response following LVRT and how’s its response by injecting aRCI as to
improve voltage sags. The first discussion is presented in order to understand dynamically
better ‘the flow' the mechanism of aRCI in improving voltage sag. The second part presents
the discussion that is more focused on the voltage sags improvement through different K-

factors settings.
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4.8.1 DER’s Dynamic Response and The aRCI Function Following LVRT

The purpose of this section is to illustrate the process of the DER in responding to the LVRT

and how's the aRCI function react upon the voltage sag.

Initiated by the three-phase short-circuit at bus 4, the system voltage sags. The fault duration
is set for 150 ms. The short-circuit that is set at bus 4, also cause voltage sags at the DER
connection (Figure 4-22). Following voltage sags, the DER's inverter reacts accordingly.
Depending on the DER's settings; if the K-factor was set at zero, it means the DER would not
inject additional reactive current. When the K-factor was set at, for instance, 1, or 2, then
additional reactive current is given following LVRT. When the additional reactive current is
given, the voltage sag at the DER connection is improved. The process on how the DER's
reaction following faults, and correlate it with the voltage support via reactive current injection,

can be understood through the following process as explained in the following paragraph.

During LVRT, the transient behaviour of the dg measured voltage (Vg meas) Vg meas) and the
dg measured current (ig meas) g meas)> constitute the DER response following the grid
disturbance. In the RMS simulation, the dynamic response of the DER upon responding to the
disturbance is attributed by the measured voltage and the measured current. Meaning, the two
product, the measured voltage and the measured current, affect the derivative of the state
variable of the DER's inverter dynamically. This process can be understood since
(ta_meas: Lqg meas) ad (Vg meas) Vg meas) SETVE as input signals at the current controller and
the PLL (as illustrated in Figure 4-18). As such, in the simulation modelling, every non-zero
state derivate (the transient dynamic response [139]) of the DER modelling, is initiated by the

transient response of the (ig meas: lqg meas) Ad (Va_meas» Vg meas)-

The product of the DER’s LVRT voltage support is done through reactive regulation. The
DER’s active and reactive power regulation as means of their voltage support is attributed by
the value of the dg measured voltage, and the d¢ measured current. In other words, these
signals response (ig meas)lg meas ad Vg meas) Vg meas)> constitute the DER’s active and
reactive power response. This meaning can be translated into the following paragraph.

The DER’s response as in the form of DER’s active (p) (Figure 4-26) and reactive (¢) (Figure
4-27) power response, are the product of the dg measured current (iy meqs) g meas) and the
dq measured voltage (Vg meas) Vg meas)- This process can be understood since the DER’s

active (p) and reactive (g) power are yielded from [173]

Hybpl|
q Vﬂ -V, Ip



whereas (4, ig) and (v, vg) which act as the measured current and the measured voltage on

the stationary reference frame, are obtained from

lg = ld measC€0SO — lg measSing, 4.11)
g = ig measSINO — ig measC0SH, (4.12)
and
Va — 1 COS(@) Sln(g) Vd_meas . (413)
V, | cos®(0)+sin*(8) | —sin(@) cos(8) || Vy mess

Thus, one could imply that the DER’s active (p) and reactive (q) power response during fault

are characterised by the response of the dg measured current, and the dg measured voltage.

However, it should be understood that when the DER has the aRCI function (as presented in
the Figure 4-18 and 4-19), the dq measured current, is in principle dictated by the dg reference
current. To better understand this concept, the understanding of the aRCI function that

constitutes the dq reference current response is given in the following paragraph.

In principle, aRCI is achieved by regulating dg reference current. When aRCI function is
enabled, additional i . is given. As according to the diagram block as shown in Figure 4-
19, one could observe on a detectable voltage sags Avpgg f, the additional reactive current is

then injected to the grid Ai,, proportionally to the K-factor setting K, 1, In order to prevent

overcurrent, On iy rof injection, some iy rof i reduced proportionally. As such, one could see
on dgq reference current (ig ref, iq rer) as shown in Figure 4-23, more K-factor, which lead to
the more i, ,.r injection, resulting in the lesser iy .. Further the dg reference current
(ig_ref» Uq ref) dictates dg measured current. Hence it can be seen on the prior post-fault state,

dg measured current resembles dg reference current.

Through knowing that the dg measured current are dictated by dg reference current, one could
observe the dg measured current response can be ‘regulated’ by manipulating the level of the
aRClI injection. Noting the fact that DER’s active (p) and reactive (¢q) power response during
fault are characterised by the response of the dg measured current, and the dg measured voltage,
it finally can be understood then how’s the regulation of dg reference current through aRCI

function can influence the voltage sags improvement.

4.8.2 The Impact of Different K-Factors to The Voltage Sags Improvement

Now on the second part the following discussion is given more about the impact of different
K-factors on the voltage sags improvement. From the simulated results, it can be observed

more reactive current injections could lead to more voltage sag magnitude improvement.
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However, it should be noted that from the simulated results, the voltage sag improvement is
limited by the g reference current increment. The voltage sag maximum improvement can be
indicated when the ¢ reference current increment reach -1 pu. This can be understood since
when the g reference current reaches -1 pu, no more additional reactive current could be

injected. The limitation is often made to prevent inverter’s internal damage [150].

The study uses a regular distribution grid as the test system. As such, the system is with a
highly resistive element — a condition that might impede the effectiveness of the reactive power
injection support. However, it is found that based on the simulation results, reactive power
based-LVRT voltage support still can be used to improve voltage sag. For instance, on K-

Factor (K Iy )=0.5, the voltage sags at the DER connection improved from 0.370 puto 0.371 pu.
The aRCI injection causes q reference current (iy ror) change, from 0 to -0.314 pu. The
d reference current (ig rer) is reduced to 0.949 pu during fault as to compensate the magnitude

of the aRCI injection. It can be seen during fault the oscillated dg measured current are again,
transiently oscillate, and during its prior post-fault state, converge towards to the value of the
dq reference current. Unlike the previous scenario, there is DER's reactive (q) power injection

as a result of enabling aRCI function. Further on K-Factor (K; )=1, the voltage that sags at the
DER connection improved better at 0.372 pu. The aRCI injection causes q reference current
(iq_res) shifting during the fault, from 0 to -0.628 pu, which indicates the level of the reactive
current injection is larger than the previous scenario. Again, the d reference current (ig ref) 1S
reduced to 0.778 pu during fault as to compensate further increment of the q reference current.
The dg measured current has similar behaviour to the previous scenario - transiently oscillates,
and during its prior post-fault state, converges toward the value of the dq reference current.
The DER’s reactive power injection on K-factor (K ,q)=1 reaches 50.11 MVAr, whereas on the
previous scenario, on K-factor (K I, )=0.5, DER’s reactive power injection is only 16.276 MVAr.

As such, compared to the previous scenario (on K-Factor (K,q)=0.5), there is more DER's

reactive power injection as a result of more aRCI injection.

It is shown from the simulation results in general, even though maximum reactive current
injection is already given, it does not improve the voltage sag to a level at which it is
worthwhile to implement the aRCI function. This finding can be found in the simulation study

with the K-Factor (K ,q):2. Even though it can be seen during LVRT, the ¢ reference current

(iq ref) reaches at -1 pu, indicating the reactive current that is injected is already at the

maximum level that could be given by the DER, the voltage sags improvement is observed at
best only at 0.373 pu, from 0.37 pu. Further, it can be seen as well from the simulation study,

high amount of reactive power injection (for the case of K-Factor (K| Iy )=2, the reactive power
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injection reaches up to 92.136 MVAr) does not correlate with significant voltage sag
improvement. Although this finding is already well-known and many researchers aware this
observation [3], [4], [23], [28], [50], from our simulated studies, it is observed that the quality
of the voltage sag improvement through reactive power-based voltage support, instead by K-
Factor, is actually very much depends on the impedance characteristic of the system at which
the DER is connected to (This finding will be better observed in the simulation test with system
under different condition, which is presented in the chapter 5). In theory voltage sag is the
product of the shorted-circuit current that is flown to the faulted location. The shorted-circuit
current has its magnitude and the phase angle value that is relative to the grid impedance phase.
As such, to summed it up with the simulation result evidenced in this study, the magnitude of
the voltage sag improvement which through reactive power-based voltage support is
determined by the grid impedance phase. In other words, it depends on the conditions, if the
grid impedance has a high reactance part, then it will help the reactive power injection more
effectively on improving the voltage sags. In our simulations, since the DER is connected in
the distribution system, the grid impedance has a low reactance part. As such, it affects the

reactive power injection adversely on improving the voltage sags.

Simulation results given in this chapter has shown the need to investigate the impact of grid
characteristic on the effectiveness of DER’s aRCI-based LVRT voltage support. The next
chapter presents, through our dynamic RMS simulation cases, the evaluation of the
effectiveness of the DER's aRCI-based LVRT voltage support on improving voltage sag under
various typical X/R ratio of the distribution grid.

4.9 Summary

The realisation of the voltage support modelling requires the DER modelling as a whole
system along with the grid connection. The dynamic modelling of the DER, along with the
proposed modelling of the DER’s aRCI-based LVRT voltage support in MATLAB Simulink
is successfully made. The work of the DER modelling also helps better in understanding the
process of DER’s response dynamically, along with the aRCI mechanism on regulating the dg
reference current (ig ref,iq rey ), following a fault, as means to provide reactive power
regulation in order to support the voltage sag improvement. Overall the modelling of the DER
along with the proposed aRCI design has been made and could be dedicated for the

investigation of the aRClI-based voltage support evaluation.

Further, understanding dynamically ‘the flow’ the mechanism of aRCI in improving voltage
sag, as presented in this chapter, will help better on understanding DER’s response
dynamically to help to investigate the impact of the grid characteristic to the effectiveness of
the DER’s aRCI-based LVRT voltage support, in the next chapter 5.
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Chapter 5 The Impact of Distribution Grid
Characteristic to The Effectiveness of DER’s aRCI
Based LVRT Voltage Support

5.1 Introduction

Initially, the impact of the DER's connections to the grid stability was not considered critical.
Thus to protect the electronic components of the DERs from unwanted disruptions, such as
transient voltage faults, these units could be disconnected from the remaining grid during grid
faults. The disconnections could be achieved by employing under-voltage protection. However,
with the increasing penetration of DERs, the disconnections might cause unwanted transient
grid instability. When a grid fault occurs, the fault impact that can be sensed in a wide
surrounding area propagates away from the fault site throughout the power system.
Consequently, this can cause several DER units to be automatically disconnected. Such
disconnection of a group of DERs will result in a considerable cascading loss of electricity
generation. To alleviate the problem, especially with the ongoing plans to increase the
penetration of DER units, the voltage support capability will not only be required for the DERs
at the medium voltage level, but also for the DERs on the distribution grid level. As such,
investigating the impact of distribution grid characteristic to the effectiveness of DER’s aRCI-

based LVRT voltage support is necessary.

5.2 The Need for Investigating Impact of The Grid Characteristic to The
aRClI-based Voltage Support Performance

The idea of LVRT voltage support through reactive power regulation at first was made since
many wind and PV parks were connected to a long feeder — a condition that which most of the
power source park was mainly connected to a medium voltage line [4]. As such, implementing
LVRT voltage support through reactive power-based regulation was considered ideal, as most
of these DER connections are made through long feeder which has relatively higher X/R ratio
than connection lines on lower voltage level [1]. Because of the nature of the DER connections
voltage level, as has been discussed in chapter 2, many grid codes require the LVRT voltage
support only for MV-connected DER, but do not yet consider the need of LVRT voltage
support for LV-connected DER. As such, there is a need to investigate the readiness of

implementing aRCI-based LVRT voltage support for the DER on low voltage connections.

The grid’s X/R ratio and the ‘grid strength’ define the grid characteristic [174]. It is well-known
that the lines on the distribution level tend to have a lower X/R ratio than the line on

transmission level [2], [4]. Furthermore, distribution lines tend to be weaker as compared to
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the lines on a higher voltage level, as normally lines on distribution level have impedance level

higher relative to the line on transmission level [175].

The studies about the impact of the X/R ratio on the voltage stability of the DER connected
grid has been the scope of the research in many studies [48], [168], [170], [175], [176].
However, in most of the studies reviewed, only the steady-state voltage stability was
considered in detail. The investigation of the transient LVRT stability of the DER-connected
grid still can be found in many topics of interest. However, studies on LVRT stability of the
DER-connected grid that consider distribution grid's X/R ratio and the ‘grid strength' has not
yet been made. In [3] the impact of various levels of the injected reactive power on different
DER locations was analysed and provided useful information regarding the relationship
between the injected reactive power level and the DER location relative to the fault location.
It was found that DERs located close to the fault result in less LVRT voltage sag improvement.
DERs that are relatively far from the fault location give a better LVRT voltage sag
improvement. However, the study only considered DER on medium voltage level connections.
Other studies relying on considering a group of rotating-based loads originated by air
conditioning systems have been presented in [14], [78], [109], [110], but the effect of the X/R
ratio of the system on the effectiveness of the DER's LVRT voltage support was not considered.
DER's flexible LVRT voltage support via a reactive power based regulation as a means to solve
asymmetrical faults are discussed in [177], [178]. However, none of them considered the effect
of the X/R ratio of the system on the effectiveness of the voltage support. In [4] an investigation
of LVRT of DER-connected grid at distribution and transmission levels is presented. It is found
that generally, the voltage recovery time during LVRT of DER on low voltage level connection
is longer than on higher levels. However, the investigation of voltage support was not carried

out in this study.

From many previous studies so far, it is found that ‘weak' distribution grid, which has typically
high line impedance level [177], may introduce grid and DER instability during the post-LVRT
state [175], [179]. The increased number of DERs on the distribution grid has been associated
with the weakening of the grid strength [175], [176], [180]. Further, it has been observed that
the strength of AC grids has significant implication to the stability of the DER connection into
the AC grids [181], [182]. As such, transient stability analysis is required to evaluate whether
the weak AC grid and the DER could withstand large disturbances. Particularly in the event of
fault disturbance, there are potential voltage instability problems and system collapse
happening, when the DER and the weak AC grid could not meet the reactive power demand
to compensate the voltage deviations. Therefore, for such reason, when the DERs are
connected to a weak AC grid, appropriate voltage support is required to ensure the DER-

connected grid is stable during and after the fault clearance. Thus, there is a need to investigate
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the effect of a weak distribution grid and its X/R ratio to the effectiveness of the DER's reactive
power based LVRT voltage support and the voltage stability of the distribution system. In the
following section, the association of the increasing number of the DER connections to the

weakening of the grid strength will be explained.

5.3 The Implications of Growing Numbers of DER on Grid Strength

On a distribution system, such as medium voltage levels with long radial feeders, which far
away from synchronous generators, the strength of the system can be characterised by the
Short Circuit Capacity (SCC) value of the system [183]. The Short Circuit Capacity (SCC) is
taken as

Scc = Zarid: (5.1)

Zgrid
whereas vg,iq and Zg,;q represent the overall grid voltage and impedances. As such, it can be
seen from equation (5.1), for illustration, the higher of the impedance level in pu of the grid,
and assuming the voltage of the system under normal condition is in one pu, the lower is the
value of the SCC. The SCC is a grid strength indicator of at the specified point or a bus. Thus,

in theory, a system, which comprises of numerous generators and transmission lines will have

multiple SCC from each bus [183].

It has been reported that the increasing number of DERs on the distribution grid has always
been linked with the weakening of the grid strength [175], [176], [ 180]. This can be understood
since, by definition from IEEE 1204 [183], a weak power grid has high impedance value
relative to the point of connection of the DER. In other words, with the presence of the DER
at the distribution level, the grid becomes weaker as more active power is being generated by
the DER. The classification of the strength of the DER-connected grid, as in the form of the
Short Circuit Ratio (SCR), can be understood as according to

SCR = 3¢ (5.2)

PpER

whereas Ppgr indicates the level of the DER’s active power of the respective bus. The SCR is
an indicator of the ability of the bus to maintain its voltage in response to the power variations.
Thus, a grid with high SCR will be less sensitive to the bus voltage deviation than a grid with
low SCR [183]. The increments of the DER’s active power results in smaller Short Circuit

Ratio (SCR). As such, smaller SCR will result to the weakening of the grid.

It should be understood that the strength of AC grids has a significant impact on the stability
of the integration of DER into the AC grids [184]. By definition, the ‘strength’' of the grid, in

general, is determined by its impedance and mechanical inertia, i.e., kinetic energy, stored in
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the rotating parts of all connected generators [185]. Therefore, ‘weak grid’ differs to the ‘grid
with low SCR’ since the value of the SCR, is simply a comparison of the AC grid short circuit
capacity (SCC) and DC power injection at the specified bus — an indicator of the grid strength
at the specified point or a bus [185]. Even so, although the SCR is not the precise strength
indicator of the entire grid, still, it can be a useful evaluation tool for measuring the grid

strength at a specified point, such as the Point of Common Coupling of the DER connections.

5.3.1 Some Classifications of The Strength of The AC Grid

The classification of the grid strength can be made based on the SCR level of the grid.
[lustratively, the following is a definition of the strength of an AC grid, as according to IEEE
1204 [183]:

1. strong grid, when the SCR of the grid is greater than 3 pu
2. weak grid, when the SCR of AC grid is between 2 pu and 3 pu
3. very weak grid, when the SCR of AC grid is lower than 2 pu

It should be noted that the classifications of the strength of the AC grid are normally made
based on the grid regulator's practical experiences gained from the monitoring of the power
grid operations [184]. As such, the classifications can be different in each region. For example,
in the German grid code [117], it is mentioned that the SCR at the grid connection point of the
DER should be at a minimum of 6 pu, and should be guaranteed by the related Transmission
System Operators (TSO) for the connection of the DER. In the Danish grid code [34], [35],
the SCR is made to be at a minimum of 10 pu at the grid connection point of the DER. In the
CIRED-CIGRE Joint Working group [186], the grid connection point of the DER is considered
weak if the SCR is less than 5 pu, or if SCR at the MV collection grid is less than 4 pu. The
grid connection point of the DER is considered to be very weak if SCR is less than 3 pu, or if
the SCR at the MV collection grid is less than 2 pu. All the previously described standards
agree that the lower the value of the SCR, the weaker the grid will be.

5.3.2 Weak Grid Indications

Further, although all of the above-mentioned SCR standards have different interpretation on
what level of the grid SCR should be considered weak, in general, it is agreed that a grid
becomes weak if one or more of the indications as shown in the below is exposed to the grid

[34], [35], [117], [183], [184], [186].

1. if the DER-connected grid has high impedance lines, and/or not connected to a strong
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neighbouring grid.

2. if the grid’s synchronous power sources are replaced with a high number of DER

connections.

3. if the grid has lines and/or buses at which the DER is connected, is located far away

from the main network connections.

4. if rich wind/radiance resources are located far away from the load centres at which

DER’s PCC has to be connected via the long feeder.

5. if the DER is indicated has a high internal impedance (due to their transformers at

their PCC).

5.4 Defining Typical X/R ratio of The Distribution Grid Lines

Many studies agreed that normally, the line in the distribution level has lower X/R ratio than
the line in the transmission level [29], [187], [188]. The X/R ratio of the transmission line is
very much attributed by the construction of the transmission line: the cross section of its
conductors, the material of its conductors, the distance between its conductors and the insulator
between its conductors [185]. Further, transmission lines are made to transmit electric power
at a higher voltage than the distribution line. As such, the distance between the wires of the
transmission lines is normally made much larger than the distribution line. Thus, such situation
leads the transmission line has much higher magnetic energy storage, and consequently its
inductance per unit length will be higher — meaning that the X/R ratio of the transmission line

will be higher than that of the distribution line for the same current ratings [185].

The classification level of ‘low’ and ‘high’ X/R ratio for the low voltage (LV) and high voltage
(HV) lines is not always consistent between studies. In [170], for instance, the range of the of
typical ‘low’ and ‘high’ X/R ratio for the LV and HV line impedance for their DER integration
study are between 0.62 and 2.1, while in [171], the range of the ‘low’ and ‘high’ X/R ratio are
between 0.16 and 3.14. Further, better classification levels are given; ‘low’, ‘medium’, and
‘high’ X/R ratio for the low-, medium- (MV), and high-voltage lines, which can be found in
[172]. Their definitions for the ‘low’, ‘medium’, and ‘high’ for the X/R ratio are 0.12, 1.2, and
3.22, respectively. In this thesis, since distribution level is the focus of the study, the variation
of the X/R ratio for the investigation is to be made between from 0.12 and 1.2, based on the
study in [172]. It will be shown in section 5.6 the X/R ratio used in the simulation study is
presented in Table 5-2.

After the description of the low X/R ratio is given, section 5.5 is made to understand better the
standpoint of the weak network relating to the stability of the DER-connected grid and its

voltage support.
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5.5 The Standpoint of The Weak Network Relating to The Stability of
the DER-Connected Grid and Its Voltage Support

Most of the rich wind sources and places with high radiance level are far away from the infinite
bus. The infinite bus is often referred to as the bus with a strong grid connection. In most
situations, a strong grid connection is closely located to the large synchronous power sources
[185]. Thus, by nature, the infinite bus has higher SCC than the buses that far away from the
large synchronous power sources [147]. Since the wind and PV parks are often connected
relatively far away from the infinite bus, the wind and PV parks are most likely connected via

medium voltage long feeder to a weak AC grid.

Thus, as for the case for the DER (wind and PV) park type, since most of the DER park are
connected via medium voltage connections and are connected to electrically weak AC grids,
they are frequently prone to the voltage disturbance [188]. As such, to ensure the voltage
stability of these DER park-connected grids, often the DER park is equipped with the reactive
power-based voltage support [168]. The reactive power-based voltage support is provided
through static compensation for the steady state voltage support, and/or dynamic compensation
for the transient LVRT voltage support [186]. The voltage support is made to enhance the
integration of DER park into the weak AC grids.

Meanwhile, the introduction of the rooftop PVs allows the DER connection to be made within
the urban/residential area, such that long feeder which normally required for the DER
connection, is no longer needed. Therefore, with no medium voltage connection present
between the DER and the load point, it is likely the DER-connected grid will have lower X/R
ratio since the DER is connected directly to the weak AC grid. Further, it can be seen according
to equation (5.2) the SCR of the AC grid will be lower when the number of the DER connection
to the grid is increased. Meaning, increasing the number of the DER connection can increase
the potential voltage instability of the AC grid following disturbance. With that in mind, it is
clear that there is a need to investigate further implementation of the reactive power-based

LVRT voltage support on the DER which directly connected to the weak AC grid.

It will be shown from in the study, on a weak grid, the post-LVRT instability could be
prevented through correctly-adjusted reactive power-based voltage regulation. Following the
appropriate simulation, suitable reactive current injection levels could be estimated and then

employed to prevent system instability.

5.6 Setting Up the Simulation Test for The Investigation

The simulation test uses the system similarly used from chapter 4. However, some

modifications are made in order to fit the objective of the study in this chapter. Since the
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objective of the study is to investigate the impact of the distribution grid characteristic to the
effectiveness of DER’s aRCI-based LVRT voltage support, several simulation test cases are

carried out through different X/R ratio level and the ‘strength' of the grid.

The realisation of the test cases is done by setting up differently the parameters of one of the
distribution line of the test system. Different line parameters are made by varying the
inductance level of the grid in every simulation test. By doing so, the variation of the X/R ratio
and the AC grid strength could be made. To create such cases, the impedance of the
Distribution Line 3 that connects bus 3 and bus 5, as shown in Figure 4-20 from section 4.6,
is set differently as per scenario. Table 5-1 shows the impedance parameters of Distribution
Line 3 for each scenario used in this study. The parameters of the Distribution Line 3 are
reshown in Table 5-1, along with the different inductance setting to express different X/R ratio

of the line that is shown in Table 5-2.

Table 5-1 The resistance and the capacitance of the ‘Distribution Line 3’ per unit length, in

Ohms/km (Q/km) and Farads/km (F/km)

positive-sequence resistances [r1] (Ohms/Km) | 0.1153
positive-sequence capacitance [c1] (F/Km) 11.33x10°
Line length (Km) 14

Table 5-2 The inductance of the ‘Distribution Line 3’ per unit length, in Henries/km (H/km)

Scenario | positive-sequence inductance | X/R ratio of the distribution line (*)
[11] (H/Km)

1 1.4x102 0.12

2 4.00x1072 0.35

3 7.90x102 0.80

4 1.44x10"! 1.2

(*) the selected X/R ratio is made based on the X/R ratio of the typical

distribution line as has been used in the study in [172]

5.7 Simulation Results

Throughout the simulation study, the scenarios of the simulation, that was carried out by
applying different grid X/R ratio and its strength, were made to evaluate the impact of the grid
characteristic to the stability of the grid and the aRCI-enabled DER connections. However, in
order to save space and avoiding the repetitive presentation of the simulation results, in the

following subsections, only four scenario tests are presented and highlighted.

The realisation of the four selected scenarios which are aligned to the scenarios as in Table 5-
2 is made to express some aspects. The design of the simulation test system in scenario 1 and
2 are made to assess the stability grid with the DER connection following LVRT under
different X/R ratios. The design of the simulation test system in the scenario 3 and 4 are made

to assess the stability of the weak grid with the DER connection following LVRT, and also to
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assess the possibility of benefiting aRCI-based LVRT voltage control to not only improving

the voltage sag but also for preventing post-fault instability.

5.7.1 Scenario 1

In this scenario, the simulation test is done in five different cases, with each simulation having

different K-factor. The K-factor, K, Ig> is chosen 0, 0.5, 1, 1.5, and 2, to represent the different

level injection of aRCI. In the section (section 5.7.1.1), the DER’s dynamic response; voltage
terminal at the DER connection in per unit (Vpgg ), dg reference current in per unit

(La_ref» Uq ref)> dq measured current in per unit (ig meas) Lg_meas)> 49 Measured current in per
Unit (Vg meas» Vq_meas)> DER’s active power in kW (p), and DER’s reactive power in kVAr (¢);

are shown. The simulation results are then discussed in the second sub-section (section 5.7.1.2).

5.7.1.1 Simulation Results on Scenario 1

voltage terminal at the DER connection
T T

2 11 T T T T T T T
| =
= 1 - uin pu with K-factor=0
-% [T 7 T voltage terminal at the DER connection uin pu with K-factor=0.5
O gl (Res T i u in pu with K-factor=1
= g § 04z uin pu with K-factor=1.5
5] g : : =

| |go# uin pu with K-factor=2 | _|

0.8
2 | (Zes j
2071 5.,
E £ o
206 —r 1
E {.,
£ 05 _
g L
© - 4
= 0.4
-~
é 0.3 1 1 1 1 1 1 1 1 1
1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8

time in second

Figure 5-1 Response of the voltage terminal at the DER connection in per unit (Vpzz) during LVRT

with all corresponding K-factor settings (scenario 1)
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Figure 5-2 Response of the dq reference current in per unit (ig ,ef, iq ref) during LVRT with all
corresponding K-factor settings (scenario 1)
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measured dq current in pu
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Figure 5-4 Response of the dg measured voltage in per unit (v 045, vq_meas) during LVRT with all
corresponding K-factor settings (scenario 1)
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DER's reactive power in kVAr
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Figure 5-6 Response of the DER’s reactive power in kVAr (q) during LVRT with all corresponding

K-factor settings (scenario 1)

5.7.1.2 Observation on the Simulation Results from Scenario 1

As shown in the simulation results in section 5.7.1.1, the voltage sags at the DER connection
can be improved when the aRCI are given. Higher aRCI level can be observed when higher
K-factor is set. As shown in Table 5-3, when the DER is without aRCI function (K-factor=0),
the voltage sags at 0.371 pu. Further, the dg reference current, as observed in Figure 5-2, stay
constant during the fault. As a result, no additional DER’s reactive power (g) is given (red line),
as shown in Figure 5-6. The sudden jump of the active (Figure 5-5) and reactive (Figure 5-6)
power at the initial state of the LVRT can be seen, which is attributed by the short circuit
current contributed by the DER. The short circuit current in the dg reference frame can be seen
in Figure 5-3. In the Figure, during the initial state of the LVRT, the magnitude of the d
measured current (iy ,eqs) increase suddenly almost three times before finally it steadily
converges to its initial state. Similar to the ¢ measured current (i; ;meqs), its magnitudes
decrease suddenly down to almost -2 pu, before finally it steadily converges to its initial state
(1 pu). Note that the negative g reference is taken from the grid’s perspective. Thus, when its
direction is negative, it means the DER is injecting reactive current to the grid. This principle
is applied to the iy rof and Vg seqs as well. It will be shown in the remaining scenarios that a
similar sudden burst of the short-circuit current will be observed as well. This phenomenon

will be better explained in the discussion, section 5.8.2.

On the case with K-factor=0.5, aRCI injection is observed to cause the i ..y move from 0 to
-0.311 pu, resulting the iy yeqs shifted from 0 to -0.297 pu. As according to (4.10)-(4.13), this
will cause DER to inject 21.33 kVAr to the grid during a fault. Hence, voltage sags reduction
is observed, from 0.371 to 0.378 pu. Voltage sag improvement on K-factor=0.5 is observed for
1.887%. On the case with K-factor=2, it is observed as shown in Figure 5-2, maximum aRCI

could be injected is given.
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It can be observed that the K-factor variation leads to the variation of the voltage sag
improvement magnitude (Figure 5-1). From the observed simulation results, the implication
of the K-factor variation to the voltage sag at the DER connection can be explained, which is
given as follows. Suppose when the voltage sag is happening, the DER’s inverter will detect

the difference of the pre-fault voltage magnitude and the fault voltage magnitude (Avge, ).
This difference is then used to adjust the additional reactive current magnitude injection, Aig.
The Avger ¢ is then multiplied by the adjusted K-factor, kl-q. As such, one can imply that
higher kl-q leads to higher Ai,. Note that iy ,¢r is the product of pre-fault reactive current and
Aig. Thus, from this point, one could see how is the kl-q adjustment can regulate the level of
the iy yor. Note that from Figure 5-2 and 5-3, the response of the measured ¢ reference
current, iy meqs, 18 governed by the iy ror. The higher the negative magnitude of the i .y,
the higher will be the negative magnitude of the i; ¢4 Further, from Figure 5-3 and Figure
5-6, it can be implied that the higher negative magnitude of the iy peqs results in higher
reactive power magnitude being injected by the DER. As such, on higher kl-q, the voltage sag

restoration after LVRT is observed better; as shown in Figure 5-1 the grid could meet the

reactive power demand to compensate the voltage deviations.

This can be indicated by the iy .r and i, . are equal to 0 and -1, respectively. In this situation,

DER injects 99.38 kVAr to the grid during fault. Hence, voltage sags reduction is observed at
best, for 0.401 pu for voltage sag improvement for 8.086%. The overall observations of the
LVRT simulation responses are presented in Table 5-3. It can be observed in general, higher

aRClI leads to better voltage sag improvement.

Table 5-3 Overall observations of the LVRT simulation responses during fault for Scenario 1

Parameters Symbol Value
K-factor Klq 0.0 0.5 1.0 1.5 2.0
voltage sag VoEr 0.371 0.378 | 0.385 | 0.398 | 0.401
lg ref 1.000 0.950 | 0.786 | 0.422 | 0.000
dq reference current in pu lg ref 0.000 | -0.311 | -0.617 | -0.905 | -1.000
id meas 1.007 1.192 | 0.797 | 0.385 | 0.000
dg measured current in pu lg meas 0.006 -0.297 | -0.676 | -0.870 | -0.933
Vg meas | 0.374 0.378 | 0.390 | 0.403 | 0.409
dg measured volt in pu Vg meas | 0.000 0.000 | 0.000 | 0.000 | 0.000
DER's active power in kW () 121.600 | 93.660 | 76.790 | 40.390 | 0.736
DER's reactive power in kVAr (@) 0.000 | 21.330 | 49.610 | 88.330 | 99.380
Voltage sag improvement rate in % | AV,qte n/a 1.887 | 3.774 | 7.278 | 8.086

The voltage sag improvement that is shown in this study is made to demonstrate the usefulness
of the reactive power-based voltage support from the DER in the distribution level grid. Should

be understood that although in this scenario the voltage improvement under K-factor=2 case
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is observed at 8.1% (as compared to the K-factor=0, or no reactive power injection is given),
the simulation test uses a relatively small system (the total load of the grid is around 32MW,
Table 4-7). Even more, the DER penetration level of the overall system is only 250kW,
meaning the DER penetration level is less than 1%. As such, one could imply that there is a
significant potential for the voltage sag improvement in the distribution level system for more

than 8.1% when the DER penetrations are higher than the demonstrated simulation test.

5.7.2 Scenario 2

In this scenario, the simulation test cases are done five times. Similar to the previous scenario,

maximum K-factor, K Ig> is set up to 2. It will be shown in the simulation results since in this
scenario the distribution line 3 has X/R ratio for 0.35, which is higher than previous scenario

(0.12), the overall voltage sag improvements are observed better than in the previous scenario.

5.7.2.1 Simulation Results on Scenario 2
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Figure 5-7 Response of the voltage terminal at the DER connection in per unit (Vpzr) during LVRT

with all corresponding K-factor settings (scenario 2)
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Figure 5-8 Response of the dq reference current in per unit (ig ,ef, iq rer) during LVRT with all
corresponding K-factor settings (scenario 2)
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measured dq current in pu
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Figure 5-9 Response of the dq measured current in per unit (i; ,;eqs, iq_meas) during LVRT with all

corresponding K-factor settings (scenario 2)
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Figure 5-11 Response of the DER’s active power in kW (p) during LVRT with all corresponding K-

factor settings (scenario 2)
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Figure 5-12 Response of the DER’s reactive power in kVAr (q) during LVRT with all corresponding

K-factor settings (scenario 2)

5.7.2.2 Observation on the Simulation Results from Scenario 2

From the simulation result, the voltage sags for the case K-factor=0 is observed at 0.369 pu,
lower than the voltage sags on the same K-factor on the previous scenario (0.371 pu) —
indicating in the Scenario 2 the grid is weaker than the one on scenario 1. However, it is
observed that the overall voltage sag improvement rate is better than the one from the previous
scenario. The observed result can be understood since the grid in the Scenario 2 has higher
X/R ratio than in the previous scenarios. For instance, from Figure 5-7, on K-factor=1, the
voltage sag improvement reaches 0.392 pu. In the previous scenario, with the same K-factor,
the voltage sag reaches 0.385 pu. As such, from Scenario 2 the voltage sag improvement rate
is observed at 6.233%, whereas on the same K-factor setting, the voltage sags improvement

rate on Scenario 1 is observed at only 3.774%.

Further when the maximum aRCI is given (as seen on K-factor=2), in the Scenario 2 the
voltage sag improvement rate is observed at 23.203% (at 0.455 pu), whereas in the Scenario 1
the voltage sag improvement rate is observed at only 6.086% (0.401 pu). Moreover, when a
maximum reactive current is injected, under higher grid's X/R ratio, more reactive power could
be injected by the DER. As such, these results indicate a strong influence of the X/R ratio of
the grid to the performance of the aRCI on improving voltage sags during LVRT. The overall

observations of the LVRT simulation responses are presented in Table 5-4.
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Table 5-4 Overall observations of the LVRT simulation responses during fault for Scenario 2

Parameters Symbol Value
K-factor Ki, 0.0 0.5 1.0 1.5 2.0
voltage sag VoEer 0.369 0.390 0.392 | 0.438 0.455
lg ref 1.000 0.953 0.797 | 0.528 0.000
dgq reference current in pu lg ref 0.000 -0.302 | -0.603 | -0.850 | -1.000
id meas 1.006 1.135 0.903 | 0.547 | 0.000
dg measured current in pu g meas | 0.000 -0.234 | -0.587 | -0.828 | -1.000
Vd meas | 0.367 0.386 | 0.401 | 0.441 0.466
dg measured volt in pu Vg meas | 0.000 0.000 | 0.000 | 0.000 | 0.000
DER's active power in kW ®») 132.600 | 112.600 | 94.280 | 56.200 | 0.000
DER's reactive power in kVAr (q9) 0.000 25.540 | 33.370 | 85.960 | 112.400
Voltage sag improvement rate in % | AV,q¢e n/a 5.691 6.233 | 18.699 | 23.306

5.7.3 Scenario 3

In this scenario, the positive-sequence inductance for the ‘Distribution Line 3' is made almost
six times of the positive-sequence inductance for the ‘Distribution Line 3' in Scenario 1. The
simulation setup is created to introduce the instability of the system due to the weak condition

of the grid. Since the maximum reactive current injection is reached when the K-factor, K Iq is

2.5, The K-factors for the cases is given from 0 to 2.5. As such, there are six simulation test
case in this scenario (K-factors=0, 0.5, 1, 1.5, 2, & 2.5). Further, it will be shown in the
simulation results, since in this scenario the grid impedances are higher than in the previous
scenario, the DER connections are exposed to the potential instability of the weak grid
condition. It will be shown as well that with the voltage support from the DER the potential
instability could be avoided.

5.7.3.1 Simulation Results on Scenario 3
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Figure 5-13 Response of the voltage terminal at the DER connection in per unit (Vyzz) during LVRT

with all corresponding K-factor settings (scenario 3)
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corresponding K-factor settings (scenario 3)
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Figure 5-17 Response of the DER’s active power in kW (p) during LVRT with all corresponding K-

factor settings (scenario 3)
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Figure 5-18 Response of the DER'’s reactive power in kVAr (q) during LVRT with all corresponding
K-factor settings (scenario 3)

5.7.3.2 Observation on the Simulation Results from Scenario 3

On the case with K-factor=0 when the fault is happening at 1.5 s, the voltage begins to deviate,
and then the voltage response goes unstable, even the fault is cleared at 1.65 s. The voltage
response on K-factor=0 is shown the red line, as in Figure 5-13. As a result, the voltage
response in dq reference, vy meqs (red line), and vy eqs (yellow line) are also observed
unstable, as shown in Figure 5-16. It can be seen that the v yeqs and V4 eqs Oscillate during
fault and these oscillations become more apparent even during post-fault. The response of the
dq measured current in per unit, iy meqs aNd iy meqs, during fault also show signs of instability.
The i; meqs 1s shown do not return to its initial point on post-fault, and so is the iz meqs. As a
consequence, the DER's active and reactive power responses also deviate wildly and go
unstable. These can be seen the red lines in Figure 5-17 and 5-18 for the active and reactive

power responses, respectively.
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From the simulation results, the instability of the system under the case when the K-factor=0,
is indicated by the lost voltage restoration after the cleared fault as shown in the red line (Figure
5-13). The voltage instability as shown is observed since the short-circuit current
compensation could not adequately compensate the short-circuit current needed to be flown to
the located fault [140]. In reality, the system instability response during post-LVRT would not
happen as much as has been illustrated in the simulated result. So once the system suffers the
short circuit fault and then the voltage sags, let’s suppose, down to 0.8pu, if the voltage sags
duration is longer than 150ms, then normally the system protection, such as the undervoltage
protection is activated and the distribution system is disconnected from the transmission grid
to prevent further disturbance. In this study, the simulation analysis does not account system
protection, such as under voltage protection that is normally available in the DER's point-of-
common-coupling, which normally meant to prevent further system stability deterioration. The
presented simulation in this study is meant to investigate the effect of the grid characteristic to
the DER’s voltage support performance. As such, the point of interest of the simulation test is
during the LVRT state/during the voltage sag. Hence, although it can be inferred the post-
LVRT state in the simulation outcome does not reflect the real situation, still, the purpose of

the study is met.

Further on, it can be seen starting from K-factor=0.5 the system's response is showing its signs
of stability. The voltage magnitude response in pu, in this case, is shown on the pink line as
illustrated the Figure 5-13. Further as seen in Figure 5-16 the dg measured voltage responses,
Vg meas (PINK line), and v, peqs (brown line), are also seemed stable after fault. The response
of the dg measured response, iy meqs aNd ig meqs, during fault are also shown remained stable

as well. As a result, the DER’s active and reactive power responses are observed stable.

On the case with K-factor=1.5, the voltage sags at 0.468 pu. The voltage sag improvement rate
on K-factor=1.5 is observed better by 16.129% than the voltage sag improvement rate on K-
factor=1 (2.978%). This result can be understood since higher K-factor, which results in the
higher magnitude of the DER's reactive current, leads to higher reactive power injected to the
grid. With the higher amount of the DER's reactive power being contributed to the shorted-
circuit power at the faulted location, better voltage sag improvement at the DER connection
could be made. Highest K-factor on the simulation test is given at 2.5. It is shown in this case,
the iy r¢r is at -1 pu, indicating the reactive current injection reaches its maximum level. Thus,
the voltage sags improvement reaches at its best, at 0.533 pu. 0.533 pu is the best voltage sag
improvement in this scenario. Overall it can be observed higher K-factor may result in a better

voltage sags improvement.
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Table 5-5 Overall observations of the LVRT simulation responses during fault for Scenario 3

Parameters Symbol Value

K-factor K, 0.0 0.5 1.0 1.5 2.0 2.5
voltage sag Vpgr | unstable | 0.403 0.415 0.468 0.523 0.533
dq reference current in lq ref | unstable | 0.955 0.814 0.547 0.000 0.000
pu lq ref | unstable | -0.293 -0.580 | -0.820 | -0.955 | -1.000
dg measured current in id meas | unstable 1.141 1.180 0.648 0.358 0.000
pu g meas | unstable | -0.267 | -0.397 | -0.646 | -0.928 | -1.064

Vg meas | Unstable | 0.407 | 0417 | 0476 | 0.518 | 0.520
dq measured volt in pu Vq_meas unstable 0.000 0.000 0.000 0.000 0.000
E\E/R § active power in ®) | nstable | 135.700 | 127.300 | 119.900 | 34.090 | 0.000
DER's reactive power in (@)
kVAr

Voltage sag AV, qte

improvement rate in % unstable 32258
*) n/a 2.978 | 16.129 | 29.777 '

(*) as compared to the Vpgg on the case with K factor=0.5

unstable | 31.090 | 45.450 | 66.420 | 118.800 | 124.200

5.7.4 Scenario 4

In this scenario, the positive-sequence inductance for the ‘Distribution Line 3’ is ten times of
the positive-sequence inductance for the ‘Distribution Line 3'in Scenario 1. Similar to scenario
3, the simulation setup is made to introduce the instability of the system due to the weak grid.
However, since the grid is much weaker than in the scenario 3, it will be shown even the DER’s
aRCl-based LVRT voltage support is given, by setting the K-factor at 1.5, the grid is still
exposed by the system instability. It will be shown that the system instability can be avoided
by setting the aRCI at a higher level. The simulation test is done four times, and the K-factor,

Ki,, is given from 1.5 to 3. Again, the no-aRCI case (K-factor=0), the case on K-factor=0.5,

and 1 are not shown. In this scenario, the maximum aRCI case is given at the K| ,q=3.
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5.7.4.1 Simulation Results on Scenario 4
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Figure 5-23 Response of the DER’s active power in kW (p) during LVRT with all corresponding K-

factor settings (scenario 4)
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Figure 5-24 Response of the DER’s reactive power in kVAr (q) during LVRT with all corresponding
K-factor settings (scenario 4)

5.7.4.2 Observation on the Simulation Results from Scenario 4

On the case with K-factor=1.5, it can be seen in general as the short-circuit fault starts at 1.5
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s, the voltage sag is happening, and then the voltage response goes unstable, even after the
fault is cleared at 1.65 s. The voltage response on K-factor=1.5 is illustrated by the red line, as
shown in Figure 5-19. Further, it can be seen due to the system’s instability, the v, .45 and
Vg meas OSCillate during fault and its oscillations becoming more apparent even during post-
fault. The instability response during fault is also observed at the response of the dg measured

current (ig meqs and g 1meqs), @ shown in Figure 5-21. As a result, the DER's active and

reactive power responses are also going unstable. These can be seen the red lines in Figure 5-

23 and 5-24 for the active and reactive power responses, respectively.

On the case with K-factor=2, it can be seen that the system's response are stable. The voltage
magnitude response (pink line, as shown in Figure 5--19) is shown. On the post-fault state, the
voltage response goes stable and back to its initial state shortly after the fault is cleared. Same

goes with the dg measured voltage responses. As shown in Figure 5-22, the v 045 (pink line),
and Vg meqs (brown line) also seem stable after LVRT state. The response of the dg measured
current response iy meas aNd g meqs are also shown remained stable (Figure 5-21). Again, as a

result, the DER’s active and reactive power responses are observed stable as well.

On the case with K-factor=2.5, the voltage sags at 0.599 pu. Again, the voltage sag
improvement rate on K-factor=2.5 is observed better for 28.54% than the voltage sag
improvement rate on the case with K-factor=2. Further on the case with K-factor=3, the
voltage sag improvement is observed at 0.648 pu, better than the one on K-factor=2.5. The
voltage sags improvement for this case is observed at best among other cases. The voltage sag
improvement rate is observed 39.056%, better than the voltage sag improvement rate on the
case with K-factor=2. Again, the overall observations of the LVRT simulation responses are

presented in Table 5-6.

Table 5-6 Overall observations of the LVRT simulation responses during fault for Scenario 4

Parameters Symbol Value
K-factor Ki, 1.5 2.0 2.5 3.0
voltage sag Vpgr | unstable | 0.466 0.599 0.648
g res | unstable | 0.463 0.000 0.000
dq reference current in pu lgref | unstable | -0.920 | -1.000 | -1.000
4 meas | Unstable | 0.528 0.034 0.000
dq measured current in pu lq meas | unstable | -0.699 | -0.864 -0.926
V4 meas | Unstable | 0.583 0.580 0.572
dq measured volt in pu Vg_meas | Unstable | 0.008 | 0.002 0.000
DER's active power in kW ») unstable | 77.310 | 11.290 0.941
DER's reactive power in kVAr (9) unstable | 92.550 | 122.400 | 129.500
Voltage sag improvement rate in % (*) | AV,4. | unstable n/a 28.541 | 39.056

(*) as compared to the Vg on the case with K factor=2.0
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5.8 Discussion of the Simulation Results

From the simulation results, in the discussions, two important aspects are highlighted into two
subsections. The first aspect is about the effect of the X/R ratio of the grid to the effectiveness
of the aRCI on improving the voltage sag. The discussion of the first aspect is made to
corroborate the proposed theoretical analysis of DER’s LVRT voltage support via aRCI on
different X/R ratio from the section 3.5 in the perspective of the dynamic RMS simulation
results. The argument is the contribution of the study on the usefulness of the aRCI-based
LVRT voltage support for DER on the distribution level is also presented as well. The second
aspect is about the potential system instability during LVRT due to the ‘weak’ grid and its
potential occurrence due to the continuous growth of the DER, which is connected directly to
the distribution system. The discussion on the second aspect is then extended to present the
potential solution of the aRCI-based LVRT voltage support to prevent the potential system
instability. The discussion of the second aspect is made as the contribution of the study to
support argumentatively the possibility for the realisation of the reactive power-based LVRT
voltage support not only for DER park, which normally connected via MV long feeder, but

also for the DER that is directly connected to the residential/urban area network.

5.8.1 The Influence of The Distribution Grid X/R Ratio to The DER Voltage

Support on Voltage Sag Improvement

It can be seen the aRCI can be claimed to improve voltage sag, however, it is highly influenced
by the X/R ratio of the grid. Larger X/R ratio results in better voltage sag improvement. By
applying higher inductance level at the Distribution Line 3 (as shown in Table 5-1 and 5-2), it
can be seen that the voltage sags improvement rate is better than on simulation test on smaller
inductance level. This observation can be understood since higher K-factor results in higher ¢

reference current (i ,.f). the voltage support through the regulation of the i as has been

qref>
explained before, according to the equation from (3.17) to (3.21), will be more effective in a
situation in which the impedance of the grid has more reactance element than the resistive
element. Note from (3.17) it can be referred short-circuit current magnitude, and its phase is
highly depended to the short-circuit impedance - a condition in which short-circuit current
phase is highly influenced by the short-circuit resistance and reactance level. Since the short-
circuit current, in theory, if it is situated in a grid with grid impedance with medium level X/R
ratio (such as exhibited in the scenario 4), will have the dominant effect to the reactance

element of the system. Thus if such condition is happening, the injection of higher i ,..r will

better ‘compensate’ the contribution needed to the reactance part of the shorted-circuit current.
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This is proven on the voltage sag improvement rate in % as described from Table 5-3 to Table
5-6. It is shown in general DER’s aRCl-based voltage support in a grid with more inductance
level could contribute better voltage sag improvement. For instance, in Scenario 2 with the
case on the DER with K-factor=1, the voltage sag could be improved up to 6.233%, whereas
in Scenario 1 with the case on the DER with K-factor=1, the voltage sag could be improved
for only 3.774%. Another example is shown; in Scenario 2 with the case on the DER with
K-factor=2, the voltage sag could be improved up to 23.306%, whereas in Scenario 1 with the
case on the DER with K-factor=2, voltage sag could be improved for only 8.086%. Overall, it
can be implied that the voltage support through aRCI performance on improving the voltage
sag is highly influenced by the X/R ratio of the grid. As such, the aRCI-based LVRT voltage
support performances presented in the dynamic simulation results are aligned with the
proposed theoretical analysis of DER’s LVRT voltage support via aRCI on different X/R ratio

from the section 3.5.

The presented simulation results revealed a suggestion on the potential realisation of the
reactive power-based voltage support for the DER on LV distribution connection. Although
there is impeding effect of the low X/R ratio to the effectiveness of the discussed voltage
support, voltage sag improvement through reactive power-based voltage support from
distribution level DER is still encouraging. This outcome will provide useful insight for the
future standard adaptations, such as for the grid codes around the world relating to the DER’s
LVRT voltage support. Note that from Table 2-4 and Table 2-5 as in section 2.8.4, it can be
inferred that to the date most grid codes for the DER requirements consider reactive power
regulation for the LV-connected DER only meant for steady-state voltage support, and are not
meant for the LVRT voltage support. In addition, the use of LVRT voltage support through
reactive power regulation was made for DER park which connected to a medium voltage line
with X/R ratio impedance higher than the impedance of the connection lines on lower voltage
level. As it has been described from section 5.4, such line for the DER park normally has X/R
ratio impedance for above 1.2. In the simulation study, the X/R ratio of the connection line are
set between 0.12 and 1.2, which is the typical X/R ratio of the connection line of the distribution
system. As such, according to the simulation results, the use of LVRT voltage support through
reactive power regulation via aRCI to improve the voltage grid stability can be made as well

for the DER in the distribution level system.

It will be presented further in the following, the application of reactive power regulation for

LVRT voltage support could be utilised to prevent weak grid system collapse
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5.8.2 The Potential Use of The DER Voltage Support for Securing The
Integration of DER on The Weak Distribution Grid

As it has been presented in section 5.3, the increasing number of DERs on the distribution grid
has always been associated with the weakening of the grid strength [175], [176], [180]. This
unavoidable phenomenon will be likely more visible in the future, and thus limit the DER
growth. From the simulation results, as particularly exhibited in the Scenario 3 and 4, it has
been revealed that weak DER-connected grid will be potentially exposed to the system
collapse when the grid must undergo LVRT state. Nevertheless, the use of LVRT voltage
support through reactive power regulation via aRCI could be implemented to prevent the
potential instability when the grid must through LVRT state. The following paragraphs present
the analysis of how the DER’s aRCI-based LVRT voltage support could be made to prevent
the system instability of the weak DER-connected grid.

To begin with, the system inability to withstand its stability during LVRT due to the ‘weak’
grid is most likely attributed by the Short-Circuit Capacity (SSC) insufficiency. The SSC
insufficiency defines the condition in which the system/grid fails to provide an adequate
amount of short-circuit current needed to be flown to the shorted-circuit location [140].
Though the consideration of ‘weak’ grid in this study is not quantified (as based on
quantification method as suggested in [183]), the condition of the grid being ‘weak’ still can
be situated in the simulation experiment by configuring the level of the impedance of the grid
to a degree at which when the grid must undergo LVRT state, the system could not restore its
stability [125]. Thus, as it has been demonstrated in the simulation study, the source of the
system instability following LVRT is highly attributed by the insufficient amount of
short-circuit current which flown to the shorted-circuit bus. This understanding can be inferred
into the realisation of two possible conditions. If the DER and the external grid could
compensate the short-circuit current flown to the faulty bus during the fault, which in this
context is during the period of the voltage sag, then the system could withstand until the fault
is cleared. However, if the DER and the external grid could not compensate the short-circuit
current flown to the faulty bus during the period of the voltage sag, then the system could not

withstand and hence the voltage oscillate uncontrollably.

In the simulation, adding impedance level through configuring inductance level of the
simulated system as according to the Table 5-2, results in the higher amount of short-circuit
current needed to be flown due to potential current dissipation during the current transmission
to the located fault [140]. Therefore under the simulation cases with higher grid impedance,
when the DER and the external grid do not have enough short-circuit capacity required to
provide the short-circuit current needed to be flown to the faulted location, the system could
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not keep up the minimum required short-circuit reactive power to ensure the voltage stability

[2], [125], and thus during LVRT, the system can go unstable.

Meanwhile, as has been presented in the simulation results (as in Table 5-5 and 5-6), a higher
level of the K-factor can result in a higher LVRT reactive power being contributed by the DER.
Simulation tests in scenario 3 and 4 are made to show the case of the grid having a high
impedance at which the system is becoming weak and prone to the voltage instability. By
applying a higher level of the K-factor, the DER can regulate the higher magnitude of iy ,f.
As such, under such situation, the DER could inject a high amount of reactive power during
LVRT, which is needed to compensate the minimum required short-circuit reactive power to
ensure the voltage stability. Scenario 4 on the case with K-factor=1.5 illustrate the condition
of the system being unable to compensate the minimum required short-circuit reactive power
to ensure the voltage stability. In such situation, setting up the DER with higher K-factor level
which results to a higher reactive power injection can secure the voltage stability and thus,
preventing the post-LVRT instability of the system. With that requirement could be met,
system instability following LVRT could be avoided. Further as has been claimed in [174], the
growth of the DER number may be weakening the grid strength. Therefore, on such weak grid
condition, DER's aRCI may be utilised to avoid system instability when the DER has to ride-
through voltage sag. Overall, from the investigation on the use of the DER voltage support to
secure the weak grid stability, potential suggestion in the following paragraph as the

contribution of the study is presented.

It should be understood that as the DER at the distribution grid increases, the distribution
system becoming weaker. Currently in many practices, many DERs, such as rooftop-PVs in
the residential area, can be temporarily disconnected from the grid, and hence they are not
required to do LVRT. From the studied literature, it has been revealed that even the LV-
connected DER has to do LVRT as well in order to prevent cascading loss of the distribution
system. The implementation of the LVRT for the LV-connected DER has been proven
promising to prevent the cascading loss, and thus avoiding the system collapse [4]. As such, it
can be seen that many grid codes require the DER on low voltage connection has to ride-
through voltage sag as well. However, from the investigated simulation studies, there is a need
further for the grid code to not only require the LV-connected DER to ride-through the voltage
sag, but also to consider them to provide LVRT voltage support. From the simulated studies
the aRCI-based LVRT voltage support could be utilised to prevent the weak grid collapse in
the event it needs to ride-through the voltage sag. The weak grid is sensitive to the voltage
deviations, and it is very likely the voltage deviations becoming more apparent by the time the
number of the DERs are increased. The condition of the grid being more sensitive to the

voltage deviations is becoming an impeding factor to the DER penetrations, and thus, it must
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be solved. As such, the aRCI-based LVRT voltage support could offer the solution to keep the

DER penetration planning in the distribution grid can be ensured.

5.9 Summary

In this chapter, the impact the the grid characteristic to the effectiveness of DER’s aRCI-based
DER’s LVRT voltage support is explored and discussed. Four scenarios of the simulation tests,
which are clustered in order to satisfy two aspects of the two previously mentioned grid
characteristic, are presented. The first two scenarios and the last two scenarios as presented
from section 5.7.1 to section 5.7.4 are made and presented to investigate the effect of grid’s
X/R ratio and to investigate the ‘grid strength’ to the effectiveness of DER’s aRCI-based LVRT

voltage support, respectively.

aRCI's mechanism and its performance in mitigating the voltage sag are successfully evaluated
by observing the dynamic transient response of the DER following LVRT under first
previously aspect as considerations. It is found that DER’s aRCI-based LVRT voltage support
can be claimed to improve voltage sag, however, very much depended with the X/R ratio of
where the DER is connected. On the growing number of low-voltage connected DER, there is
an impeding effect of the low X/R ratio of the distribution grid to the performance of the
discussed voltage support. However, from the simulated study, the voltage sag improvement

through reactive power-based voltage support from distribution level DER is still promising.

Further, on the aspect relating to the grid ‘strength’, the weak grid may take benefit from the
aRCl feature provided by the DER to prevent system instability in the event of LVRT.
According to [174], the growth of the DER number may be weakening the grid strength. As
such, through appropriate grid planning DER’s aRCI feature could be expected to prevent
unwanted system instability following transient voltage sag, and thus preventing the system

collapse.
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Chapter 6 Summary, Suggestions and Future Work

In this chapter, the summary of the research carried out and reported in this thesis is given.
Suggestions and strategies for grid planning upon implementing aRCI-based LVRT voltage

support are presented; also, recommendations for future work is given.

6.1 Summary

The research undertaken and reported here has evaluated the effectiveness of aRCl-based
transient voltage control as means of LVRT support for inverter-based DER. There is a wealth
of evidence showing the growth of DER in the distribution grids. As many studies favour the
use of aRCI based transient voltage control on the DER, there is a need to evaluate the
usefulness and effectiveness of employing aRCI based transient voltage control in the
distribution systems. The work undertaken in this project has been split into three main areas.

The research contribution made in these three main areas are summarized below.

6.1.1 Effectiveness of DER’s aRCI-based LVRT support on improving voltage
sags

It has been revealed that transient LVRT voltage support through reactive power regulation is
highly influenced by the X/R nature of the distribution grid. As it has been presented in chapter
3, the short-circuit fault current magnitude and its phase are determined by the resistive and
the reactive components of the all corresponding impedances around the fault location. The
active and reactive part of the current injected by the DER reflects the magnitude and the phase
of the contributed short-circuit current given by the DER. As such, upon injecting additional
reactive current, some amount of the reactive part of the short-circuit fault current is 'covered'
by the extra amount given by the DER. One could observe from the simulated study that in a
grid with higher X/R ratio impedance, aRCI results in better voltage sags improvement as
compared with a grid with lower X/R ratio impedance. Through the proposed methodology
developed in this work, the impact of the grid's X/R ratio on the effectiveness of aRCI on

improving voltage sags is demonstrated [138].

The results discussed in chapter 3 reveal a prospective possibility on how to utilise reactive
power-based LVRT voltage support for the DER on LV connection. Although it was discovered
that there is an impeding effect of the low X/R ratio to the performance of the LVRT voltage
support, the voltage sag improvement via aRCI from distribution level DER is still beneficial.
The implementation of the aRCI-based LVRT voltage support was originally meant for DER
park, which are connected to a medium voltage line for which the X/R ratio impedance is

relatively higher than the X/R ratio of the distribution lines. The line feeder for the DER park
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typically has X/R ratio impedance for above 1.2 [172]. Meanwhile, currently, most grid codes
for the LV-connected DER requirements take into account the use of the reactive power
regulation only for steady-state voltage support. The results presented here show that the use
of aRClI-based LVRT voltage support for the DER on the distributed connections with the X/R
ratio below 1.2 prove to be useful as well. This new insight provides valuable information for
the grid regulator or grid planner that need to consider the LVRT voltage support requirements

for the DER on LV connections.

6.1.2 Effective evaluation of DER’s LVRT voltage support

An effective methodology that can be utilised for decision making strategy and used by
distribution system operators or the DER grid planner in the event they need to produce an
achievable, but effective grid support evaluation for DER’s LVRT voltage support designs, is
introduced in this thesis. Usually, the evaluation of the LVRT voltage support can be done with
the help of the usual positive-sequence-RMS simulation tool. The construction of a suitable
model can be made when the 'know-how' and the data describing the network and DER is
available. However a too detailed representation of the DER connection will increase the
computational complexity and data needed for the realisation of the task. Contrarily, using an
oversimplified approach may end up to an outcome that does not effectively solve the realistic
problem. Compromising model both accuracy and simplicity of modelling power systems
elements can be challenging. The evaluation of the LVRT voltage sag is highly influenced by
the accuracy of the model of the and data availability. However, often in many situations, the
information needed to construct the model is incomplete, and thus, the construction is often
done through assumptions. Hence on such condition, extensive work and knowledge to

construct the DER modelling are necessary.

The methodology introduced in this work deals with these challenges, the compromise of the
accuracy and simplicity of the simulation model, as a means to tackle the grid data restrictions
and introduces a clear, logical and effective strategy on constructing the DER connection
model. The proposed methodology also simplifies the computation process and helps the
estimation of the effectiveness of aRCI on improving the LVRT voltage sag without the need
to perform an iterative computation process which is often required in the dynamic RMS
simulation. With a simpler computation process, the effectiveness estimation of investigated
voltage support can be effectively obtained even when the grid information is incomplete. The
methodology has been successfully demonstrated in chapter 3. Despite the estimation of the
proposed methodology is made without an extensive work on the DER connection modelling,
it can be seen that the results of the proposed methodology are fairly close to the RMS results

obtained from a commercially available simulation tool (PowerFactory —DIgSILENT).
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Hence through the proposed and implemented methodology a simplified and accurate DER
model is achieved while the computation effort is minimised, for accurate DER’s LVRT

voltage support evaluation.

6.1.3 The Impact of Distribution Grid Characteristic on the Performance of the
DER’s Reactive Power Based LVRT Voltage Support

A thorough investigation on the impact of distribution grid characteristics on the performance
of the DER's reactive power-based LVRT voltage support has been discussed and presented in
this thesis. The increasing number of DERs on the distribution grid has always been linked
with the weakening of the grid strength. The weakening level of the grid will be likely to get
worse as the DER penetration keeps increasing. As such, this problem can effectively slow or
stop the DER penetrations. From the simulated studies, it has been demonstrated that a weak
grid with DER connections will be potentially susceptible to the system collapse when the grid
must ride-through voltage sag. Even so, the use of LVRT voltage support through reactive
power regulation could be applied to avoid the risk of the potential instability when the grid
must ride through a LVRT state.

The contribution made in this thesis is to support the realisation of the reactive power-based
LVRT voltage support not only for DER park but also for the DER which is closely located in
the distribution area. Previously done studies show that there are still plenty of rooftop-PVs
using automatic disconnection from the grid whenever the DER detects voltage sag. As such,
most of them are not required to ride-through voltage sag. However, many grid codes enforce
the LV-connected DER (rooftop-PVs) to ride-through voltage sag as well in order to avoid
cascading power loss of the distribution grid. The practice of the LVRT for the LV-connected
DER has been proven useful to prevent the system breakdown [4]. However, from our
simulation studies, it is found that there is a need to consider the LV-connected DER not only
to ride-through the voltage sag, but also to enforce the DER to provide LVRT voltage support
as well. Our studies showed that the aRCI-based LVRT voltage support could be employed to
avoid the weak grid failure when the system must ride-through the voltage sag. The weak grids
are prone to transient voltage disturbance. It is highly possible that the transient voltage
disturbance will be more obvious when DERs penetrations is high, which is a possibility as
the penetration is increasing. When the grid is becoming more sensitive to the voltage
disturbance, it will potentially restrain DER penetration planning. Thus, in order to keep the
DER penetrations possible as well as keeping the grid secure, the problem has to be solved.
As shown in the studies undertaken in this work the implementation of the aRCI-based LVRT
voltage support could be the solution to ensure a safe and economical DER penetration

planning in the distribution grid.
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6.2 Suggestions and Strategies for The Grid Planning upon
Implementing aRCI-based LVRT Voltage Support

Upon implementing aRCI-based LVRT voltage support, it is best to understand the topology
of the distribution grid, the information required to construct the implementation, and as well
the information available to support the planning. The investigation of the LVRT voltage sag
improvement through RMS simulation methodology has been presented well in many pieces
of research [3], [4], [27], [28]. The application of the RMS simulation has been proven
effective in demonstrating effective simulation analysis tool. However, it should be considered
that in many practices, the simulation analysis through RMS simulation tools requires
extensive data to construct the simulation model, which are often made through
approximations [1]. The task of the RMS simulation modelling requires careful assumptions,
not to mention the relevant knowledge required to build the simulation task, which has been
demonstrated in the simulation study presented in chapter 4. Further, the adjustment for the
assumption itself requires comprehensive knowledge which often can be made through
practical experiences from the relevant modelling works. Even more, when all the
aforementioned prerequisites are met, the simulation design will be need to be tested to see
whether the accuracy of the simulation results is sufficient. In general, this require extensive

skills and broad knowledge for the construction of the model.

To deal with the data restrictions, approximations are often made for the best solutions. For a
practical purpose, such as in industry sector whereas data availability and the time-schedule
for the task can be very challenging, the work on designing dynamic RMS simulation models
can be very exhausting. As such, in the event that some information is unobtainable or too
cumbersome/difficult to estimate; such as the right 'size' on model aggregated dynamic
characteristic of the DER, the right amount of the mixture of the adjacent loads, and the precise
approximations for the active an reactive power profile of both from the DER and the
distribution loads; then evaluation of the investigated voltage support through the proposed
methodology that is presented in chapter 3 can be an effective and practical option. Through
simplifications and reasonable assumptions; such as averaging the active and reactive power
of the distribution loads, then aggregating the known impedance of the distribution line, and
assuming the likeliest located voltage sag; the effectiveness of the support in minimising
voltage sag could be estimated. The obtained result could be then used to judge the necessity

of the implementation of the support..
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6.3 Recommendations for The Future Work

With the research work presented in the thesis, the achievements have been summarised in the
previous sub-sections. There are, still, potential unsolved issues adjacent to the investigation
that has been carried out in this thesis, which can be expanded in future work. In the following,

some of these possible topics are presented.

Further improvement of the proposed methodology which can include composite loads in the

analysis

The work in this study was focused on evaluating the effectiveness of the DER's reactive
power-based LVRT voltage support, which required simulation models that were relatively
simplified as active and reactive power load models. Since the main aim of the work was to
propose an evaluation methodology for DER’s LVRT voltage support a compromise between
the complexity of the model, data restriction computation time and accuracy was made. It has
been shown that from the perspective of the LVRT voltage sag results the proposed
compromise can deliver good and accurate results. However attempts to study the impact of
the DER integration to the stability of the grid network by considering a more realistic load
models has been presented in many studies [23], [169]. Therefore, for future research, it would
be beneficial for the methodology developed here to be extended such that it can consider the

composite load models in the evaluation.

Possible improvement of the proposed methodology for evaluating the effectiveness of the

additional active and reactive current injection (aRACI)-based LVRT voltage support

Some research suggests using aRACI-based LVRT voltage support to improve the LVRT
voltage sag [14], [189]. However, it has been explained in chapter 2 that the use of aRCl is
preferred to the use of aRACI when the DER penetration is very high. Nevertheless, there are
particular cases, where the DER penetration can be relatively low so that the use of aRACI
would be preferred [1]. Such cases are possible when the DER penetration is limited by, for
instance, the feeder hosting capacity [190]-[192]. Extending the proposed methodology not
only for evaluating the effectiveness of the aRCI but, also aRACI would expand the

applicability of the methodology and hence making it more practical.
Consideration of unbalanced three-phase voltage problem

Currently, many grid codes related to the DER connection requirements requires only positive-
sequence DER’s LVRT voltage support. Single-phase roof-top PVs, which are often connected
to a low voltage distribution line, will have no issue since their voltage support is made to
solve the respective phase line. The three-phase distribution line, unlike the three-phase

transmission line, however, is likely to suffer of unbalanced three-phase voltage due to the
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uneven shares of the distribution loads. The study of the DER’s voltage support to minimise
the unwanted unbalanced three-phase voltage has been featured in many research studies [29],
[49]. It would be interesting for the future research to enhance the methodology developed
here such that the effectiveness of the voltage support can be estimated for unbalanced voltage

sag situations too.

Fault-induced delayed voltage recovery (FIDVR) in the distribution system with high shares
of DERs

There is rising attention to the potential impact of fault-induced delayed voltage recovery
(FIDVR) event to the distribution system with high shares of DERs [193]. FIDVR is the type
of fault that is usually identified by a depressed voltage for 5 to 30 seconds following a fault
and has been reported as important issue since it shows a temporary loss of regulated voltage
in an area [194]. Numbers of FIDVR could lead a cascading risk to a greater area, mainly if
another unexpected FIDVR occurs while the voltage is depressed. It is believed to be sourced
by the stall of low inertia induction motors during the fault [195]. Motors at risk of stalling
include compressor-driving loads such as residential air conditioners (RAC) [196]. The need
for investigating further FIDVR event due to the presence of large numbers of RAC has raised
a long discussion about how to model correctly such situations [197]. Decades of effort have
improved the modelling of induction motors to accurately represent RAC loads. However, the
characteristics of time variation, dispersed location, operational discontinuity, parameter

uncertainty, and the diversity of the motor type make load modelling a difficult task [194].

Since the DERs will be most likely connected to the distribution grid and hence located very
close to the loads, there is a real possibility that DERs will be exposed to FIDVR events. With
the ongoing DER's penetration rising plan, there is a need to investigate the effect of FIDVR
event to the DER's along with its voltage support function. The future work could be aimed to
improve or modify the proposed methodology to estimate the effectiveness of the DER’s LVRT
voltage support that also considers the recent-emerging FIDVR issue. A residential or urban
area with high radiance level is a promising place to grow DER penetrations. However, it has
been discovered that such area are often with a high level of RAC [197]. Therefore, improving
the proposed methodology to consider its applicability to the FIDVR issue will be likely to be
relevant, as the FIDVR problem will potentially affect the DER penetration planning as well.

aRCI modeled in the Hardware-In-the-Loop (HIL) Simulation Study

Recently HIL has become an attractive simulation methodology in the research of power
systems [198]. HIL simulations have become an increasingly used tool for the studies of
renewable resources integration as these inverter-based power sources have become more

popular [199]-{201]. With the HIL simulation tool, the control designs of the inverter for these
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devices are tested and validated under realistic situation but in a secure and controlled
environment. HIL simulations enable the study of practical tasks by examining some parts of
the simulation components, such the grid system, while allowing the inverter as the Hardware-
Under-Test (HUT) [202] to respond and to test the impact of changes in the control strategy.
In the HIL-based simulations, the investigated power hardware is interfaced with a power
system simulation, which is commonly running on a digital real-time simulator (DRTS) [203].
The running simulation reflects the real situation and provide realistic simulated input data to
the controller hardware on a desirable timescale, from microseconds (which is normally for
electromagnetic transient simulations) to sometimes in milliseconds (for RMS dynamic

simulations).

Researchers need to understand their modelling limitations in a simulation study. There are
also needs to understand the implications of the overall system behaviour to the investigated
model and its associated control. In many situations, the simulated models are often employed
inappropriately such that critical dynamic aspect of the model may not be well presented [204].
If this is happening, it will lead to an oversimplification of the system architecture and its
constraints, therefore failing to obtain valid results [202]. Contrarily, it is often the problem
that physics-based models become too detailed and thus create the undesired problem of
requiring extensive simulation time, which in turn, for example, creating unwanted delays in
the controller development [202]. The use of HIL could help as compromises in both accuracy
and simplicity for the investigated modelling can be made. The design of the proposed aRCI
modelling for LVRT voltage support as presented from chapter 4 has been demonstrated its
usefulness for transient voltage recovery. It would be interesting for the future research if the
proposed aRCI can be tested under the HIL simulation methodology. With the HIL
methodology, the simulation case can be scale-up into an actual experimental level which can
fully verify the efficacy of the modelling, while on the same time, keeping down the

experimentation cost and time.
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