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ABSTRACT

This thesis presents a mechanism for active and reactive power-sharing among multiple
dispatchable and distributed generation units within a micro grid having multiple
interconnections with the main grid. The proposed method is equally good for micro grids with
single grid connection. Ideally, a micro grid should act either as a constant load or a constant
source when connected to the main grid. However, to achieve ideal operation, natural load
variations and the intermittency of renewable energy sources within the micro grid need to be
adequately and timely compensated by the dispatchable power sources.

Various approaches for active power sharing, managing and controlling for different
types and configurations of micro grids have been published in the literature. In these
publications, several types of power — frequency (P-f) droop controller-based approaches are
presented. They can be classified as having or not having communication to the central dispatch
controllers. Active power-sharing approaches are examined for a micro grid with several
dispatchable distributed generation units (DDGU) operating in grid-interconnected and
independent/isolated modes. Renewable energy sources without battery energy storage are
generally not included in active power sharing strategies within micro grids. This is because
they lack the ability to provide a consistent and stable active power supply. In fact, their
generation intermittency can be considered as load variation.

The layout of the micro grid, internal organisation / connectivity of the distributed
generation units (DGUs) and loads and the number of grid interconnections, all have an impact
on the performance of the active and reactive power-sharing approach. In this thesis multiple
grid connections at different points of the micro grid are investigated, and recommended
approaches are appraised. This enquiry gives a succinct comparison to allow an acceptable

decision in the real utility setting. Certain claimed methods are found to have some performance



or design restrictions. It has also been noted that in micro grids with higher levels of renewable
penetration, the amount of active power reserve in the dispatchable units is higher than in micro
grids with lower levels of renewable penetration. Higher penetration levels, on the other hand,
might result in bigger and more frequent load changes. Renewable sources within a micro grid
provide an intermittent or non-dispatchable active power output, however with recent
advancements in inverter technologies, they are now capable of contributing reactive power
more reliably. As an example, solar inverters are now capable of providing reactive power
during night time, using “night mode” operation of the inverters.

While several control algorithms have been reported in the literature to achieve ideal
micro grid operation, majority of the proposed methods considered a micro grid with single
interconnection with the main grid. While in the real-world, micro grids may have to maintain
multiple live links with the main grid for several technical and operational reasons such as
reliability, power dispatch restriction, voltage control, operational limitations, and other
operational or network stability requirements. Therefore, initially a new and basic method of
only active power-sharing is proposed in this thesis, which is equally effective for micro grids
with single or multiple grid connections. The initial controller is then further enhanced to
include an exclusive feature of frequency response balancing, within active power control logic,
and an independent reactive power flow control logic. This enhanced controller can be tuned to
manage the overall active power response based on the two fundamental motivators, namely
interconnection active power flow and frequency response based on system frequency
excursions, while micro grid is in grid connected mode of operations. This frequency response
balancing feature in the active power control provides a complementary mechanism between
the flow controller section and the frequency response section of the controller to maintain a
constant active power flow even when frequency of the main grid varies within certain designed

or physical limits. An integrated and independent reactive power flow control (IRFC)



mechanism is introduced, further refining the controller’s capabilities. This addition extends
the controller’s capability to ensure a constant reactive power flow from (or towards) the grid
is maintained over the interconnection lines. This will enable the controller to manage reactive
power flows at the interconnection lines with greater precision and efficiency, thus optimizing
the overall performance and reliability of the micro grid when faced with the real-world
operational challenges.

The robustness of the proposed method is validated under different micro grid operating
conditions. Results validated the flexibility of the proposed method to adapt under various real-
world operating conditions.

This thesis provides a new and a robust approach for active and reactive power-sharing
among several DDGUs within a micro grid comprising multiple (or a single) interconnections
with the main grid(s). The proposed active and reactive power-sharing method is an effort to
establish a true power-sharing technique that can be categorised as applicable for all, or most,
types of interconnected micro grids. The suggested method's resilience is tested under various
micro grid operation situations. The results demonstrate the adaptability of the suggested

technique under a variety of real-world operational scenarios.
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1. INTRODUCTION

Micro grids with high renewable penetration, once an idea, have now very much turned into a
real-world reality. With the vast proliferation of distributed power generation sources, the
concept of micro grid has evolved as one of the most practical and flexible options for
disintegrating large power systems into smaller and more manageable operational units: micro
grids. The increased energy efficiency of distributed conventional and renewable power
generation sources, along with the widespread adoption of renewable sources in homes and

businesses, was a major catalyst for developing this idea.

Micro grids are becoming an increasingly popular solution for managing power systems
with high renewable penetration. They offer a flexible and decentralised approach to energy
management, allowing communities and organizations to generate, store, and distribute their
own electricity. This approach can increase energy efficiency, reduce costs, and improve the

resilience of the overall power system.

In a micro grid, power generation sources can include a combination of conventional
and renewable sources, such as solar panels, wind turbines, and biomass generators. The system
may also include energy storage devices, such as batteries or flywheels, which can store excess
energy for later use. In addition, advanced control systems can help manage the flow of

electricity within the micro grid, optimising energy use and reducing waste.

The widespread adoption of micro grids has been driven by a number of factors,
including the increasing cost-effectiveness of renewable energy sources, the desire for greater
energy independence and resilience, and the need to reduce carbon emissions to combat climate
change. As technology continues to advance and the benefits of micro grids become more
widely recognised, it is likely that we will see even greater adoption of this approach to energy

management in the years to come.

18



Traditionally, electric power is generated in bulk and at a centralised location suitable
for such facility, usually at a fair distance from the consumers. The generated energy is
delivered to the consumers over transmission and passive distribution networks. This model
has been in use for many decades and has been effective in meeting the energy needs of large

populations.

However, this model has some drawbacks. For one, it is often expensive to build and
maintain large power plants and transmission networks. In addition, transmission losses can
occur during long-distance transmission, reducing the efficiency of the system. There can also

be reliability issues, such as power outages, that affect large areas.

The development of distributed power generation, such as micro grids, has the potential
to address some of these drawbacks by bringing power generation closer to the point of use. By
generating power locally, either through renewable sources or through smaller, more efficient
conventional sources, it may be possible to reduce transmission losses and improve the overall
efficiency of the system. It can also increase the resilience of the system by reducing the impact

of power outages on large areas.

Another challenge with the traditional centralised model is that it is vulnerable to
disruptions, such as natural disasters or cyberattacks, which can cause widespread power
outages. Micro grids and distributed energy resources are seen as a way to increase the
resilience and reliability of the power system by creating smaller, more flexible units that can

operate independently.

Overall, while the traditional model of centralised power generation and distribution has
served us well in the past, it is clear that new models and technologies are needed to meet the

evolving needs of our modern energy system.
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Large AC interconnected power systems were developed all over the world, connecting
distant power generation units to the consumers. These grids consist of a network of high-
voltage transmission lines, substations, and distribution lines that enable the efficient and

reliable delivery of electricity over long distances.

The development of AC interconnected power systems began in the early 20" century
and was driven by the need to connect remote power generation sources, such as hydroelectric
power plants, to urban centres and industrial areas. These systems have since expanded to cover
vast geographical areas and are capable of delivering large amounts of electricity to millions of

consumers.

One of the key advantages of interconnected power systems is that they allow for the
efficient sharing of power resources across a wide area. This means that when one area
experiences a shortage of power, electricity can be quickly and easily transmitted from another
area with excess power. Interconnected power systems also enable the integration of a variety

of power generation sources, including renewable energy sources such as wind and solar power.

Despite their advantages, however, interconnected power systems are also vulnerable to
disruptions, such as severe weather events or cyberattacks, which can cause widespread power
outages. As a result, there is growing interest in the development of more localised, distributed
power systems such as micro grids, which can operate independently or in parallel with the

main grid, increasing resilience and reliability.

In Australia on the east coast we have one of the largest AC interconnected power
systems [117], interconnecting 5 states, namely, South Australia, Tasmania, Victoria, New
South Wales and Queensland. It spreads from Port Douglas in Queensland to Port Lincoln in
South Australia, which is around 5000 km. The National Electricity Market (NEM) operates

using this power network. Figure 1.1 shows the overall spread of the network. It has around
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200 large generators and 13 major distribution networks, delivering around 200 TWh of

electricity annually.

Conventionally, islanded operation of a segment of a network, even with sufficient
distributed power generation sources, was once not considered to be one the best practices or
recommended mode of operation for various utilities [11]. It was only recommended under
certain extraordinary operational circumstances. Control and protection systems were also not
designed to cater for such operation. However nowadays, to take the full benefit of the increased
penetration levels, proliferation of high efficiency and low-cost distributed power sources and
to reduce the cost of having a reliable and redundant grid infrastructure, micro grids are
considered to be a smart, viable and sustainable option for the grid operators [11]. Due to the
obvious economic and environmental benefits the model of having operational micro grids has
now been studied in detail. Numerous studies are conducted and reported for evaluating the
possibility of independent, isolated operation of a micro grid under varying operational
conditions. This specific area of research has attracted a lot of interest and attention of the

researchers.

Australia, being at the forefront of this grid evolution, is not only witnessing this
transformation but embracing it to ensure their power systems also evolve according to the
modern-day requirements of having an environmentally friendly green and sustainable energy
infrastructure; an infrastructure that can facilitate higher levels of renewables penetration
without compromising system reliability and security. Australia, with one of the largest
interconnected power systems on the eastern coast, has 4 operational micro grids on the western
side (WA) to serve remote industries or communities [118]. The four micro grids in WA are:

1) Perenjori

2) Bremer Bay

3) Kalbarri
4) Ravensthorpe
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Figure 1.1. Australia interconnected system [117] (source: AEMO through AEMC).

Figure 1.2 shows all four micro grids operating in the South-West Interconnected
System (SWIS). The first micro grid, Ravensthorpe was formed almost a decade ago in 2013,
while the other 3 were formed in last 6 years; Bremer Bay in 2017, Perenjori in 2018 and finally

Kalbarri in 2021.

22



Geraldton(_J

® sPs @ Demand management
| @ Microgrid @ BESS

Perth
Mandurah

Figure 1.2. Micro grids and interconnected network map of WA [121].

Kalbarri being the largest micro grid of Australia operating only on renewable sources,
connecting 1.6 MW of wind generation, 1 MW of roof top solar and 2 MWh of battery storage.
The Kalbarri micro grid is connected with the main grid. The grid will provide the additional
demand especially during the tourist season, however the micro grid itself can operate on its
own in case grid interconnection is lost due to any network event [119]. The geographic view

of the Kalbarri micro grid is depicted in Figure 1.3.
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Figure 1.3. Geographic view of Kalbarri micro grid [122].

Apart from Western Power of Western Australia, several other power utilities
throughout the world now also operate and maintain numerous micro grids. Studies related to
stable and efficient design and operation of micro grids have lately attracted a lot of interest in
academia and research [5]. It is expected that the global market for micro grids will grow to

US25.04 b. in 2026 from US9.63 b. in 2022 at a CAGR of 20.4% [181].

In US, there are 160 micro grids in operation, mostly concentrated in seven states,
namely, Alaska, California, Georgia, Maryland, New York, Oklahoma and Texas. These

provide almost 0.2% of US electricity [182].

Micro grids with multiple grid interconnections to either a single main grid or multiple
grids are a unique case, which has not been explored. Multiple connections to the grid or grids
can be required for several operational reasons, primarily reliability. Several sensitive

installations, such as relate to defence or process-critical industry might have additional
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reliability requirements. With recent advancements and the benefits of operating a dis-
integrated power system, we might, in near future, see that the state level systems are operated
as large micro grids. If we apply this hypothetical scenario to the Australia NEM network, then
we might see that all or one interconnected state(s) might be operated as large micro grids. If
we consider Queensland (QLD), at the north end of the interconnected NEM network, is being
operated as a large micro grid then it already has multiple interconnections with New South
Wales (NSW). This can be regarded as an example of a future micro grid with multiple
interconnections. The two interconnections are not only at different nodes but are also quite
different, as one is an AC interconnection while the other is a DC link. The DC link is called as

Directlink, which is 110 kV DC link with flow limits provided in Table 1-1[183].

Table 1-1. Directlink active power flow limits.

From To ‘ Nominal Capacity
NSW QLD 107 MW
QLD NSW 210 MW

The other interconnector is called QNI — Queensland to New South Wales

interconnector. This interconnector consists of following transmission lines:

e A new double-circuit 330 kV line between Armidale, Dumaresq, Bulli Creek and
Braemar substations.

e A new double-circuit 275 kV line between Braemar and Tarong substations.

e Two 330/275 kV transformers at Braemar substation.

The overall active power flow limit on QNI is given in the Table 1-2. These overall flow
limits in the existing interconnection, with several lines, demonstrates that a flow control which

is based on the sum of active power flows on multiple lines is a real example.
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Table 1-2. QNI active power flow limits.

From To ‘ Nominal Capacity
NSW QLD 300-600 MW
QLD NSW 1078 MW

A number of technical and commercial challenges related to micro grid operations have
been noted and reported, and numerous solutions have been proposed in the literature [22][80].
One of the main technical issues relating to the ideal operation of a micro grid is an active
power-sharing mechanism between dispatchable distributed generation units (DDGUs) within
the micro grid. If a micro grid has only one large dispatchable generation unit (normally a
synchronous machine or a dispatchable energy storage system) along with other small non-
dispatchable distributed generation units (NDDGUSs) (mainly renewable energy sources without
any form of energy storage), then the only DDGU will have to compensate for any variations
in the demand or generation from NDDGUs. However, if the micro grid has multiple DDGUSs,
they all must act in a coordinated manner in response to the changes in the demand, generation,

and network configurations.

Changes in network configurations, load distribution or load concentration either caused
by the emergence of new load centre or a generation station within a micro grid can result into
a completely different active power flow within a micro grid. In evolving modern-day power
systems such changes are highly probable. If the performance of the power-sharing method
within a micro grid is dependent on network configuration, then for any and every such
modification in the network, the whole algorithm of active power-sharing will have to be
revisited or retuned according to the new operating conditions. Mostly, this aspect of the
performance criterion is found to be missing for the methods which are presented in the
research. In this research a method is suggested and this aspect is also evaluated to test the

effectiveness of the suggested method.
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As for the active power flow, managing and controlling flow of reactive power on the
interconnection lines between the main grid(s) and the micro grid is also critical for the voltage
stability of the grid as well as of micro grid. Maintaining a constant reactive power flow from
or towards the main grid makes ensures that the micro grid operates ideally even with reference

to its reactive power demand.

1.1 Definition of a Micro Grid

IEEE defines a micro grid as “A micro grid is a group of interconnected loads and distributed
energy resources within clearly defined electrical boundaries that acts as a single controllable

entity with respect to the grid.” [120]

1.2 Types of Micro Grids

Micro grids are roughly classed into two types, based on their connections to the main grid:
isolated micro grids and interconnected micro grids [25][60][78]. Isolated micro grids, as the
name suggests, have no linkage with a larger grid or a power system, but interconnected micro
grids may have single or multiple links to one or more larger grids or power systems. An
interconnected micro grid, on the other hand, may or may not remain connected to the main
grid/s. It may operate in three different modes:

1) linked to the main grid/s (Grid Connected Mode)

2) isolated

3) transition [35][90][110].

The detachment from the main power grid might be either intentional or unintentional.
In any operational scenario, the micro grid must be able to remain stable in any mode of

operation at any given moment [85]. Figure 1.4 depicts the types and the components of the

micro grids.
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Apart from the basis of grid interconnection, micro grids can also be classified based
on type of load they serve, for example, residential, commercial or industrial.

The fundamental operational difference between a micro grid with a single grid
interconnection and one with multiple grid(s) interconnections is the way in which
interconnection flows are managed or controlled. Micro grid with multiple interconnections
from one grid system at same voltage level and at same interconnecting node is operationally
almost similar to a micro grid with single grid interconnection, apart from increased reliability.
However, micro grid with multiple interconnections to a single grid system but at different
connecting nodes or at different voltage levels is quite different in terms of controlling or
managing active power flow from or to the connected grid system. Controlling active power
flow over the interconnector lines is significantly more challenging in such networks.

The operational characteristics of a micro grid are significantly influenced by the nature
of its grid interconnections. There is a fundamental operational difference between a micro grid
with a single grid interconnection and one with multiple grid interconnections. The key
distinction lies in how interconnection flows are managed and controlled within the micro grid.

1) Micro grid with a Single Grid Interconnection:

e In a micro grid with a single grid interconnection, the management of active
power flow is relatively straightforward. There is one primary connection to an
external grid system, and the control of power flow, both into and out of the
micro grid, is centred around this single point.

e The operation of such a micro grid is simpler in terms of active power flow
control, as there is only one interconnection point to manage.

2) Micro grid with Multiple Interconnections from One Grid System at the Same Voltage

Level and Interconnecting Node:
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e When a micro grid has multiple interconnections from a single grid system at
the same voltage level and interconnecting node, its operational characteristics
are similar to those of a micro grid with a single grid interconnection.

o The primary advantage of this configuration is increased reliability. If one
interconnection experiences issues, the micro grid can still rely on the others for
power supply or export.

3) Micro grid with Multiple Interconnections to a Single Grid System but at Different
Connecting Nodes or at Different Voltage Levels:

e In contrast, a micro grid with multiple interconnections to a single grid system,
but at different connecting nodes or at different voltage levels, presents unique
challenges in terms of controlling and managing active power flow.

o The key complexity arises from the fact that these interconnections may be at
different locations and voltage levels. Managing power flow in such a network
necessitates coordination between various interconnections.

o Ensuring that power is exchanged appropriately, maintaining grid stability, and
managing power quality in a multi-node or multi-voltage-level configuration
requires sophisticated control mechanisms.

4) Challenges in Managing Active Power Flow:

e Controlling active power flow over the interconnector lines in micro grids with
multiple, diverse interconnections is significantly more challenging due to the
need for coordination between these connections.

e Various factors, including voltage differences, synchronization requirements,
and power flow distribution, must be carefully managed to ensure the reliable
operation of the micro grid and the connected grid system.

5) Challenges in Managing Reactive Power Flow:

30



Managing reactive power flow in a micro grid presents several challenges that are critical

for maintaining voltage stability, improving power quality, and ensuring the overall reliability

of the system.

Reactive power directly affects voltage levels in the micro grid. Inadequate or
poorly managed reactive power can lead to voltage instability, causing voltage
fluctuations, sags, or swells. This is particularly problematic in micro grids with
high penetration of renewable energy sources, such as solar or wind, which can
introduce variability and unpredictability in both active and reactive power
flows.

When a micro grid operates in grid-connected mode, it must coordinate reactive
power flow with the main grid. The micro grid needs to manage its reactive
power contribution to avoid overloading the local distribution network or
causing undesirable voltage changes. This requires sophisticated control
systems to ensure that reactive power exchange with the main grid is beneficial

and does not compromise grid stability.

Reactive power demand can vary significantly depending on the types of loads
connected to the micro grid. For example, inductive loads such as motors and
transformers require a substantial amount of reactive power, while capacitive
loads might inject reactive power back into the system. Managing these varying
demands requires continuous monitoring and adjustment of reactive power

sources, which can be technically challenging, especially in real-time.
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Micro grids often incorporate renewable energy sources like solar and wind, which are
inherently intermittent and can cause fluctuations in both active and reactive power. The
variability of these sources complicates the control of reactive power, as the micro grid must
constantly adjust to changing generation levels to maintain voltage stability. In summary, the
number and configuration of grid interconnections have a substantial impact on the operational
characteristics of a micro grid. While micro grids with single or similar interconnections offer
operational simplicity and reliability, those with multiple, diverse interconnections require
more intricate control mechanisms to ensure the coordinated and effective management of
active power flow. Addressing these challenges is essential for maintaining grid stability and

reliable operation in complex multi-interconnection micro grid setups.

1.3 Micro Grid Operation

Interconnected micro grids should ideally function as a constant load or source for the main
grid while interconnected [11][90]. In this research we extended this definition and included
overall reactive power flow towards or from the micro grid in evaluating the ideal operation of
the micro grid. This ideal operating condition is only attainable if the local (to micro grid)
DDGUs are capable of correcting for the fluctuations in the load or generation within the micro
grid. DDGUs must respond favourably to any load or generation fluctuation either caused by
the intermittency of the renewable DDGUs or due to the loss of any power producing facility
[111][95][98]. Achieving ideal operation of micro grids with higher renewable penetration
levels and with varying loads/demand will be more challenging than the one with lower
renewable penetration and with non-varying type load characteristics. Variations in reactive
power demand or consumption can be caused by several factors, including changes in load
types (such as inductive or capacitive loads), voltage fluctuations, the operation of large motors
or industrial equipment, switching of capacitor banks, operation of transformer taps and grid

disturbances. These variations impact the voltage stability of the system, as reactive power is
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essential for maintaining appropriate voltage levels across the network. Additionally, the
integration of renewable energy sources, such as wind and solar, which produce intermittent
power, can also lead to fluctuations in reactive power demand. Advances in power electronics-
based or inverter-based renewable generation (IBRG) technologies, as well as flexible AC
transmission system (FACTS) technologies, permitted the conversion of NDDGUSs to partially
dispatchable sources by incorporating battery energy storage systems (BESS). Furthermore,
advances in power electronics-based generation have led to the development of grid-forming
inverters with sophisticated grid-supporting capabilities such as virtual synchronous machine
(VSM) control, fast frequency response, and dynamic voltage control. These breakthroughs
have demonstrated that a micro grid can rely entirely on renewable energy sources to serve its

demand [30][83].

The main challenges of existing micro grids can be summarised in the bullet points
below:

e Operating an interconnected micro grid in an ideal manner, that is, either as a constant
load or as a constant source for the main grid with reference to active and reactive power
both.

e Having a coordinated response to internal load or generation variations.

e Ensuring a stable operation during and after grid isolation.

e Maintaining certain levels of active power flows at the interconnections when micro

grid has multiple grid interconnections.

Apart from the challenges listed above, micro grids face a number of other challenges
that must also be addressed in order to ensure their successful implementation and operation.
Addressing these challenges will require a coordinated effort from stakeholders including

industry, government, and academic institutions. With the right investments in technology,
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policy, and infrastructure, micro grids have the potential to revolutionise the way we generate,

distribute, and consume energy. Some of the secondary challenges of micro grids include:

1)

2)

3)

4)

Cybersecurity. Micro grids are vulnerable to cyberattacks, which can disrupt
their operation and potentially cause damage to equipment. This requires robust
cybersecurity measures to protect against threats such as hacking and malware.
Financing and Economics. Micro grids can be expensive to implement,
particularly in remote or rural areas. The economics of micro grids must be
carefully considered to ensure that they are financially sustainable over the long
term.

Regulatory and Policy Frameworks. Micro grids may face regulatory and policy
barriers that make it difficult to implement them in certain regions. Clear and
supportive regulatory and policy frameworks are needed to encourage the
development of micro grids and ensure their integration with the larger power
grid.

Technical Standards and Interoperability. Micro grids rely on a variety of
equipment and technologies and ensuring that they are interoperable and

compliant with technical standards is critical to their successful operation.

1.4 Motivation of Research

The main purpose of this research is to design an active and reactive power-sharing mechanism

for the DDGUs within an interconnected micro grid, with single or multiple grid

interconnections, to ensure ideal operation with reference to the main grid. The controller

should be able to ensure ideal operation under all possible (and probable) operating scenarios,

in regard to both, active and reactive power flow at interconnection lines. It was noticed as a

research gap in our conducted literature review that a universal interconnection power (active

and reactive) flow controller, purely designed to manage flows at multiple (or single) grid
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interconnections, is something which is not yet been developed and discussed in the referenced
research papers. Such controller has the potential to be extremely useful for ensuring ideal
operation of the micro grids having multiple grid interconnections. We intended to develop an
active and reactive power interconnection flow controller which can remain effective and stable
under varying load, intermittent generation (renewable), varying network operating conditions,

such as modified network configuration, or load or generation location/profile.

When discussing reactive power control in the context of maintaining constant
interconnection flow in a micro grid, the focus shifts from traditional voltage management to
managing the reactive power exchanged between the micro grid and the main grid or across
multiple interconnection points. In this context, the goal is set to ensure that the sum of the
reactive power flowing across interconnection lines remains close to a reference value, thereby

supporting balanced power exchange without causing fluctuations in the overall system.

This type of control is critical when a micro grid operates in parallel with the main grid
or other networks and is responsible for maintaining a steady reactive power flow. For instance,
if the reactive power demand in the micro grid fluctuates due to changes in load conditions, the
interconnection flow control system should be able to change the reactive power outputs of
dispatchable distributed generation units (DDGUs). These units respond dynamically to
compensate for any deviations from the reference reactive power flow setpoint, ensuring the

interconnection lines do not experience significant deviations.

Maintaining constant reactive power flow at the interconnection points is particularly
important for optimizing the performance and efficiency of the grid. If reactive power fluctuates
excessively, it can lead to inefficient power exchanges and imbalance between the micro grid

and the main grid.
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1.5 Main Objectives of Research

This research is intended to solve a key challenge faced by grid interconnected and isolated
micro grids. The challenge of effectively sharing of the active power between the distributed
and dispatchable power generation units of the micro grids for ensuring that the micro grids are
operated in an ideal manner under all varying operating conditions. The need of time is to
develop an active power sharing method for micro grids which is smart, resilient, stable, stand
alone, self-adjustable, independent of network design/configuration, fit for all purposes and

efficient.

The main objective of this research is to design/propose an active and reactive power-sharing

mechanism which serves the purpose and has following operational features:
a. Should be able to ensure operation as a constant load or generation for the whole
micro grid with reference to active and reactive power.
b. Should be applicable to micro grids with one or multiple grid interconnections.
c. Should allow stable independent (grid-isolated) operation of the micro grid.
d. Should have capability to control the active and reactive power flow on all or some
of the identified (participating) interconnection lines from the main grid.
e. Should be able to adapt to changes in network configurations.
f. Should be self-resilient in manner that in case micro grid changes modes (grid
interconnected to isolated or vice-versa) the DDGUs should be able to adapt accordingly.
g. Should be able to maintain the ideal operation of the micro grid to the extent possible,
even during the transient frequency events.
1. Should be able to control or manage active and reactive power independently.

This thesis presents an active and reactive power-sharing method which provides all the

features listed above. The proposed active and reactive power sharing method is designed to
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have these listed features which are considered to be “must have” for fulfilling the operational

needs of today’s and future micro grids.

1.6 Research Questions

This research is intended to provide answer to the following questions:

a. How active and reactive power should be shared within the dispatchable and distributed
power generating units within a micro grid which has multiple interconnections with the main

grid(s) for ideal operation?

b. How the active and reactive power flow control over the interconnection lines be adhered

using that active and reactive power sharing technique?

c. What would be the resiliency parameters/impacts of the suggested active and reactive

power flow control methodology?

d. How micro grid should maintain an ideal operation during the frequency excursion of the

main grid?

1.7 Research Process and Contribution

The proposed active and reactive power sharing method is unique in the sense that it will be
equally effective for the micro grids with single or multiple interconnections with the main
grid(s). Additionally, the proposed technique can ensure ideal operation of the micro grid even
after any network configuration change has been implemented within the micro grid. As
compared to other proposed techniques, this method has no operational or network
configuration or design related limitations or conditions. It utilises the overall dispatchable
power generation capacity in far efficient, smarter and global manner as compared to other

techniques which, due to their design limitations, could not demonstrate. The proposed method
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can accommodate multiple grid interconnections with single or even multiple grids and that too
at different network locations which can even be at different voltage levels. The flow control
limitations can be applied to all participating interconnections without impacting flow on non-
participating interconnections. All of these features are unique to the proposed technique which
will prove to be extremely useful and effective for the micro grids of today and of future.

A conventional step type research process was adopted to complete this research. Figure 1.5
depicts the overall adopted process. The robust process ensured that the final design of the
solution not only achieves the set objectives but also is tested vigorously, compared
appropriately, discussed thoroughly, and reported clearly for the benefit of the research

fraternity.

In this research project, a comprehensive and systematic approach was undertaken to
address specific objectives and research gaps within the chosen domain of study. The following
steps highlight the methodology and process employed in this research:

1) Literature Review:

e The research commenced with an extensive literature review, involving a
thorough examination of a wide range of related and recent research papers
within the research domain. This step provided a foundational understanding of
the existing body of work and helped identify gaps and opportunities for further
research.

2) Identify Research Gaps

e The available research was approached with a very critical angle. Assumptions
were considered and challenged. Adopted methodology was also reviewed with
reference to the real world requirements to create alternative options and to
identify gaps.

3) Setting Research Objectives:
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After conducting the literature review, the research objectives were carefully
formulated. These objectives were designed to address the identified gaps in the
current body of research, aiming to contribute new insights and solutions to the

field.

4) Initial Design Proposal

An initial design was proposed and evaluated. This design had several iterations
of reviews to ensure that it aligns with the desired objectives and provide a
unique and more appropriate solution to the identified problem/gap.

Theoretical comparative analysis was conducted before initiating the developing

the control system.

5) Initial Model Development:

An initial test model was created based on the test/simulation models used in
reference research papers. This initial model served as a starting point for the
research and was employed to reproduce the results achieved in previous studies.

It helped establish a baseline for the research.

6) Model Validation:

The initial model underwent validation to ensure its accuracy and reliability.
This validation process involved comparing the model's results with those from
prior research papers. Once the model was validated, it provided a sound basis

for further development.

7) Model and Design Finalization:

Modifications were designed and implemented to enhance the initial model.
These modifications were aimed at transforming the model into a flexible and

adaptable test bed capable of demonstrating the research objectives. Careful
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consideration was given to the model's ability to simulate various operational
scenarios that micro grids may encounter.
8) Iterative Discussions:

e Multiple iterations of discussions and consultations took place throughout the
research. These discussions involved researchers and experts collaborating to
refine the model, ensuring that it effectively represented the complexities of
micro grid operations and the specific research objectives.

9) Evaluation of the Model:

o The model was rigorously evaluated to guarantee its ability to simulate all
possible operational scenarios encountered by micro grids. This evaluation
process was critical in preparing the model for the study cases and testing of the
proposed methodology.

10) Study Cases Simulation:

o Identified study cases, which were essential for testing the features of the
proposed method, were simulated using the model. The results obtained from
these simulations were evaluated against the predefined research objectives.

11) Result Analysis and Comparison:

e The achieved results were analysed thoroughly and compared with those from
other available works. This comparative analysis helped establish the benefits
and contributions of the proposed research work.

12) Thesis Drafting:

e The research findings and the entire process were meticulously documented and

presented in the form of a thesis. This document serves as a comprehensive

exposition of the research methodology, objectives, model development,
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simulations, and the results achieved. It offers a clear explanation of the research
contributions and their significance within the chosen research domain.

In summary, this research followed a systematic approach, encompassing a literature
review, model development, validation, enhancement, discussions, evaluations, simulations,
and comparative analysis to achieve its research objectives and address identified gaps in the
field of micro grids. Figure 1.5 describes the adopted process in a flow chart representation up
to the first thesis submission. After receiving some advice from the thesis examiners, the design
of the controller is further enhanced. The design enhancements and subsequent simulation test
results, to test the performance of the enhancements, are outlined in this updated thesis. The
resulting thesis encapsulates the research journey and findings, offering valuable insights and
contributions to the domain.

It is important to emphasize that the proposed approach marks a significant and original
contribution to the field of micro grid research. Although micro grids with multiple grid
connections are highly relevant in the context of modern energy systems, this specific area has
not been extensively studied or thoroughly addressed in the existing body of literature, at least
within the scope of our review. This research introduces a new perspective and direction,
offering valuable insights and potential solutions to the unique challenges and opportunities
associated with micro grids that incorporate multiple grid connections. By addressing an
existing gap, it enhances the growing knowledge base in the areas of micro grid control and
operation, advancing understanding and paving the way for future developments in this crucial
field.

The significance of maintaining an effective and robust method for maintaining a
particular value of active and reactive power flow at the desired or selected interconnections,
even when network configurations change, is paramount for micro grid operators. In the

dynamic and evolving energy landscape, network configurations are frequently subject to
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modifications, whether due to grid expansions, new connections, or changes in load and
generation patterns. As a result, having a control strategy that can seamlessly adapt to these
changes without compromising performance is of immense value.

The proposed approach directly addresses this critical need by offering a solution
capable of preserving the stability and reliability of power flow management by ensuring micro
grid’s idea operation under most probable and real-world operational scenarios. Specifically, it
ensures that the overall active and reactive power exchange between the micro grid and the
main grid remains consistent and stable, even if the network configurations are modified. This
is particularly vital for maintaining grid stability, voltage control, and overall system reliability.
The design is further enhanced to incorporate both reactive power flow control and balancing
active power control in order to address the dual objectives of maintaining grid stability and
optimizing power quality. Reactive power flow control ensures constant reactive flow between
the grid and the micro grid by monitoring the sum of the reactive power flows on the
interconnection lines, while balancing active power control helps in overwriting the frequency
response to ensure constant active power exchange between the main grid and the micro grid

even during the frequency excursion events.

The proposed, enhanced interconnection flow controller, is equipped with an
independent reactive power flow control, the system can ensure that the reactive power flows
remain within acceptable limits, allowing for smoother operation of both the micro grid and the
larger grid system. Thus, in a micro grid with constant interconnection flow as a primary
objective, reactive power control acts as a crucial mechanism to maintain equilibrium across
multiple interconnections, without directly affecting voltage, but rather ensuring that the micro

grid’s power exchange remains stable and predictable under varying operating conditions.
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These enhancements are crucial in systems where active power, frequency and reactive
power must be simultaneously regulated. In traditional control systems, the focus was often on
active power and frequency regulation, with less attention given to reactive power. In scenarios
where the micro grid experiences fluctuations due to load changes or renewable energy
variability, it is important to have a mechanism that not only manages active power (to meet
demand) but also adjusts reactive power to ensure the interconnection flows remain within safe

operational limits.

Overwriting frequency response using balancing active power control during frequency
excursion events offers several key advantages in ensuring stable and efficient operation of a

micro grid interconnected with a main grid. Here are the main advantages:

Ensuring stability during frequency excursions: Frequency excursions in the main grid can
lead to deviations in active power flow between the micro grid and the main grid. If active
power control can override the frequency response (within design and physical limits), it
ensures that the active power exchange between the two grids remains constant, preventing
sudden variations in power flow that could destabilize the micro grid or strain the

interconnection.

Improved power reliability: By maintaining a constant active power exchange, this control
ensures that the micro grid receives or supplies the necessary power without fluctuations that
might otherwise occur due to frequency changes. This is particularly important when the micro
grid relies on or provides critical loads, as uninterrupted power is necessary for smooth

operation.

Prevents undesired reactions to frequency changes: When frequency excursions occur,
traditional systems would respond by adjusting active power output to compensate for the

frequency deviation. By overwriting the frequency response to the extent possible, the
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balancing active power control allows the micro grid to maintain a steady active power output,
ensuring that frequency disturbances do not propagate through the micro grid and cause

instability.

Efficient power sharing: During frequency deviations, active power-sharing mechanisms
between DDGUs can remain uninterrupted. This enables all DDGUSs to respond according to

local demands rather than global frequency issues, which can be managed separately.

Enhanced resilience during grid disturbances: By focusing on active power control rather
than frequency response within certain limits, the micro grid can remain more autonomous and
resilient during minor grid disturbances. This allows the micro grid to continue operating
smoothly even when the main grid experiences minor or frequent frequency variations,

enhancing overall system resilience.

More effective load balancing: Active power control allows the micro grid to continue
managing its internal loads more effectively during frequency excursions. This means that
power generation and consumption within the micro grid can remain balanced without being

influenced by the broader frequency variation in the main grid.

Efficient utilization of generation resources: By maintaining active power flow constant,
energy storage systems, renewable generation, and other dispatchable units can operate at their
optimal capacity, ensuring efficient energy utilization without frequent changes due to external

frequency shifts.

Avoids overcompensation by frequency response: If active power is allowed to respond
directly to frequency deviations, it may lead to overcompensation, where the micro grid adjusts

too aggressively to frequency changes. By allowing flow control to overwrite this response
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within limits, the system avoids overcompensating, ensuring smoother and more controlled

power delivery.

When tested under various simulated operating scenarios, the proposed method has
demonstrated its success in maintaining the required sum of active and reactive power flow,
whether the micro grid is operating as a power producer or consumer. This adaptability
guarantees that, despite changes in the network's structure, the micro grid remains a predictable
and reliable contributor to the overall power system. The proposed strategy not only enhances
operational flexibility but also minimizes the risk of instability, ensuring smooth transitions
during network reconfigurations and reducing the need for manual adjustments or system
redesigns.

Ultimately, this capability is essential in modern energy systems, where micro grids
must operate autonomously and flexibly, adjusting to evolving grid conditions without
sacrificing performance. It represents a step forward in micro grid control, offering both
operational resilience and efficiency in an increasingly complex energy environment.

This innovation not only advances theoretical knowledge but also holds practical
implications for the design, control, and operation of future energy systems, where multiple
interconnections and dynamic reactive power management will play an increasingly important

role.
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1.8 Organisation of the Thesis

The literature review is presented in the next chapter (Chapter 2), while the methodology and
details about the design of the proposed method is presented in Chapter 3. Results of the
simulations and related discussion are presented in Chapter 4. Enhancements in the design are
explained in Chapter 5 along with the results and discussion about the additional simulated
cases to test the enhanced features. Conclusions of the work are outlined in Chapter 6, while

referenced papers and resources are listed in Chapter 7.
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2. LITERATURE REVIEW

In the literature, a number of ideas have been put up for effective active power-sharing
within the DDGUs of a micro grid. For proper power-sharing across DDGUs, power versus
frequency (P-f) droop control has been widely used in a variety of methods [7].

Conventionally, frequency-based droop controllers proved to be a very robust, simple
and reliable mechanism to manage a DDGU’s response to the varying load or generation in a
micro grid system. Several studies used (P —f) droop control to ensure that the system’s varying
demand is met dynamically by the units [8]. In the context of power distribution control within
a micro grid, the implementation of a common frequency signal provided to all generating units
simplifies their ability to respond to any changes or fluctuations in the system without requiring
additional signals. Each generating unit operates with a pre-established and unchanging droop
constant, which is determined in advance.

Nonetheless, alternative techniques have been proposed in the literature that suggest
periodic adjustments to the droop settings based on the unit's operating conditions and the
overall system performance, as referenced in sources [9-11]. These methods fall under the
category of "adjustable droop," as they allow for flexibility in modifying the droop control
parameters as needed. In contrast, the conventional methods, which rely on fixed and
predetermined droop constants for each unit, can be termed "fixed" or "constant" droop
methods. The adjustable droop methods offer a more adaptable and fine-tuned approach to
power-sharing control by dynamically modifying the droop parameters, which can enhance the
overall performance and efficiency of the micro grid under varying operating conditions.

In [10], a droop controller is applied to the local DDGUs which continuously changes
the droop settings according to the DDGUs current reserve, instead of their capacity.
Traditionally, operators of DDGUs do not prefer to have adjustable droop controllers for their

units, as this can cause units to not only change their power output level periodically but also
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at a varying rate. This can cause increased wear and tear on the mechanical devices such as
valves and pumps.

Constant droop-based methods have demonstrated their suitability and robustness for
micro grid applications. These approaches rely on fixed and predetermined droop constants for
each generating unit, ensuring stable and predictable power distribution within the micro grid.
This stability is advantageous, as it simplifies the control process and minimizes the need for
frequent adjustments.

However, the concept of "constant" droop can become somewhat flexible when the
droop constant values are still contingent on the network configuration (whether it's a series,
radial, or parallel setup) and the number of machines operating in the system at any given time.
In such cases, these methods can be considered somewhere in between adjustable and constant
droop systems. This is because the droop constants are not completely fixed, and they may vary
based on the network topology and the total number of machines interconnected.

The drawback of this semi-constant approach is that in scenarios where a central
controller is unavailable for some time, the responsibility falls on the operators to manually
calculate and adjust the new droop constants for each machine. This can be a labor-intensive
and time-consuming process, potentially leading to inefficiencies and delays in the micro grid's
operation. Therefore, while constant droop-based methods offer robustness and stability, their
effectiveness can be compromised when the network configuration or the number of machines
fluctuates, requiring manual intervention to maintain proper power-sharing.

A micro grid with strong connection(s) to a larger and stronger grid might not
experience any change in the frequency because of any internal load or generation variation.
The grid can dictate the frequency by maintaining it to a constant value and consequently

challenge the effectiveness of the frequency-based active power-sharing mechanism.
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In [66], a different approach is suggested that divides the micro grid into smaller
sections with an emphasis on the economic dispatch of the units. In [12], a technique for
centralized control of power-sharing is presented that makes use of a low bandwidth web-based
communication system.

One study presented in [179] provided two adaptive and intelligent control techniques
for controlling the micro grid voltage and frequency in islanded mode and allowing seamless
transition between islanded and grid-connected modes. The two suggested controllers were
based on H-infinity and model predictive control (MPC) approaches for increasing the
performance of the droop control method. The suggested H-based control strategy is used to
regulate the micro grid in its islanded mode and to provide a smooth transition between the
micro grid's two operational modes.

The frequency and voltage of the micro grid are more tightly regulated using an addition
to droop control, which is based on the same harmony search-based H-infinity control. Inside
a solitary micro grid, the suggested control technique enhanced power quality performance. For
modern inverters with complex features like virtual inertia or those who could function in the
virtual synchronous machine (VSM) mode, a control strategy is advised [48][65]. The pitch
adjustable rate (PAR) value is near to zero in the latter rounds, which disadvantages the
harmony search-based H-infinity control algorithm and might cause algorithm convergence
performance to plateau [16].

Based on a fuzzy control with MPC, another suggested technique altered the inertia

constant A and damping coefficient D of the swing equation.
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Where:

M = Angular Momentum

D = Damping Coefficient

H = Inertia Constant

G = MVA Capacity

o = Angular velocity

Pm = Mechanical Power

Pe = Electrical Power

This technique was shown to give improved frequency response for substantial load
changes inside an islanded micro grid. A further-refined and hierarchical control scheme with
three levels of control is provided for tighter frequency and voltage regulation and optimisation
inside an isolated micro grid [88].

A distributed consensus-based voltage and frequency controller has been introduced to
enhance the responsiveness of both frequency and voltage parameters in micro grids that are
operating in isolation, meaning they are not connected to a larger grid system [57][37][112].
This control technique is specifically designed for use in islanded or grid-isolated micro grids,
where maintaining the stability of voltage and frequency is essential.

One limitation associated with fuzzy logic control systems is their reliance on human
knowledge and expertise. Fuzzy logic control systems operate based on predefined rules and
linguistic variables that need to be crafted by human experts. These rules are often based on
empirical or domain-specific knowledge. However, the drawback here is that these rules need
to be updated and adjusted periodically to ensure that the system remains effective and
responsive to changing conditions. This is a labor-intensive process, as it requires ongoing

human intervention and expertise.
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Furthermore, fuzzy logic control systems are not inherently capable of recognizing or
adapting to machine learning or neural networks. These modern computational approaches,
such as machine learning and neural networks, have the potential to autonomously learn and
adapt to new data and patterns, which can make them more flexible and capable of handling
complex and dynamic control tasks. Fuzzy logic, on the other hand, relies on explicitly defined
rules and does not possess the self-learning capabilities of machine learning or neural networks.

In summary, the distributed consensus-based voltage and frequency controller is a
promising solution for enhancing micro grid performance in isolated conditions. However, it's
essential to be aware of the limitations of fuzzy logic control systems, which rely on human-
crafted rules that must be periodically updated and cannot leverage the adaptability of machine
learning or neural networks. These systems are unable to recognize neural networks or machine
learning [17]. Several MPC models can only handle steady, open-loop processes. To explain a
response, MPC frequently requires several model coefficients. Some MPC models are designed
for output disturbances and may struggle with input disturbances. Even if the model is correct,
control performance will be poor if the prediction horizon is incorrectly stated [18].

Traditional non-dispatchable energy sources like wind and solar PV rely on Maximum
Power Point Tracking (MPPT) control for regular functioning. As a result, especially in the
context of micro grids, these can significantly disturb system dispatch. In order to efficiently
meet the dispatch command or market timetable, a novel cascading power-sharing control
(PSC) technique is provided in [19] to coordinate wind and solar PV power production in micro
grids while decreasing the loss of renewable energy production involved. The difference
between dispatch instruction (market timetable) and actual renewable generation is first
addressed by managing wind power output by temperately storing or releasing turbine rotor
kinetic energy while taking into account the varied characteristics of wind and solar PV power

producing systems. This method doesn’t look at overall active power-sharing between all
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dispatchable generating units. Additionally, cascade control has three drawbacks. For one thing,
it requires an extra measurement (typically flow rate) to function. Two, an extra controller must
be calibrated. Third, the control technique is more difficult — for both engineers and operators
[20].

The adoption of renewable energy sources in off-grid systems faces limitations due to
the inherent unpredictability associated with the power output of renewable sources like solar
and wind. These sources can be intermittent and are often not readily dispatchable to meet
energy demand on demand. To overcome this challenge and make more efficient use of non-
dispatchable renewable sources, advanced control techniques have been developed.

One such advanced control technique is described in reference [81], which presents a
two-layer predictive management strategy for an off-grid hybrid micro grid. This micro grid
comprises both controllable and non-controllable generating units, along with an energy storage
system. The two-layer approach is designed to address the challenges associated with managing
such a complex system.

In the upper layer of this control strategy, the focus is on unit commitment. Unit
commitment involves deciding which generating units should be active at any given time to
meet the energy demand while optimizing system performance. This upper layer aims to make
strategic decisions about which sources to utilize based on the expected energy demand and the
availability of renewable sources.

The second layer of this control strategy deals with real-time operation. It focuses on
ensuring the smooth and stable operation of the micro grid, especially given the intermittent
and variable nature of renewable sources. One important tool used in this layer is a response
filter, which serves to smooth out the fluctuations in load generated by the gensets (internal
combustion generators). By reducing load volatility, the micro grid can maintain a consistent

and stable power supply, even when the non-controllable renewable sources fluctuate.
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The two-layer predictive management technique described in [81] is designed to
enhance the efficiency and reliability of off-grid hybrid micro grids by effectively managing
both controllable and non-controllable generating units, as well as incorporating energy storage.
This approach addresses the unpredictability of renewable energy sources by making informed
decisions in the upper layer and maintaining system stability through real-time operation in the
second layer, which includes load smoothing techniques. This can lead to improved energy
management and a more reliable power supply in off-grid systems using renewable energy
sources.

The concept of Virtual Synchronous Generator (VSG) control for inverters in micro
grids has garnered significant attention from researchers, particularly in addressing the
challenges related to low inertia in micro grids with a high penetration of renewable energy
sources. In such systems, the traditional synchronous generators that provide inertia and
stabilize the grid are often lacking, making the control of the grid more complex.

One of the key issues that researchers have identified in VSG control management is
the difficulty in ensuring proportional reactive power-sharing among Distributed Generation
(DG) units when there are uneven transmission line impedances [71]. While VSG control can
effectively manage proportional active power-sharing among DG units, it struggles to maintain
proportional reactive power-sharing in the presence of uneven impedances. To address this
challenge, a novel approach is proposed in the referenced research. This approach is known as
an adaptive virtual impedance-based VSG control strategy, which is applicable to both grid-
connected and islanded micro grids. The primary objective of this strategy is to reduce the
impedance differences at the inverter terminals and, as a result, achieve more equitable and
proportional reactive power-sharing among DGs.

The adaptive virtual impedance consists of two components: an adaptive virtual

resistance and a fixed virtual inductance. The key feature of this strategy is the adaptability of

54



the virtual resistance. This resistance value is adjusted based on the micro grid's operating
conditions, ensuring that it responds to the specific needs of the system. By dynamically
changing the virtual resistance, the control system can effectively mitigate the differences in
impedance across the micro grid, thereby enabling improved reactive power-sharing.

The research on adaptive virtual impedance-based VSG control addresses a critical issue
in micro grids with high renewable energy penetration—uneven reactive power-sharing. By
using a combination of adaptive virtual resistance and fixed virtual inductance, this control
strategy offers a solution to enhance the proportional sharing of reactive power among DG
units. It provides a more stable and efficient operation of micro grids, particularly in situations
where uneven transmission line impedances pose a challenge to traditional VSG control.

Concerns regarding the ability of future grids to recover from such natural disasters are
growing as frequent and severe weather events disrupt the power supply. Also taken into
consideration as a potential source of resilience are micro grids. This research [33] focuses on
micro grid design to fortify the network against significant breakdowns, in contrast to most
prior studies, which have mostly concentrated on how to benefit from existing micro grids
through operational methods. In order to determine the best nodes for tying up micro grids and
the capacity of the dispatchable producing units positioned within micro grids, three potential
methodologies are offered in this regard.

In [40], a distributed technique is put forward to address the challenges associated with
managing the combined active and reactive power dispatch in isolated micro grids. These micro
grids operate independently, not connected to a larger grid, and face unique control and
optimization challenges. The proposed technique aims to optimize the allocation of both active
(real) and reactive power generation within such micro grids.

The core concept of this approach involves the exchange of information among local

controllers in the micro grid. These local controllers collaborate to achieve the optimal power
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dispatch in a secondary layer, which acts as a reference for the primary controllers in each
generator. In other words, the local controllers work together to calculate the ideal distribution
of active and reactive power within the micro grid, and this information is then shared with the
main controllers of individual generators to implement the desired power dispatch.

The key advantage of this technique is its use of population dynamics-based strategy.
This strategy simplifies the deployment of the algorithm, especially in micro grids with a high
penetration of distributed generation resources (such as solar panels or wind turbines) and a
basic or limited communication network. The population dynamics-based strategy allows for
robust and efficient decision-making by considering the collective behaviour of local
controllers without the need for extensive communication infrastructure.

To validate the proposed hierarchical method, the researchers have conducted tests
using a co-simulation platform. This platform allows them to simulate real-world scenarios and
study the performance of the distributed optimization technique in practical settings. The case
study involves a specific micro grid with a management control scheme developed using the
distributed optimization technique, providing insights into how this approach can be applied in
actual micro grid operations.

The technique presented in [40] offers a distributed solution to address the combined
active and reactive power dispatch challenges in isolated micro grids only. It relies on
information exchange among local controllers, employing a population dynamics-based
strategy for efficient and effective power allocation. The approach is especially valuable for
micro grids with a significant presence of dispersed generation resources and limited
communication infrastructure, and its performance is assessed through simulation in a real-

world case study.
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In [61], a novel approach for active power-sharing and frequency control in an islanded
micro grid is introduced. This technique employs an event-triggered control scheme, which is
designed to enhance the efficiency and effectiveness of power-sharing and frequency regulation
within the micro grid.

The approach centres around a distributed secondary control scheme that relies on a
sampled-data-based event-triggered communication mechanism. This mechanism operates in a
manner where neighbouring units within the micro grid exchange data only when specific
predefined triggering conditions are met. These conditions might be related to deviations in
frequency or power-sharing imbalances. By using event-triggered communication, the system
ensures that information exchange occurs precisely, when necessary, rather than at fixed
intervals, allowing for a more responsive and efficient control strategy.

One key advantage of the proposed event-triggered communication mechanism is its
ability to reduce the number of communications between neighbouring units. Traditional
periodic communication methods often require data exchange at regular intervals, which can
lead to unnecessary data transfer and overhead. The event-triggered approach optimizes
communication by only transmitting data when it is required to maintain the necessary
performance levels for micro grid operation.

The control strategy's effectiveness and impact on micro grid stability are assessed using
the Lyapunov-Kravovskii functional technique. This technique is used to construct criteria that
help characterize how control gains, system characteristics, and the sampling time influence the
stability of the micro grid. By analysing these factors, the researchers can fine-tune the control
strategy to ensure the micro grid remains stable and reliable under various operating conditions.

The strategy outlined in [61] emphasizes event-triggered mechanisms for active power-
sharing and frequency control within isolated micro grids. This approach introduces a

distributed secondary control system with event-triggered communication, which streamlines
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data exchange among micro grid units by only engaging when specific predefined conditions
are met. This method offers distinct benefits compared to the traditional periodic
communication approaches and is evaluated for its impact on enhancing micro grid stability
using the Lyapunov-Kravovskii functional technique, ultimately resulting in improved
operational performance and reliability for micro grids.

The Industrial Internet of Things (IIoT) is an architectural framework that builds upon
the concepts of the Internet of Things (IoT) and cloud computing to enhance the control and
management of existing industrial systems, including technologies like AC smart micro grids
[19]. The research presented in reference [19] introduces a novel approach that focuses on
ensuring the safe and efficient energy policy and load-sharing strategy in renewable micro grids
designed for off-grid, independent usage. This strategy is implemented with power electronic
jointing (PEJ) technologies integrated within the IIoT framework.

The approach assumes a two-layer system, with the upper layer responsible for system
dispatch computations, and the lower layer dedicated to generating correct control procedures
for the power electronic jointing (PEJ) devices. Communication plays a crucial role in
facilitating this distributed control system, and it employs a decentralized multi-agent system
(MAS) to manage the upper layer of intelligent control. This multi-agent system enables
autonomous, yet coordinated, decision-making among various components within the micro
grid.

Despite the benefits of the IloT and its potential to enhance micro grid operations, it's
important to acknowledge some of its limitations. One notable drawback is the high investment
cost associated with adopting IIoT for micro grid operations. The cost of implementing I1oT
technologies, including the necessary hardware and infrastructure, can be a significant barrier

for many organizations.
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Additionally, the challenge of secure data storage and management is another concern
in the context of industrial IoT. IoT devices generate a vast amount of data, and ensuring the
security and proper management of this data is essential. Furthermore, IoT devices may
experience frequent connectivity outages, which can disrupt data transfer and system operations
[45].

In the context of AC autonomous micro grids, the generating units are often distributed
throughout the grid. To manage these dispersed units effectively, distributed control
mechanisms are commonly employed. However, it's worth noting that these mechanisms rely
on a supplemental communication network for transmitting information among the surrounding
generators. Various interruptions or delays in this communication network can potentially
impact the management of active power deviations in the micro grid.

In summary, the integration of IloT in micro grid operations holds promise for
improving energy policy and load sharing in renewable micro grids. Still, there are challenges
to address, including the high implementation costs, data security concerns, and potential
disruptions in communication networks that can affect the performance of distributed control
mechanisms in AC autonomous micro grids.

A dispatchable droop control system for many dispersed generators is presented in
research article [72] and may be applied in solitary AC micro grids. By using first-order inertia
components to generate pseudo-hierarchical control, the proposed technique enables the
generators to autonomously distribute the load on a smaller time scale while complying with
the dispatch order on a larger time scale. The recommended method combines frequency
restoration control and active power regulation. It features either a voltage control or a reactive
power regulation control for various conditions. The suggested strategy is still useful even if
the specified power control references are impossible. A MATLAB/Simulink simulation is used

to show how effective the recommended technique is.
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Achieving precise power-sharing in islanded micro grids presents a considerable
challenge, primarily due to factors like mismatched feeder impedance. In the context of
addressing this issue, the article [75] introduced an approach based on distributed event-
triggered power-sharing control mechanism. This innovative control strategy is designed to
overcome the impedance-related challenges and enable more accurate power-sharing in micro
grid systems.

The proposed approach takes a dynamic and adaptive approach to managing virtual
impedances, both at fundamental positive/negative sequence and harmonic frequencies. This
adaptability allows the distributed generating units within the micro grid to effectively
exchange reactive power, manage unbalanced conditions, and address the challenges posed by
harmonic power fluctuations. By doing so, the micro grid can ensure that power-sharing is both
accurate and equitable among the various generating units.

One notable advantage of this solution is its independence from precise knowledge of
the feeder impedance. Traditional approaches often require detailed knowledge of the network's
impedance characteristics, which can be challenging to obtain and maintain in real-world
scenarios. The proposed approach eliminates this requirement, simplifying the design and
deployment of power-sharing control mechanisms in micro grids.

Another key feature of this approach is the use of event-triggered communication.
Instead of continuously transmitting data between units, communication only occurs when
predefined triggering conditions are met. This approach minimizes the communication
overhead, reducing the need for constant data exchange while still maintaining the necessary
performance levels within the micro grid. Event-triggered communication can be especially
beneficial in resource-constrained environments and helps enhance the efficiency of the control

system.
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The control mechanism introduced in article [75] addresses the challenges associated
with accurate power-sharing in islanded micro grids, particularly due to impedance mismatches.
By adaptively managing virtual impedances at different frequencies, this approach enables
precise power exchange and control without requiring detailed knowledge of feeder impedance.
Event-triggered communication further reduces communication overhead while ensuring the
micro grid's performance remains at the desired level. This innovative approach offers a
practical solution for enhancing power-sharing in micro grid systems.

This paper [114] addresses power-sharing and power quality improvement challenges
in islanded single-/three-phase micro grids (S/T-MGs) with unbalanced sources and loads. A
hierarchical distributed control approach is proposed, consisting of 1) a phase-independent
virtual synchronous generator (P-VSG) control for primary control of distributed generators, 2)
a distributed secondary power flow regulator for power-sharing control among distribute
generators and between phases, and 3) a distributed secondary voltage regulator for voltage
restoration and power quality improvement.

In [13], two different approaches are presented by utilising two modes of DDGU
operation, namely unit power control (UPC) mode and feeder flow control (FFC) mode, which
were previously proposed in [8, 15]. A problem was identified in [13] when multiple DDGUs
are connected on the same radial feeder and operate in FFC mode.

In [14], a different approach to dealing with the issue of genuine power-sharing among
the DDGUs of a micro grid is proposed. The biggest DDGU in a micro grid should preferably
be linked near to the point of common coupling (PCC) or grid interconnection, according to
this suggestion. While the other DDGUs run in UPC mode initially, that DDGU shall operate
in FFC mode. The following unit shall enter FFC mode after the FFC unit is completely loaded

as a result of the load increase. When the DDGU in front of it in the queue reaches its maximum
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actual power output, the process continues, and the DDGUs are then switched to FFC mode.

The overall algorithm of selecting an operating mode within a DDGU is given in Figure 2.1.

Start
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Front UPC-DG
isin FFC?
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Yes Yes

o
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Y A

Mode = FFC Mode=UPC

Figure 2.1. Algorithm for changing the control mode of DDGU [14].

One or more DDGUs must be operated in FFC mode since the basic goal of all power-
sharing techniques is to make the micro grid a continuous power-consuming or supplying entity.
The flow from the grid must be kept as high as feasible in order to have adequate reserve in the
DDGUs (in FFC mode) to compensate for any load/generation change inside the micro grid.
However, on the other hand, if the flow from (or to) the grid is high, then at the time of isolation
(during transition mode) larger frequency deviation will result [14]. A critical balance needs to
be maintained so that an unplanned isolation event can be sustained by the micro grid.

In order to maintain a steady flow of power on each internal feeder inside a micro grid
by operating it in FFC mode, the proposed approach in [16] envisaged having one DDGU at
the start of each internal feeder. Each internal feeder must maintain a constant flow in order for

the total flow to or from the micro grid to be constant. However, it is simultaneously both

62



utopian and constrictive to assume that there will be one DDGU at the beginning of each
internal feeder of the micro grid. Idealistic in that having so many DDGUs within a micro grid
can be seen as a costly luxury and constrictive because the DDGU will only be configured to
account for variations within the feeder even though it has the ability to contribute for variations

in other feeders within the micro grid.

For active and reactive (P&Q) power control and management within a micro grid
several techniques are presented in the literature. All recent contributions in this area are mainly
focused towards either the internal voltage control of a micro grid or economic dispatch of the
DDGUs. In all the recent [184 — 200] referenced publications micro grid with one connection

to the main grid was considered.

The research presented in [184] proposed a novel bi-level optimization model for
Combined Cooling, Heating, and Power (CCHP)-dominated Integrated Community Energy
Systems (ICESs) in the day-ahead distribution electricity market (DEM). The model introduced
a new trading mechanism between ICES operators (ICESOs) and the Distribution System
Operator (DSO) to optimize both active and reactive power scheduling. The proposed model
enhances the operational efficiency of ICESs by enabling optimized power scheduling and

effective integration of distributed energy resources.

In [185] an enhanced control strategy for micro grids integrating renewable energy
sources is proposed. It utilizes a Finite Control Set-Model Predictive Control (FCS-MPC)
approach, which is designed for both islanded and grid-connected operational modes. The
proposed control strategy includes voltage control, power-sharing, and negative-sequence
current control loops to ensure system stability and efficiency in both modes. By reducing
computational demand and minimizing inverter switching, the control method enhances system

performance in terms of voltage regulation, power quality, and harmonic reduction. A similar
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MPC based method for dynamic control and optimization of distributed energy sources within

a micro grid is presented in [186].

A predictive control-based algorithm is proposed in [187] for achieving optimal energy
management (OEM) in renewable-based hybrid micro grids (HMGs). This method consisted of
a modified model predictive control based improved Firefly1to3 algorithm (MMPC-IFA1to3).
Using this method, active and reactive power references were generated resulting in simpler
switching operations in voltage source converters. This research focused mainly on active and
reactive power management through objective function minimization. The proposed IFA1to3
was demonstrated to minimize costs, ensure power availability, and mitigate voltage deviations

in renewable-based HMGs.

Parallel operation of voltage source converters and synchronous generators within a
micro grid is studied in [188] and a droop-based frequency control is recommended. The

research proposed a supervisory centre controller to ensure stable system frequency.

A comprehensive comparison and review of reactive power sharing methods within
micro grids operating in islanded mode is provided in [189 and 190]. The paper presented a
review of the recommended communication-less reactive power sharing approaches
recommended in referenced literature. The comparative analysis concluded that the new
methods are all improvements to the traditional Q/V droop method and are greatly sensitive to

the network configuration and other network parameters.

An improved VSG control algorithm based on fuzzy logic algorithm is proposed in
[191]. This integrated control algorithm of power distribution is recommended for islanded

micro grids.
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In [192] a centralised reactive power sharing method is discussed for isolated micro
grids. The proposed method is shown to be resilient to the communication link failures, which
is the main cause of the reactive power sharing error and subsequent voltage instability of the
micro grid. An adaptive virtual impedance control was used in a centralised manner under
normal operating conditions, while in case of communication link failure, a

centralised/decentralised control method is recommended.

A method for optimizing power flow in distribution networks that integrate multiple
micro grids is presented in [193]. The research introduced a Multi-Actor-Attention-Critic
(MAAC) deep reinforcement learning approach, designed to solve the challenges of
dimensionality explosion in high-dimensional optimization problems. The proposed method
focuses on balancing active and reactive power within large-scale non-convex environments,
ensuring system stability, reducing network losses, and improving computational efficiency.
Additionally, the paper incorporates transfer learning to enhance the adaptability of the
optimization algorithm in dynamic operational scenarios, such as grid topology changes or
device switches. The paper focused on optimizing power flow within a single grid environment

that integrates multiple micro grids with one grid interconnection.

As another example of a dynamic droop controller, [194] proposed an advanced control
strategy for managing the power flow between AC and DC subgrids in hybrid micro grids. The
traditional normalized droop control, while useful for bidirectional power coordination, often
leads to issues such as power transmission inaccuracies and voltage deviations from rated
values, especially under varying load conditions. To address these challenges, the research
introduced an adaptive droop control method that dynamically adjusts the droop coefficient
based on real-time system conditions. Similar to all others mentioned above, this research also

considered a micro grid with single grid connection.
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The paper [195] proposed a data-driven strategy for coordinated Volt/Var control
(VVC) in active distribution networks (ADNs) with multiple micro grids. This strategy aimed
to ensure secure and efficient operation despite the presence of false data injection attacks
(FDIAs). The approach utilized convolutional neural networks (CNNs) to emulate the
behaviour of micro grid central controllers (MGCC. A voltage sensitivity-based reactive power
adjustment method is also proposed to streamline the iterative optimization process. To protect
data integrity and security, the paper integrated encryption algorithms (GGH and RSA) into the
communication process between micro grids and distribution system operators (DSOs). This
technique is based on the communication-based controller considering micro grids with single

interconnections.

A control and power management system (CAPMS) for hybrid PV-battery micro grids
that operates in both grid-connected and islanded modes is presented in [196]. This study
emphasized on the real-time control of both AC and DC bus voltages and ensured a smooth
transition between operational modes. By integrating maximum power point tracking (MPPT)
and dynamic battery management, the system maintains power balance and stability even
during fluctuations in solar irradiance or load demand. Additionally, CAPMS enabled flexible
power flows and voltage regulation across various operating scenarios. The research provided
a method to control power delivery within a hybrid inverter either in islanded or grid connected
mode. Similar technique is proposed in [197] but only for isolated micro grids. The paper
presented a decentralized power management and load sharing method for a photovoltaic-based
islanded micro grid consisting of various photovoltaic (PV) units, battery units, and hybrid
PV/battery units. The proposed method considered available PV power and battery conditions

of the units to share the load among them.
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A voltage control strategy for an integrated medium and low voltage distribution
network based on active-reactive power coordination optimization is proposed in [198]. It
established an integrated control model for the medium and low voltage distribution network,
taking voltage offset and network loss as the optimization objectives. The method utilized
reactive power compensation devices and active power control of energy storage systems (ESS)
as control variables. The proposed strategy claimed to effectively solve the problem of voltage
overrun in the distribution network by coordinating the active and reactive power of the medium

and low voltage systems.

A comprehensive comparison of the proposed active and reactive power strategies is
presented in [199], while [200] detailed various control mechanisms, including droop control,
model predictive control (MPC), and multi-agent systems (MAS). The research addressed the
increasing integration of renewable energy sources into micro grids and the associated control
challenges. It reviewed state-of-the-art control strategies and trends, classifying micro grid
control into three hierarchical levels: primary, secondary, and tertiary. These levels manage
micro grid operations, from internal controls to coordination with the larger power grid. It is
noted that none of the strategies reported in these technology reviews ([199, 200]) were focused
on the interconnection flow, as almost all of the quoted research papers were focused on micro

grids with single grid connection.

Table 2-1. Comparison of proposed control strategies in the literature [199].

Control Strategy Benefits Limitations

Sliding Mode Control Strong power-sharing. The amount of load charge,
Fast dynamic response. filter capacity, and the
Small steady-state error. capacity of DG units should

Ability to maintain DC link. | be considered in the design
domain of the controller.

PQ Droop Simple implementation. Inadequate V-F regulation.
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Greater flexibility and
expandability

Poor dynamic response and
harmonics.

Effect of physical parameters
on performance.

V-P Droop and F-Q Boost
Scheme

Simple implementation.
Applicable to high-
resistance TL.

Poor V-F regulation.
Dependence on physical
variables

Complex Line Impedance
Droop Control

Better voltage regulation.

A pre-knowledge of line
impedance is required.

Angle Droop

Better frequency regulation.

Requires smart information.
communication based on
GPS.

Inadequate power-sharing.

Constant Power Band

Within the permissible Aftects the overall efficiency

Based Droop voltage limits. due to the requirement of a

In line with the parameters | separate controller at each
of a micro-resource. stage.
MPPT based efficient
Energy usage.
YID Control il it Gl stteal Voltage regulation is not
parameters. anged
Better system stability
Optimized Virtual Non-linear load's power- A pre-knowledge of
Impedance. sharing. physical parameters is
Reduction in point of required.
common coupling's Low-bandwidth
harmonic voltage. communication.

VFT Method Decoupled PQ Control. No guarantee that all DGs
have the same
transformation angle.

A pre-knowledge of
physical parameters is
required.

Adaptive Voltage Droop Better stability and power- A pre-knowledge of

Control sharing. physical parameters is
required.

Synchronized Reactive Better power-sharing. Low bandwidth

Power Compensation

Independent of physical
parameters.

communication is needed.
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Coordinated operations
based on Droop Control

No communication delay.
Independent of physical
parameters. Better power-
sharing.

Low bandwidth
communication is needed.

Q-V Dot Control

As simple as conventional
droop control.

Prone to de-stabilization.
The steady-state solution is
critical to calculate.
Depends upon the initial
conditions.

Single Variable Control

Independent of physical
parameters. Perfect for both
linear and non-linear loads.

Voltage harmonics.
Challenges in voltage
measurements.

Virtual Generator Mode
(VGM) Primary Control

Guarantees fast V/ F
dynamics in an autonomous
mode of operation.

Gives rapid control actions
during the grid-tied mode,
too, enabling V-F support
(GSM-FV).

Provides power control by
reference signals from the
secondary level control
(GSM-PQ).

Stability issues while
transitions between the two
operating modes.

Proportional Resonant

Better performance due to
current controller.
Zero steady-state error.

Poor harmonic profile.
Complex system.

Hysteresis Current
Control

Simple implementation.
Fast-transient response.

Resonance issues.

Power imbalance.
Harmonics and poor voltage
regulation.

Fuzzy Logic Control

Simple implementation.
Independent of parameter
variation. Beneficial for
non-linear systems.

Slow controlling response.

Adaptive Droop

Simple implementation.
Better voltage regulation
and power-sharing.

System parameters are
affected.

Multi-Agent System
(MAS)

Robust control action.
Better performance under
uncertain disturbances.

Communication delay.
Poor performance without
communication links.
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H-Infinity Controller Applicable to both linear Complicated mathematical
and non-linear systems. model.

Robust control action. Slow dynamics.

2.1 Reference Modes of Operation for Active Power Control

Two different modes of DDGU operation, namely UPC and FFC are explained in this section.

2.1.1 Unit Power Control (UPC) Mode

While micro grid is connected to the main grid, this mode is designed to keep the generating
unit at a constant output power level regardless of the load or generation variation. The
frequency of the system is maintained by the main grid and if all units within the micro grid
operate in UPC mode, load variation will also be compensated by the main grid.

While a micro grid is isolated, the generating units operating in UPC mode within the
micro grid react to the varying demand. Conventional power versus frequency (P—f) droop
controller is adopted and power is shared among the units according to the droop controller
constant KU. The same mode is explained and utilised in [16-18]. The term P-f refers to the
relationship between real power output (P) and the frequency of the micro grid (f). The droop
parameter is used to control the rate at which the generator changes its power output in response
to changes in grid frequency.

P-f droop is commonly used in decentralised power systems with multiple generators,
such as micro grids or islanded power systems. By using P-f droop control, the generators in
the system can share the load and maintain stable grid frequency without the need for
centralized control.

Overall, P-f droop is a simple and effective way to control the power output of
generators in a grid and maintain stable grid frequency. It is widely used in decentralized power

systems and is a key component of many modern power system control strategies.

70



The mathematical representation of the P—f droop controller is:
=1 —KY (P —PY [2.4]
where, KY is the UPC droop constant while f°, P’, £ and P’ are the initial and final values of

frequency and power, respectively. Figure 2.2 below shows the conventional P-f droop curve.

MW

Pﬂ

Figure 2.2. P-f Droop Curve for UPC mode of operation.

All units operating in the UPC mode can have same or different value of K. This value dictates
their contribution to the change of the operating conditions. Value of Pref also depends on the
rating of the unit. 3. Figure 2.3 depicts the operation of a unit in UPC mode in a micro grid.
Once the micro grid is isolated, any load variation will result in change in the system frequency.
The magnitude of the change in the frequency depends on the overall system wide effective

value of K"
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Figure 2.3. UPC mode of operation.

2.1.2 Feeder Flow Control (FFC) Mode

While a micro grid is connected to the main grid, the units in FFC mode, as depicted in Figure
2.4, will maintain the power flow at designated location within the micro grid at a desired
value, termed as FLrgr. For all units operating in FFC mode in an internal feeder, FLrEr is set
to a value of FLreepErR (FLrEF 1 = FLrEEDER 1 @and FLrer 2 = FLregDER 2). If the load demand
increases (or generation decreases) in the micro grid, the generation units in FFC mode increase
their real power output to maintain the power flow at FLrer value, which is the flow at a
designated location in the micro grid.

While micro grid is isolated, a feeder flow versus frequency (FL-f) droop controller is
employed, instead of generated power versus frequency (P—f) droop, to maintain the flow at the
designated location.

FFC mode can be represented mathematically as:

P=f —KF (FL' — FL?) [2.5]
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where, KF is the FFC droop constant while f°, FL?, £ and FL’ are the initial and final values of

frequency and power flow, respectively.

Micro Grid

FLFEEDER 2

==

Feeder Flow
FLyne
> FLeeeper

==

Loads

FLger 1 =9

Figure 2.4. FFC mode of operation.

2.2 Summary

The active power-sharing control mechanisms described above are primarily intended for micro
grids with one active grid link or for isolated micro grid operation. Little to no attention has
been paid to creating suitable power-sharing plans for micro grids with several active grid links.
The offered methods have a number of drawbacks and are only proven to work under one or a

small number of operational situations.

A wide variety of proposed active power-sharing methods are based on droop control,
which has several drawbacks that limit their applicability for a modern power system, and
especially for a grid-connected micro gird or during grid-connected mode of micro grid

operation. Various issues have been reported in texts related to such systems, including poor
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transient performance, ignoring of load dynamics and inability to impose a fixed system
frequency. However, P—f droop-based active power-sharing methods are found to be well suited
for island mode of micro grid operations.

Methods based on a central master controller which controls the load sharing among the
DDGUs, have additional reliability requirements for the communication and control
infrastructure/framework. Table 2-2 provides a comparative summary of the proposed active
power sharing methods, their major drawback(s) and the corresponding feature of the proposed
method in this thesis.

This thesis presents a new and universal power-sharing method that can be employed
by micro grids with single or multiple active grid interconnections — an active power-sharing
technique which can prove to be equally effective for isolated and grid-connected micro grids,

with single or multiple grid interconnections.
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Table 2-2. Comparison of proposed active power sharing methods in the literature and the
method proposed in this thesis.

Methods Proposed
in Literature

Droop-based
(Constant or

Major Drawback /
Shortcoming

Poor frequency regulation

Proposed Method in this

Thesis

Constant frequency while
grid-connected

Non-ideal operation in case
frequency is constant due to
grid system

Ideal operation while
connected to grid(s)

Variable Droop) For variable ones, droop
setting has to be changed Constant droop value for
manually or according to the DDGU
operating conditions
Require reliable
communication network. Can’t No such dependenc
Methods based on | operate if communication link y
central controller is lost
Methods for Equally effective for

Islanded micro
grids

No control feature for
connected mode of operation

interconnected or isolated
mode of operation

Methods for micro
grids with single
grid
interconnection

Not designed for controlling or
managing flow on multiple
interconnecting lines

Can control various
overall flow conditions on
multiple interconnection
lines

Mostly dependent on network
configuration

Designed for all network
configurations

Mostly tested for only one
configuration

Tested for 3 most extreme
configurations
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3. METHODOLOGY

A micro grid which can import/export (active and reactive) power over multiple active grid
interconnections will be more reliable as compared to micro grids with just one active grid
interconnection. Multiple grid interconnections on one hand provide more flexibility and
reliability in operations while on the other hand introduce some complexity in automatic active
power-sharing mechanisms adopted by DDGUs. Micro grids can have multiple
interconnections with one grid system or can also have single interconnection with multiple
grid systems. Grid interconnections can be at different connection points or even at different
voltage levels.

Indeed, the reliability and performance of a micro grid can be significantly enhanced when it
has the capability to import or export power over multiple active grid interconnections
compared to micro grids with just a single active grid interconnection. The presence of multiple
grid interconnections offers several advantages but also introduces some complexities,
particularly in the automatic active power-sharing mechanisms adopted by Distributed
Dispatchable Generation Units (DDGUs).

The benefits of multiple active grid interconnections include:

1. Redundancy and Reliability: Having multiple interconnections increases the
redundancy in the power supply. If one interconnection experiences a fault or goes
offline for maintenance, the micro grid can rely on the others, ensuring a continuous and
reliable power supply. This redundancy minimizes the risk of prolonged outages and
improves the resilience of the micro grid.

2. Load Balancing: Multiple interconnections provide flexibility in load balancing. The
micro grid can distribute power efficiently among the different interconnections,

reducing the chances of overloading a single connection and preventing grid instability.
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3. Improved Energy Management: With access to multiple grid systems, a micro grid can
optimize its energy management by selecting the most cost-effective or sustainable
power source at any given time. It can import power when it's more economical or use
its own generation when it's favourable, enhancing cost savings and environmental
sustainability.

However, the presence of multiple interconnections does introduce some complexities,
especially in managing active power sharing among DDGUs:

1. Control and Coordination: Coordinating the operation of multiple interconnections
requires a sophisticated control system. This system must ensure that the power-sharing
mechanisms among DDGUs are well-coordinated to prevent imbalances and maintain
grid stability.

2. Synchronization and Control Strategies: Different grid systems or voltage levels may
have varying synchronization requirements and control strategies. Ensuring
compatibility and synchronization among these systems can be challenging.

3. Communication and Information Exchange: Effective communication and data
exchange among the interconnections are crucial for seamless power sharing and
coordination. This requires reliable communication infrastructure and protocols.

In addition to the above, micro grids can choose to have multiple interconnections with one grid
system or establish a single interconnection with multiple grid systems. The choice depends on
various factors, including the micro grid's specific requirements, the availability of grid
connections, and the desired level of autonomy.

Furthermore, grid interconnections can occur at different connection points within the micro
grid, such as at various substations or distributed energy resources, and at different voltage
levels, ranging from low-voltage to medium-voltage or even high-voltage connections. Each

configuration offers specific advantages and challenges, making the design and management of
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multi-interconnection micro grids a complex yet rewarding Endeavor. Ultimately, the decision
to adopt multiple active grid interconnections should align with the micro grid's goals,
reliability requirements, and operational complexities it can accommodate.

To fulfill the overarching goal of managing a micro grid as either a constant source or
load, it's essential to maintain a degree of control over the power flow within the system. There
are a couple of approaches to achieve this, depending on the specific requirements and
operational constraints of the micro grid.

One possible strategy is to maintain a constant power flow on all interconnections
within the micro grid. In other words, the active and reactive powers exchanged between the
micro grid and external grids or other micro grids remains fixed at a predetermined value. This
approach ensures that the micro grid functions as a stable and predictable power source or load,
which can be particularly valuable for maintaining grid stability and power quality.

However, in practice, a more realistic scenario often involves managing the sum of
active and reactive power flows across interconnections rather than individual flows on each
connection. This means that the total active and reactive power transfer over all the
interconnection lines is controlled to remain constant, irrespective of the specific power
exchanges on each line. This approach allows for flexibility in managing the micro grid's power
balance and can accommodate varying conditions and generation patterns.

The thesis introduced a controller called "Interconnection Flow Control (IFC)" initially,
which is then enhanced to “enhanced IFC” (refer to chapter 5 for details about enhanced IFC),
which provides a mechanism for active and reactive power sharing in situations where the sum
of active and reactive power flows over the interconnection lines must be maintained at a
constant value. This controller is particularly useful when the DDGUs within the micro grid

have limitations in their power output capacity.
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All DDGUs within the micro grid are recommended to operate with this newly designed
controller. This controller ensures that power sharing is actively managed, and the micro grid
can operate as a constant source or load, as required. By regulating the total power flow over
the interconnections, the micro grid can adapt to varying conditions, generation availability,
and load demands while maintaining the desired level of stability and performance.

The enhanced IFC manages the active and reactive power-sharing among DDGUs
within a micro grid when the total power flow over interconnections needs to remain constant.
This strategy offers flexibility and adaptability to the micro grid's operation while ensuring

power balance and stability in various operating conditions.

3.1 Interconnection Flow Control (IFC) Mode

When a micro grid is connected to the main grid through multiple interconnection lines as
shown in the Figure 3.1, the interconnection flow control looks at the active power flow from
all the interconnections and sums them within its controller and compares it with a reference
value. If the sum of the active power flow is different from the reference value, then each DDGU
will react according to its KI (gain of the PI controller) value. A dead band can also be
introduced in the model to allow the sum of active power flow to remain within a specific range.
Any load variations within the micro grid will also be compensated by the local DDGUEs. If any
of the DDGU trips, the others will respond accordingly to ensure that the sum of real power
flow over interconnections remains constant. This is a huge advantage over FFC mode of
operation, where every DDGU is only responding to the changes on their own feeder flow.
When a micro grid is connected to the main grid, the Interconnection Flow Control (IFC) system
plays a crucial role in actively managing the active power flow over all the interconnections.
Here's how it works:

1. Summation and Comparison: The IFC controller continuously monitors and sums the

active power flows from all the interconnections within the micro grid. This summation
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process is integral to the control mechanism. The sum of these active power flows is
then compared to a reference value, which represents the desired total active power
flow. This reference value can be set according to the micro grid's operational
requirements and objectives.

Control Response: If the sum of the active power flow over the interconnections differs
from the reference value, the IFC system triggers control responses. Each Distributed
Distributed Generation Unit (DDGU) within the micro grid is equipped with a PI
(Proportional-Integral) controller that has its own gain value (KI). These controllers
come into play when a discrepancy between the actual sum and the reference value is
detected.

Adaptive Control: The PI controllers of the DDGUs respond to the deviation by
adjusting their active power output. Depending on their individual KI values, the
DDGUs increase or decrease their power generation to collectively correct the power
flow imbalance and bring the sum back to the desired reference value.

Introducing Dead Band: To introduce an element of flexibility and tolerance in the
control system, a dead band can be incorporated into the model. The dead band sets a
specific range within which the sum of active power flow can fluctuate without
triggering immediate control actions. This helps prevent unnecessary adjustments and
allows for minor deviations without overreacting.

Load Variations Compensation: Within the micro grid, any load variations are also
addressed by the local DDGUs. If the local load within the micro grid changes, the
DDGUs collectively adapt to ensure that the power supply remains stable and balanced,
contributing to the overall load-following capabilities of the micro grid.

Fault Tolerance: In cases where one of the DDGUs experiences a trip or failure, the

other DDGUs respond accordingly. They adjust their power output to compensate for
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the loss, ensuring that the sum of real power flow over the interconnections remains
constant. This fault tolerance is a significant advantage, as it maintains system stability
even in the face of component failures.
This approach offers a significant advantage over the Feeder Flow Control (FFC) mode of
operation, where each DDGU independently responds to changes in their own feeder flow
without considering the overall system balance. The IFC mode, in contrast, ensures a
coordinated response that collectively manages the power balance within the entire micro grid,

promoting stable and reliable power supply in interconnected micro grid environments.

Micro Grid

Feeder Flow

PCC2 FLune 2

Main
Grid 2

FLFEEDE R2

S '

Loads
Fleer2 =9 G2 @

FLFEEDER 1

Feeder Flow

pcc1 FLune

5D

Main
Grid 1

Figure 3.1. Micro Grid with Multiple Active Grid Interconnections.

While a micro grid is isolated, it replicates UPC mode of operation. Conventional power
versus frequency (P—f) droop controller is adopted, and power is shared among the units
according to the droop controller constant, as defined above. With reference to Figure 2.3. , I[FC

mode can be explained using [3.1] and [3.2]:
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FLrer = FLrer1 = FLrer2 = FLLINED + FLLINE2 [3.1]

Fmeas — F
( ref)/ K; * (FLwt — FLO) = to PI controller [3.2]

where FLggr is the reference value of the overall MW flow from the grid system while FL
is the real overall MW flow from the grid system over all the monitored interconnection lines.

When micro grid is isolated and there is no flow from (or towards) the main grid, then the
only input to the PI controller will be from the frequency droop portion of the controller, hence
will operate as a conventional P-f droop controller or UPC mode.

Controller design of IFC mode is shown in Figure 3.2. With multiple grid
interconnections, active power flow to or from the main grid can have certain flow control
limitations. The most common and probable one is to maintain an overall constant flow to or
from the main grid. The operating condition to be fulfilled are given in equations below.

1 FLyngi = CONSTANT = IF (Interconnector Flow) [3.3]

Yr_1 Ppga = Overall demand of the micro grid — IF (Interconnector Flow)

[3.4]
Overall demand of the micro grid:
= z Active power demand of all loads
- Z Active power from all NDDGUs
[3.5]

The equations show that the active power output from any DDGU will vary according to the
overall demand of the micro grid. The overall demand, as defined in equation [3.5], is not just
the load but the unserved load from the NDDGUs. This definition ensures that the intermittency
of the NDDGUss is also compensated by the DDGUs within the micro grid.

82



Fref KI
FLref
L e
> > > \_%/
Fmeas Pt max
\ \ ]
> > PI Limits—>
A _A Pt
PmDax Pt min
\
o— > PI Limits—
Pgen
o————
P1
[ >
P2
Figure 3.2. IFC Mode Controller.
Where:

Fref 1is the reference frequency

Fmeas is the measured frequency

KI is the frequency droop (UPC mode)

FLref is the active power flow reference

Pmax is the max active power rating of the DDGU

Pgen is the generated active power from DDGU

P1 is the measured active power on interconnection Line 1
P2 is the measured active power on interconnection Line 2
Ptmax is the max active power rating of the DDGU

Ptmin is the minimum active power rating of the DDGU



Table 3-1 provides a summary of various features and capabilities of different active power

control and sharing methods, namely UPC, FFC and IFC.

Table 3-1. Comparison between active power control/sharing methods.

Feature UPC FFC IFC
Compensate internal

generation and demand No Limited to connected Yes
variations while connected to feeder level

grid

Ensure ideal operation of the Needs as many DDGUs

micro grid in grid-connected No as the number of Yes
mode internal feeders

Compensate for the loss of
DDGU within the - e e
interconnected micro grid

Respond to change in the Yes Yes Yes
system frequency

Dependence on network No Yes No
configuration

3.2 Simulation Results and Discussions

The power system model that is used to test and demonstrate the performance of the IFC mode
is shown in the Figure 3.3. This is the most simplified and most representative network of a
micro grid mimicking a micro grid which is serving a large residential/commercial area or a
small industrial system. The two interconnection lines are connected at two different nodes
within the micro grid. Having interconnection lines connecting at two different nodes within
the micro grid allows different values of active power to flow on the lines according to the
physical laws of the load flow. In contrast, having two interconnection lines at the same node
or connection point within a micro grid can only provide increased reliability, but the active
power flow will always be symmetrical (equal) on each line. This modelling method is applied

to simulate a challenging operating scenario for testing the performance of the designed IFC
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controller. This will also help in demonstrating that the designed controller is sensitive to the
overall flow of active power and allows flexible active power flow on individual
interconnections. The individual interconnection lines can have active power flow which is best
suited for the most optimal power flow solution without having any undue operational
restriction.

This model is intentionally simplified yet highly representative of a micro grid
configuration, emulating scenarios where a micro grid serves a significant
residential/commercial area or a smaller industrial system.

In this model, there are two interconnection lines that link the micro grid to external grid
systems. What sets this configuration apart is that these two interconnection lines are connected
at two distinct nodes within the micro grid. This structural choice has significant implications:

1) Diverse Active Power Flows: The presence of interconnection lines connected to
different nodes within the micro grid allows for the realization of different values of
active power flow on each line, conforming to the physical laws governing load flow.
In essence, it simulates the real-world complexities of micro grid operations where
power flows may vary based on network topology, distribution, and demand.

2) Asymmetrical Active Power Flows: This modelling approach deviates from the
conventional setup where two interconnection lines meet at the same node or connection
point within the micro grid. In such a symmetrical configuration, while it enhances
reliability, it inherently leads to symmetric (equal) active power flows on each line. This
constraint does not reflect the diversity and variability of real-world micro grid
operations.

3) Challenging Operating Scenario: The model is specifically designed to simulate a
challenging operating scenario. It serves as a rigorous test bed to evaluate the

performance of the designed IFC controller. By doing so, it demonstrates that the IFC
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controller is highly responsive to the change in overall active power flow within the
micro grid, which is a crucial attribute in managing power balance and grid stability.
4) Flexible Active Power Flow: An essential feature of this model is its ability to allow for
flexible active power flow on individual interconnection lines. This flexibility enables
the micro grid to optimize power flow distribution for the most efficient solution without
imposing undue operational restrictions.
In summary, the power system model presented in Figure 3.3 is a strategically designed
representation of a micro grid configuration serving residential/commercial areas or small
industrial systems. Its distinguishing feature is the use of two interconnection lines connected
at different nodes, which enables the simulation of diverse and asymmetrical active power
flows. This model serves as a challenging and realistic test environment for assessing the
performance of the IFC controller, ensuring that it can adapt to various operating conditions
and facilitate optimal power flow management within the micro grid.

Modelled DDGUs represent all types of dispatchable generating systems, either
renewable dispatchable generating systems like hydro, batteries etc. or conventional fossil fuel-
based like gas turbines or diesel engines etc. The intermittencies of the solar PV and wind type
renewable generating systems are modelled or captured in as the variation in the load/demand.
As the change in the amount of generation can be equalised by the change in the load/demand.
As mentioned above, equation 3.5 defines the overall demand of the micro grid as the leftover
demand from the NDDGUs. Therefore, the contribution and the intermittency from the
NDDGUs are all factored in the simulations.

General P and Q type loads are modelled and varied at a specified rate to replicate either the
intermittency of the renewable generation or a natural change in the demand. An overall load
of 6.8 MW is modelled, which represent a considerable size of the micro grid. The initial overall

import from the grid on both lines is set at 1.4 MW, divided unequally between two
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interconnection lines (0.9 MW and 0.5 MW). The internal line flows are naturally spread
according to the load and generation distribution within the micro grid. Loads are also

distributed unequally within the micro grid.

All three DDGUs are of different capacities, this is to represent a real or close to real
scenario. Having multiple DDGUs within a micro grid with the same capacity can only be
considered under ideal operating scenarios. The modelling information is provided in following

tables.

The system is comprised of two interconnections with the main grid, marked as Linel and
Line2. Two interconnections are considered from one main grid. The three DDGUs in the
system are modelled as synchronous generators (SGs). All three DDGUs are set to operate in
IFC mode with the same value of KI. The following cases are studied to evaluate the
performance of the proposed governor controller or mode of DDGU operation:

1. Case Study 1. In Case study1, internal load variations are simulated to test the ability of
the control mode to compensate for the internal load or generation variations while
connected with the main grid(s). IFC and FFC modes are compared for the same load
variations.

2. Case Study 2. Internal load variations along with the step-wise disconnection of the two
grid interconnections are studied in Case 2. This is to test the controller performance
during transition and then the isolated mode of micro grid operations.

3. Case Study 3. Internal load variations along with one interconnection line loss and a
DDGU tripping is studied in Case 3. This case tests the capability of the IFC controller

with severe variations in the operating conditions.
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4. Case Study 4. IFC mode performance is tested if the network configuration is changed
within a micro grid. The loads are moved to different busses within the micro grid and
then varied. IFC and FFC modes are compared for the same load variations.

5. Case Study 5. Another interconnection with another grid system is added to the micro
grid. The third interconnection line, Line3, is connected to another bus within the micro
grid. This case is to test the capability mode of the IFC to keep the sum of active power
from the two previous interconnection lines constant under varying operating
conditions.

These case studies collectively provide a comprehensive evaluation of the IFC
mode's performance and sensitivity under different conditions, including load
variations, grid disconnections, challenging scenarios, and network configuration
changes. By comparing the IFC mode to the FFC mode and testing its adaptability to
varying network structures, the research aims to offer valuable insights into the
controller's capabilities and benefits in micro grid operations.

Detailed modelling parameters used in the model are provided in Appendix A.
Parameters for the transmission lines are listed in Table 8-1 while modelling details of
the transformers are listed in Table 8-2. Parameters used to model loads and generators

are listed in Table 8-3 and Table 8-4 respectively.
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4. RESULTS AND DISCUSSION

4.1 Case Study 1: Load Variations.

In this case study, the below events are simulated:
1. Att=1.2s, Loadl (close to G1) was ramped down 20% in 0.2 s.
2. Att=6s, Load3 (close to G3) was ramped up 33% in 0.2 s.

This is the simplest test for the controller to demonstrate that all the DDGUSs contribute to
the load variation. The two loads are varied at different times and at different network locations,
but the change in load (MW) remained the same at both instances. This is to test the accuracy
of the DDGUSs active power responses.

These simulated load variations represent either natural demand variance or intermittency in
the generation of NNDGUs. Both will result in the same outcome, i.e. DDGUs will see the
change in the overall demand of the micro grid.

As shown in the Figure 4.3, all the load variations are compensated by the local
generators even when the micro grid is connected to the main grid, keeping the sum of real
power flow from the main grid at a constant value. It can be seen that the power flow on the
two interconnection lines is varied marginally, but the sum of flow from the main grid remains
constant. Main grid maintains the frequency at a constant level and therefore P—f droop portion
of the governor controller remains ineffective for all the variations of the load and subsequent
dispatch variations.

It is evident from the results that for a reduction of 0.6 MW (Loadl) att = 0.2 s, all the
DDGU s reduce their real power output in proportion to their capacities. If DDGUs would have
operated in FFC mode instead of the proposed IFC, then only G1 would have adjusted its real
power output as shown in 4.1. For the first load variation (-0.6 MW), Figure 4.1 shows the
comparison between the generation contributions from the DDGUs when operated using FFC

and IFC mode of operation. A proportional response from all the three DDGUs was evident in
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case when DDGUs were operated in IFC mode, while for FFC mode, a very localised response

from only one DDGU was observed. This is a fundamental difference between the two

controllers.

First Load Variation of -0.6 MW - IFC Vs FFC
0 tl——— ——

—-— —
01 Utility Syst%

0.2

0.3

0.4

05

0.6

mIFC mFFC
Figure 4.1. Active Power contribution from G1, G2, G3 and utility system for first load
variation (-0.6 MW).

The results demonstrate that only G1’s active power dispatch is varied for the variation of
Loadl, as Loadl is within the feeder of G1 or within the monitored area of G1. Monitoring
points of each DDGU are highlighted in the Figure 4.9 when operated in FFC mode. None of
the other DDGUs contribute to the variation of Loadl. Slight change in the active power flow
of Linel is observed. This is because of the electrical proximity of the line to the varying load.

Similarly, when the same amount of load (0.6 MW) is increased at a different location
(Load 3) within the micro grid, at t = 6 s, all DDGUS return to their initial values of real power
output when operated in IFC mode. This adjustment in generation takes place without causing
any limitation to the flow of any internal line and also while maintaining the sum of real power

flow over the interconnection lines at a constant value.
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If DDGUs are operated using FFC mode, when Load 3 is increased from 1.8 MW to 2.4
MW, G3 compensated for all the load variations within its feeder, as Load 3 is within G3 feeder.
The real power output of G3 was raised to the maximum (100 %), leaving no room for any
more positive load variations within its feeder, as shown in Figure 4.6 and Figure 4.2. However,
with the IFC mode, G3 being the smallest unit, contributes only around 17 % of the overall load
variation and is finally loaded to only up to 50 % of its capacity. This provides ample room for
compensating any other positive load variations within the entire micro grid. This flexibility in
IFC mode of operation provides more room for load/generation variations as compared to FFC
mode of operation.

For the simulated variation of Load 3, FFC mode is not able to maintain a constant flow
of active power from the utility system. Initially, the active power flow on Line2 is 0.5 MW,
while after load variation the flow on Line2 is raised to 0.6 MW. Active power flow on Linel
is also observed to have a slight variation at the time when Loadl is varied. This is because of

the proximity of these lines to the corresponding loads.

Second Load Variation of +0.6 MW - IFC Vs FFC

0.5
0.4
0.3
0.2
-
0
Gl G2 G3

Utility System

mIFC mFFC

Figure 4.2. Active Power contribution from G1, G2, G3 and utility system for second load
variation (+0.6 MW).

Simulation results are provided in following figures.
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Figure 4.5. Frequency of the Micro Grid.

The final values of the real power flow over the two interconnection lines are different
from their initial values, while the DDGUs return to their initial values of real power generation.
This change in flow is attributed to the change in load distribution within the micro grid. After
two load variation events, the overall load or demand of the micro grid returns to the initial
value but since these variations are simulated at different locations, they cause the real power
flow over the interconnection lines to take different final values.

Using IFC mode of operation makes DDGUs, within a micro grid, insensitive to the
location of the load variations, as they all contribute to compensate for any load/generation
variations anywhere within the micro grid. This is identified as one of the restrictions for the
FFC mode, as it always needs at least one DDGU in every feeder of the micro grid. That feeder
level DDGU only responds to the active power load variations within that particular feeder.

In the case where DDGUs are operated in FFC mode instead of the proposed IFC mode,
for the same network configuration and for the same load variations, then the contributions

from the DDGUs are shown in figures below.
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Since all the load variations are studied when the micro grid remained connected with the

main grid, therefore frequency of the system remained constant for both IFC and FFC mode

studies.
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The conclusion of Case Study 1 is that IFC mode is tested to prove its capability to operate
at a global micro grid level, utilizing the overall capacity withing DDGUSs in response to the

any load variations within the micro grid. The results of Study Case 1 demonstrated that I[FC

mode satisfies following listed research objectives:
a. Ensuring operation as a constant load or generation for the whole micro grid.
b. Applicability to micro grids with one or multiple grid interconnections.

c. Demonstrated the capability to control the active power flow on all or some of the

identified (participating) interconnection lines from the main grid.

d. Adaptability to changes in network configurations.
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4.2 Case Study 2: Load Variations With Grid Disconnection.

In this case study, these events are simulated:

1. Att=1.2s, Loadl (close to G1) is ramped down 20% in 0.2 s.

2. Att=4s, Linel is taken out of service.

3. Att=6s, Load3 (close to G3) is ramped up 33% in 0.2 s.

4. Att=8s, Line2 is taken out of service and the micro grid is isolated from the main grid.

Starting from the same initial conditions as for Case Study 1, Case Study 2 tests the

performance of the proposed IFC mode of operation under step-wise isolation from the main

grid during the load variations. These steps are designed to test the designed controller under

all three possible operating conditions, namely grid connected, isolated and in transition.

Although IFC mode is setup to monitor two interconnection lines in the model, however losing

one line should not cause it to cease the operations. Similarly, if IFC mode is set up to monitor

the sum of active power flow over any number of interconnecting lines, losing any line or any

number of lines should not affect the performance of the controller. The flow from the grid

will be maintained at a certain MW level if the remaining lines can take up the reference active

power value.

Flow on each interconnection line depends on the load distribution within the modelled

micro grid. The impact of each interconnection line tripping is different as they are not only

carrying different active power values before tripping but are also connected at different

network locations within the micro grid.
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As shown in Figure 4.10, the first event replicates the negative load variation as in Case

1. For this initial load variation, as before, active power flow on individual interconnection lines

do vary, while keeping the overall MW flow to a constant value for 1.4 MW.

When Linel is tripped at t =4 s, the overall real power flow from the main grid remains

at a constant value (1.4 MW) as the flow on the other line (Line2) increases. Line2 takes up the

whole active power flow to ensure micro grid continue to operate like either a constant load or

generation for the main grid. DDGUSs return to their previous real power output values after a

transient spike. It can be observed that G1 and G3 experience opposite spikes. G1, being close

to the Loadl, initially increased its real power output at the tripping of Linel. At the time of

tripping, Linel carries around 0.7 MW. Positive spike in the generated power profile of G1,

causes a negative spike in the real power flow from the main grid, however the flow from the

main grid instantly returns to the initial value due to the negative spike in the real power

generation of G3, which is instantly compensated by the positive spike of G1. Att= 6 s, when

Load 3 is increased, introducing a positive load variation of the same value as in the first event,

the real power flow (import) from the main grid remains at the same value, even with only one

active interconnection (Line2) from the main grid. All three DDGUs contribute to the

compensation for any load variations anywhere within the micro grid. This is a key advantage

of the IFC mode of operation as compared to FFC. This also depicts the effectiveness of the

IFC mode of operation for the micro grids with several number of interconnections with the

main grid.
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When the micro grid is completely isolated from the main grid at t = 8§ s, frequency
decreased to increase the power generation from the DDGUs as the real flow from the main
grid drops to zero. As explained earlier, while completely isolated from the main grid, the IFC
mode of operation acts like the UPC mode of operation. The change in the frequency can be

calculated as below:

(f' = f°) = K{(FLgre ~FLO) [4.1]
(f'- f°) =0.006 pu
where: K1_ -0.4, FLrgr = 0.01414 (per unit on 100 MVA base) and FL? = 0 (as MG is isolated).
For compensating the loss of the main grid, which was providing 1.4 MW to the micro grid, the
overall drop in the frequency is 0.006 pu (0.3 Hz). Since all units are modelled with the same

P-f droop value, therefore all the three generators contributed proportionally.
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Figure 4.12. Frequency of the Micro Grid.

The conclusion of Case Study 2 is that [FC mode is tested to prove its capability to operate
at a global micro grid level, utilizing the overall capacity within DDGUs in response to the any

load variations within the micro grid and remains stable during and after the grid isolation.
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The results of Study Case 2 demonstrated that IFC mode satisfies following listed research
objectives:

a. Ensuring operation as a constant load or generation for the whole micro grid.

b. Applicability to micro grids with one or multiple grid interconnections.

c. Demonstrated the capability to control the active power flow on all or some of the
identified (participating) interconnection lines from the main grid.

d. Adaptability to changes in network configurations.

e. Allowed stable independent (grid-isolated) operation of the micro grid.

f. Self-resilience in manner that in case micro grid changes modes (grid interconnected to

isolated or vice-versa) the DDGUSs adapted accordingly.

4.3 Case Study 3: Load Variations With DDGU Tripping

The following events are simulated for this case study:
1. Att=1.2s, Loadl (close to G1) is ramped down 20% in 0.2 s.
2. Att=4s, Linel is taken out of service.
3. Att=6s, Load 3 (close to G3) is ramped up 33% in 0.2 s.
4. Att=_8second, G3 is tripped.

This case study examines the capability of the proposed IFC mode of operation to cope
with the loss of one DDGU within the micro grid. First three simulated events are same as Case
Study 2 while the fourth simulated event at t = 8 s simulates tripping event of one DDGU, G3.
Since for a micro grid operating it’s DDGUs in IFC mode doesn’t need to have one DDGU for
every feeder, therefore the micro grid is tested with the loss of a DDGU within the micro grid.
As demonstrated in previous cases, every generator operating in [FC mode contributes to the

load variation proportionally, therefore tripping any DDGU should not cause any change in the
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active power flow from the main grid as long as other DDGUs have available capacity to
compensate for the loss of the DDGU.

As shown in Figure 4.13, remaining two DDGUSs are able to keep the real power flow
from the main grid at a constant value even after losing one interconnection line (Linel) and
one DDGU (G3). Since the micro grid is not completely isolated from the main grid, therefore
the main grid is able to maintain the frequency at a constant value. Before the time of tripping
(t =8 s), G3 was generating around 1.2 MW, close to 18% of the overall demand of the micro
grid. Loss of G3 causes a transient spike on the real power flow on the only active
interconnection line (Line2) from the main grid, however subsequent and timely response from
G1 and G2 brings the flow from the main grid back to its initial value.

Since the IFC mode of operation enables all active DDGUs to respond to
load/generation variations within the micro grid as a single large virtual unit, therefore it is able
to maintain the flow from the main grid at a constant value. This could not be achieved with the
FFC mode of operation, as it restricts DDGUs to respond to only load/generation variations
within their feeders.

Results attest that with the proposed IFC mode of operation, a micro grid can sustain
two severe contingencies without losing its ideal operation — that is to act either a constant load

or source for the main grid.
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Figure 4.15. Frequency of the Micro Grid.

The conclusion of Case Study 3 is that IFC mode is tested to prove its capability to operate
at the micro grid level, utilizing the overall capacity within DDGUs in response to the any load
variations within the micro grid and remains stable during and after the loss of one internal
DDGU.

The results of Study Case 3 demonstrated that IFC mode satisfies following listed research
objectives:

a. Ensuring operation as a constant load or generation for the whole micro grid.

b. Applicability to micro grids with one or multiple grid interconnections.

c. Demonstrated the capability to control the active power flow on all or some of the
identified (participating) interconnection lines from the main grid.

d. Adaptability to changes in network configurations.

4.4 Case study 4: Change in Network Configuration

In this case study, the below events are simulated:
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1. Att=1.2s, Loadl (close to G1) is ramped down 20% in 0.2 s.
2. Att=6s, Load 3 (close to G3) is ramped up 33% in 0.2 s.
The network configuration is modified, as shown in the Figure 4.16 below, to test the
flexibility and performance of the IFC mode under varying network conditions. Loadl, Load2
and Load3 are moved within the micro grid and placed on different busses, as highlighted in

Figure 4.17. This modified network configuration is referred as Configuration 2 in the

discussion.

Utility System
69.00 kV %

J] T Micro grim

Load1 Load2

Line 1

Line 2

3 MW

|1 3.80 kV ‘E
A

(00K Load3
|13_ao kj

1.8 MW

13.80 kY

414 kv ;3’

414KV [
\_ L, -

Figure 4.16. Modified network configuration (Configuration 2).
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Utility System
69.00 kV ;

Line 1

Line 2

Micro gri“

Figure 4.17 Configuration 2 with load transfer highlighted. Red arrows show the previous
location of the loads.

This change in load distribution within the micro grid induces a consequential change
in the overall active power flow within the micro grid. Since the values of loads and generation

from DDGUs are kept almost the same, therefore no change in the sum of active power flow

from the utility system is observed (1.4 MW in both cases).

108



Utilitya%stem

141 MW
0.03 Mvar

I

€9.00

¥
14 MW

g:)

-1.4 MW
i

13.79

-2
0=
S
o
; . .
32| Micro grid
= 3o
o P=5
b
S
13.78 =
1368 somw -20Mw as o=
09Mvar 5= =8
g St
Load!1 ’
20 MW 13.78
o) I
—¥' 1380 20Mw  22Mw ¥=2
414 A0 0.3 Mvar = 23
1.2 Mvar J, @ § -5
Load2 2.2 MW : :
i 1372 18mw 2w
G1 g 0.6 Mvar
&
22 MW J7 2
0.0 Mvar Load3
1.2MW
é‘ 414 12mw
G2 0.7 Mvar
G3

Figure 4.18. Load flow result of Configuration 1 used for Case Study 1.
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Figure 4.19. Load flow result of the Configuration 2 (Case Study 4).

The major differences between the two cases, with reference to the active power flow
on the network branches, is summarised in the Table 4-1. The loading on branches changes
significantly just by moving the loads to the different busses within the micro grid. In the
modified network configuration, the loads are more concentrated on the first 13.8 kV bus of the
micro grid, while in the initial network configuration they are distributed on downstream
busses. This concentrated load on first 13.8 kV bus, attracts more active power to flow on the
first interconnection line (Linel) from the utility system, while second interconnection line
(Line2) is used to export active power from micro grid to ensure that the sum of active power
on two lines remains at the desired level of 1.4 MW. Since IFC mode ensures the sum on the

interconnection lines remains constant, it allows this flexibility of active power exchange for
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achieving most optimum power flow within the network. The network is so designed that the
impedances of the lines or branches are not the same. The impedance of the lines labelled as
FL2 and FL3 in Figure 4.19 is taken as 4.44 ohms, while impedance of Linel and Line2 is 0.33
ohms. Therefore, to serve an overall concentrated load of 5 MW at the first 13.8 kV bus, 2.6
MW is allowed to be imported from the utility system from Linel, while all the generation from
G3 (1.2 MW) is exported to utility system to balance the additional active power import. The

generation remains equally distributed in both cases.

Table 4-1. Active power flow comparison.

Configuration | Configuration

Network Component Identifier 1 2 % Change
lriFmEsmuAEen i Ll 0.90 261 290.00
utility system
Interconnection 2 to )

.. Line2 0.51 -1.21 -237.25
utility system
13.8kV line on G1 L 1.01 2.07 204.95
feeder
13.8 KV Linel on G2 FL2 -0.11 -0.33 300.00
feeder
13.8kVLine2on G2 | pjpe(2) -0.20 2.16 1080.00
feeder
13.8 kV Linel on G3 FL3 0.09 0.03 33.33
feeder
13.8 kV line2 on G3 Line (4) 0.60 -1.19 -198.33
feeder

As shown in the Figure 4.20, all the load variations are compensated by the local
DDGUs similarly to the results shown in section 4.1. DDGUs within the micro grid are able to
keep the sum of active power flow from the main grid at a constant value. The power flow on
the two interconnection lines is varied, but the sum of flow from the main grid remains constant.
This phenomenon is an important aspect of IFC mode of active power-sharing as it allows
having varying values of active power import or export on individual interconnection lines
(Linel or Line2), as required by the load while maintaining the sum of the overall active power
import or export at a constant level. The individual flow on the interconnection lines can be
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positive or negative. Main grid (utility system) maintain the frequency at a constant level and
therefore the P—f droop portion of the governor controller remains ineffective for all the
variations of the load.

It is evident from the results that for a reduction of 0.6 MW (Loadl) att = 1.2 s, all the
DDGUs reduce their real power output in proportion to their capacities. Similarly, when the
same amount of load (0.6 MW) is increased at a different location (Load 3) within the micro
grid, at t = 6 s, all DDGU s return to their initial values of real power output, as is the case for
Configuration 1. This adjustment of active power dispatch took place while maintaining the
sum of real power flows over the interconnection lines at a constant value.

It is to be noted that similar load variations in Configuration 1 and 2 result in the similar
active power contributions from the DDGUs. The similarity of active power contributions from
DDGUs in two network configurations cases is evident in Figure 4.3 and Figure 4.20. The
similar curves demonstrate that the changes in network configurations don’t affect the

performance of the IFC mode.
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Figure 4.20. Active Power of G1, G2, G3 and utility system.
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The final values of the real power flow over the two interconnection lines are different
from their initial values, while the DDGUs return to their initial values of real power generation.
This change in flow is attributed to the change in load distribution within the micro grid. After
two load variation events, the overall load or demand of the micro grid returns to the initial
value but since these variations are simulated at different locations, therefore causing the real
power flow over the interconnection lines to take different final values. Using IFC mode of
operation makes DDGUs, within a micro grid, insensitive to the location of variations, as they
all contribute to compensate for any load/generation variations anywhere within the micro grid.

In case DDGUs are operated in FFC mode, instead of the proposed IFC mode, for the
modified network configuration and for the same load variations, then the contributions from

the DDGUs are shown in figures below.
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Figure 4.25. Frequency of the Micro Grid.
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It is evident from the results that none of the DDGUs contribute during the load
variations. All the required variation in active power, to compensate for the load variations, is
provided by the utility system (or main grid). This is because of the modified network
configuration; all the loads are moved to busses — which are not monitored by the DDGUs in
FFC mode. In FFC mode, DDGUs only monitor flows on their feeder. The monitored points

for each of the DDGU in FFC are highlighted in the following figure.

Utility System

69.00 kV ;

Line 1
Line 2

I'13aow

<}

T

4.14 &V

Figure 4.26. Active power measuring points for DDGUs in FFC mode.

The conclusion of Case Study 4 is that [FC mode is tested to prove its capability to stably
operate at micro grid level, utilizing the overall capacity withing DDGUs in response to the any
load variations within the micro grid.

The results of Study Case 4 demonstrated that IFC mode satisfies following specific research
objectives:

a. Ensuring operation as a constant load or generation for the whole micro grid.

b. Applicability to micro grids with one or multiple grid interconnections.
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c. Demonstrated the capability to control the active power flow on all or some of the
identified (participating) interconnection lines from the main grid.

d. Adaptability to changes in network configurations.

4.5 Case Study 5: Connection With Two Utility Systems

In this case study, these events are simulated:
1. Att=6s, Loadl (close to G1) is ramped down 20% in 0.2 s.
2. Att=12s, G3 is tripped.
3. Att=15s, Load3 (close to G3) is ramped up by 33% in 0.2 s.

The network configuration is been further modified from Configuration 2, by adding
another interconnection line (Line3) with another utility system (Utility System #2), as shown
in the Figure 4.27 below. This network configuration is designed to model a micro grid with
multiple interconnections with several grid systems. IFC mode of operation is used in a manner
that it works to maintain the sum of the active power flow from Utility System #1 over two
interconnection lines (Linel and Line2), while allowing a natural flow of active power on the
other interconnection line (Line3 from Utility System #2). Another load of 1.2 MW is added at
the bus connected to the Utility System #2. Modifications to test network configuration are
highlighted in the Figure 4.27. This network configuration is referred as Configuration 3 in the

discussion.
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Figure 4.27. Network configuration with 3 interconnection lines (Network Configuration

3).
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Figure 4.28. Network configuration with 3 interconnection lines (Network Configuration 3,
Load flow result).

Configuration 3 is also designed to test the flexibility and performance of the IFC mode
under varying network conditions. Following figures provide the results of the simulated events
for Configuration 3.

For the first load variation all DDGUs and Utility System2 contribute to the load
change, while the sum of flow from the two interconnection lines from Utility System1 remains
constant at 1.4 MW as designed. When G3 wis tripped at 12 s, remaining DDGUs (G1 and G2)
and Utility System #2 compensate for the loss of generation of G3. Sum of imports from Utility
System #1 still remain constant. Finally, when Load 3 is increased at 15 s, the increased demand
is also provided by G1, G2 and Utility System #2. The results demonstrated that the IFC mode
is successfully able to maintain the sum of active power flow from one utility system even when

the micro grid is interconnected with another equally strong grid system.
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The conclusion of Case Study 5 is that IFC mode is tested to prove its capability to stably
operate with multiple grid interconnections with multiple grids. Two interconnections with
Utility systeml were participating interconnections, that means they are participating in the
flow control, while the third interconnection had no flow control.

The results of Study Case 5 demonstrated that IFC mode satisfies following specific research
objectives:

a. Ensuring operation as a constant load or generation for the whole micro grid.

b. Applicability to micro grids with one or multiple grid interconnections.

c. Demonstrated the capability to control the active power flow on all or some of the
identified (participating) interconnection lines from the main grid.

d. Adaptability to changes in network configurations.
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5. Design Enhancements

Following two enhancements are made in the basic design of the controller:

1) Balancing of active power flow and frequency response
2) Interconnection Reactive Power Flow controller (IRFC)

5.1 Balancing of active power flow and frequency response

This modification in the design allows the controller to maintain constant active power flow
from or towards the micro grid even when the frequency of the main grid varies from the

normal.

IFC initial equation [3.2] (given below for easy reference) is been modified to [5.1].

(Fmeas — F
ref)/ Ky T (FLeet — FLY) = to PI controller [3.2]

(kpf +kif /) (™85~ Frebye )+ (KpFL + KiFL/s)(FLer —FLY) = pt [5.1]

Where:

Fref 1is the reference frequency

Fmeas is the measured frequency

pt is turbine power or active power

Kpf'is the proportional gain for frequency response
Kif is the integral gain for frequency response
KpFL is the proportional gain for flow control

KiFL is the integral gain for flow control
To demonstrate the balancing of frequency and flow response, equation 5.1 can be simplified

as:
(K, f + Kif/s)(Fmeas — Fref)/ Ku = —(FLy¢¢ — FL®) (KpFL + KiFL/s) [5.2]

Or:
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Figure 5.1. Balancing active power flow and frequency response controller.

The control block diagram of the enhanced IFC with frequency response balancing is shown
in Figure 5.1. The parameters used in the simulations are given in Table 5-1.

Table 5-1. Used controller parameters.

Parameter Value Unit
f deadband 0.0015 pu
Fref 1 pu
Ku -0.4

Kpf -10

Kif 0

P deadband 0.0001 pu
KpFL -100

KiFL -50

FLref 0.0141 pu
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Frequency response control in a grid interconnected micro grid is designed to maintain
system stability by adjusting the active power output from Distributed Generation Units

(DDGUs) when the grid’s frequency deviates from its nominal value.

When grid frequency increases: If the frequency of the main grid rises above the set
deadband (the allowable range of frequency deviation before corrective action is taken), it
indicates an over-supply of power. The frequency response control reduces the active power

output from DDGU s to help balance the overall power supply.

Impact on power flow: As the active power output from the DDGUs decreases, the micro
grid becomes more dependent on the power imported from the main grid via the interconnection
lines. The active power flow control system monitors this increase in power flow from the main

grid.

Flow deadband: If the power imported from the main grid exceeds the predefined flow
deadband (the allowable deviation in power flow from reference), the flow controller reacts. It
will increase the active power output from the DDGUs again to reduce the import from the
main grid. This mechanism keeps the power flow within acceptable limits, maintaining the
ideal operation of the micro grid, ensuring that micro grid always act either as a constant load

or generator for the main grid.

When grid frequency decreases: A drop in the main grid frequency below the deadband
signifies a power deficit in the system. The frequency response control will tend to increase the

active power output from the DDGUSs to counteract the shortage and stabilize the grid.

Impact on power flow: As the DDGUs produce more active power, the micro grid needs less

power from the main grid, resulting in a reduction in power flow from the interconnection lines.
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Flow deadband: If the reduction in power imported from the main grid exceeds the set flow
deadband, the flow controller detects this change and decrease the active power output from the
DDGUs. This action brings the power flow from the main grid back to within the allowable

range, ensuring a balance between local generation and grid import/export.

Frequency Deadband: This is the range within which frequency fluctuations are tolerated
without triggering a control response. The recently introduced frequency deadband allows for
slight variations in frequency without immediately adjusting the power output of the DDGU s,

providing more stability and reducing unnecessary actions.

Flow Deadband: Similarly, the flow deadband defines the acceptable range of deviation in
the power flow from the main grid. If the flow of power from the grid deviates beyond this

range, the flow control mechanism steps in to adjust the DDGUSs' output.

Kpf (Frequency Proportional Gain): This parameter determines how strongly the frequency
response control adjusts the active power output from the DDGUs in response to frequency
deviations. A higher Kpf means that the DDGUs will respond more aggressively to frequency
changes, either increasing or decreasing their power output quickly. Tuning this parameter

allows operators to set the desired sensitivity of the micro grid’s frequency response.

KpFL (Flow Proportional Gain): This parameter dictates how the flow controller reacts to
deviations in the power flow through the interconnection lines. A higher KpFL will cause the
system to respond more strongly to changes in power flow, adjusting the DDGUs' power output

accordingly. Tuning KpFL helps maintain a stable power exchange with the main grid.

Balancing Action:

As described above, the system works to balance the active power flow in two main

scenarios:
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When grid frequency increases, the system temporarily reduces DDGU output, leading to
more reliance on the main grid. If this causes too much power to flow from the grid (exceeding
the flow deadband), the flow controller boosts the DDGUs' output again to limit the grid's

contribution.

When grid frequency decreases, the system increases DDGU output to compensate for the
shortfall. If this results in too little power flow from the main grid (below the flow deadband),

the controller reduces the DDGUSs' output to bring the grid flow back within limits.

This delicate balancing of power between the micro grid and the main grid ensures that the
interconnection flow remains almost constant, even when subjected to minor frequency
fluctuations. By setting the frequency and flow deadbands as well as the proportional gain
parameters (Kpf and KpFL), system operators have the flexibility to fine-tune the micro grid’s

responsiveness and ensure smooth power sharing between local generation and the main grid.

5.2 Simulation Results and Discussions

To test the above mentioned balancing enhanced IFC controller, following simulations were
conducted:

1. Case Study 6. In Case study 6, frequency of the main grid is reduced to 59.8 Hz (from

60 Hz nominal). IFC and Enhanced IFC modes are compared for the same frequency
variation.

2. Case Study 7. In Case study 7, frequency of the main grid is increased to 60.2 Hz (from

60 Hz nominal). IFC and Enhanced IFC modes are compared for the same frequency
variation.

3. Case Study 8. Step wise grid isolation test is conducted in case 8. The performance of

simple [FC and Enhanced IFC is compared.
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5.2.1 Case Study 6: Reduction in frequency of the main grid

In this case study, the below events are simulated:
1. Att=35s, frequency of the main grid is reduced to 59.8 Hz.

2. Att=20s, frequency of the main grid brought back to the nominal 60 Hz value.

In this case study, the described test simulates frequency disturbances in the main grid and

examines how the enhanced IFC controller responds to these events over time.
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Figure 5.2. Frequency Variation.
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Figure 5.3. Active power from DDGUs and from the main grid.
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Figure 5.4. Active power flow over the interconnection lines.

Simulation Setup: At 5 seconds into the simulation, the frequency of the main grid is reduced
from its nominal value of 60 Hz to 59.8 Hz. This represents a situation where the main grid
experiences a power deficit or other disturbance, causing a frequency drop below the expected

level. Figure 5.2 shows the change in the frequency of the main grid.

Micro grid Response:

Frequency Response Control Activation: The reduction in grid frequency triggers the micro
grid’s frequency response control within enhanced IFC controller. Since the main grid
frequency has fallen below the frequency deadband, the enhanced IFC controller reacts by
initially increasing the active power output from the Distributed Generation Units (DDGUs),

as shown in Figure 5.3.
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Active Power Flow Control: As the DDGUs increase their power output, the micro grid
becomes less reliant on power from the main grid. This results in a reduction in the power flow

through the interconnection lines between the micro grid and the main grid.

Flow Deadband Monitoring: Once the decrease in power flow from the grid exceeds the flow
deadband, the flow control mechanism within enhanced IFC controller attempts to decrease the
DDGUSs’ output to prevent over-adjustment and bring the active power flow closer to the
desired reference range. Figure 5.4 shows the active power flows on both monitored

interconnection lines.

Event 2: Frequency Restoration (at t =20 s)

Simulation Setup: At 20 seconds into the simulation, the main grid’s frequency is restored to
the nominal value of 60 Hz. This simulates the recovery of grid stability, where the frequency

is returned to normal operating conditions.

Micro grid Response:

Frequency Response Control Deactivation: Once the grid frequency is brought back to 60 Hz,
the frequency response controller within the enhanced IFC controller no longer detects an

abnormal condition. As a result, it tends to reduce the active power output from the DDGUs.

Active Power Flow Control: As the DDGUSs’ output decreases, the micro grid needs more
power from the main grid to meet its demand. This leads to an increase in the active power flow

through the interconnection lines.

Flow Deadband Monitoring: If the power flow from the grid increases beyond the flow
deadband, the flow control will adjust by slightly increasing the DDGUs’ output to reduce grid

dependency and ensure that the power flow remains within allowable limits.
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Objectives of the Test

Evaluate Frequency Response: The test is designed to assess how effectively the enhanced
IFC’s frequency response control reacts to deviations in the main grid’s frequency. The system

should respond promptly to stabilize both the micro grid and the grid's frequency.

Test Power Flow Control: The test also examines how well the active power flow control
manages the power exchanged between the micro grid and the main grid, ensuring that the flow

remains within predefined limits (deadbands) to ensure ideal operation of the micro grid.

Verify Control System Coordination: The balancing actions of both the frequency response
control and the active power flow control are validated in this scenario. These systems must
work in tandem to maintain grid stability, adjusting the power output of the DDGUs based on

real-time grid conditions.

Power Flow Stability: Monitoring the power flow through the interconnection lines ensures that
the flow remains within the allowable deadband, indicating that the micro grid's controllers are

successfully balancing local generation with grid imports.

This test demonstrates the capability of the enhanced IFC controller to dynamically adjust its
power output in response to grid disturbances, ensuring stability, and maintaining reliable

operation through a combination of frequency and active power flow control.

If the same operating conditions are tested for simple IFC controller, then we get following
results:
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Figure 5.5. Active power from main grid and DDGUSs using simple IFC controller.
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Figure 5.6. Active power flow over the interconnection lines using simple IFC

controller.
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It is evident from Figure 5.5 and Figure 5.6, that simple IFC controller was not able to maintain
the active power flow over the interconnection lines. Frequency controller was able to dominate
during the frequency event while flow controller was not able to maintain the sum of the active

power flow over the interconnection lines while the frequency was depressed.

Performance of the Simple IFC Controller

Inability to maintain Active Power Flow: The simple Interconnection Flow Controller (IFC)
failed to regulate the sum of the active power flow over the identified interconnection lines
between the micro grid and the main grid effectively during the frequency disturbance. This
issue arises because simple IFC was not sophisticated enough to handle the dynamic nature of
the power flow, especially during events where there is a change in the frequency of the main

grid.

Impact on Interconnection Lines: The active power flow over the interconnection lines
fluctuated outside the expected or desired range, meaning that the micro grid's control system

did not effectively balance the power exchange with the main grid.

Frequency Control Dominance During the Event: During the frequency event (when the grid
frequency was depressed), the frequency controller took priority in managing the micro grid’s
response. The frequency controller is designed to react to deviations from the nominal grid
frequency (such as when the frequency drops below 60 Hz), increasing or decreasing the active

power output of the Distributed Generation Units (DDGUSs) to stabilize the frequency.

Flow Controller Inability to React: The flow controller could not maintain proper control over
the active power flow through the interconnection lines. This indicates that the frequency
controller’s actions, while effective in addressing the frequency issue, overwhelmed the flow

controller, preventing it from regulating the power exchange.
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Frequency Depression and Power Flow Imbalance: When the grid frequency is depressed
(drops below nominal levels), the micro grid’s frequency response control increases the active
power output from its DDGUs to compensate for the grid’s power shortfall. While this action
may help in stabilizing the frequencys, it can lead to unintended consequences in terms of power
flow. The increased output from the micro grid reduces the power drawn from the main grid,

causing the power flow across the interconnection lines to decrease.

Flow Controller’s Role: The flow controller in enhanced IFC controller was able
counterbalance this by adjusting the DDGUSs' output to bring the power flow within allowable
limits (as defined by the flow deadband). However, in this case, the flow controller was
ineffective during the frequency event. It could not adjust the active power output to keep the
power flow through the interconnection lines within acceptable levels, resulting in non-ideal
behaviour of the micro grid as it could not act either as a constant load or generator for the main

grid.

Controller Redesign: The observed inability of the IFC to maintain active power flow while the
frequency was depressed suggested the need for a more advanced and smarter system design.

Based on this, enhanced IFC was designed and provided desired results.

5.2.2 Case Study 7: Increase in frequency of the main grid

In this case study, the below events are simulated:
1. Att=35s, frequency of the main grid is increased to 60.2 Hz.

2. Att=20s, frequency of the main grid brought back to the nominal 60 Hz value.
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Figure 5.8. Active power from the main Grid and DDGUs using enhanced IFC.
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Figure 5.9. Active power flow over the interconnection lines (DDGUs with enhanced IFC).

Opposite to Case Study 6, when the frequency of the main grid is increased, the enhanced
IFC controller was still able to maintain the sum of the active power flow over the two
interconnection lines close the flow reference.

Frequency Increase vs. Frequency Decrease: Unlike Case Study 6, where a frequency decrease
in the main grid was simulated, this scenario deals with an increase in the main grid’s frequency.
When the grid frequency increases, it indicates an oversupply of power, leading to the need for
the micro grid to reduce its active power generation to help balance the system. Figure 5.7

captures the frequency of the main grid.
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Enhanced IFC Controller Response: The enhanced IFC controller, as opposed to the basic
version, was designed to respond more effectively to changes in both frequency and active
power flow. In this case, even when the frequency of the main grid rose, the controller was able
to maintain the sum of the active power flow over the two interconnection lines close to the
desired flow reference, ensuring ideal operation of the micro grid.

Enhanced IFC Controller Functionality

Frequency Response: The enhanced IFC controller includes coordination between the
frequency controller and the flow controller. When the frequency of the main grid increases,
the frequency controller in the micro grid reduces the output from Distributed Generation Units
(DDGUs). Figure 5.8 shows that the active power output from the DDGUs comes back to the
initial value after a small transient caused by the change in the system’s frequency. It also
demonstrates the active power flow from the main grid remains within the allowable range of
the of reference (1.4 MW).

Flow Control Coordination: Simultaneously, the flow controller monitors the active power flow
through the interconnection lines. As the DDGU output is reduced, power from the main grid
naturally increases to meet the demand of the micro grid. However, the enhanced IFC controller
ensures that the sum of the power flow over the interconnection lines stays close to the flow
reference (i.e., the desired power exchange level).

Effective Use of Flow Reference:

Flow Reference Maintenance: The flow reference represents the ideal amount of active power
flow that should pass through the interconnection lines between the micro grid and the main
grid. In this case, despite the frequency increase in the main grid, the enhanced IFC controller
maintained the power flow near this reference point. This was achieved by balancing the
DDGUs' output and the power imported from the grid, ensuring that the sum of active power

over both interconnection lines remained stable.
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Implications for Micro grid Stability

Maintaining Stability During Frequency Increase: The ability of the enhanced IFC controller to
maintain power flow close to the flow reference, even during a frequency increase, is a crucial
improvement. In practical terms, this means that the micro grid can operate more smoothly
without causing imbalances in the power exchange with the main grid.

The results of the same simulated steps but with simple IFC controller is given below.
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Figure 5.10. Active power from the main Grid and DDGUSs using simple IFC.
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Active Power Flow on Interconnection Lines
[MW]

0 5 10 15 20 25 30 35 40 45 50 55 [s] 60

Flow Line 1 MW:

Flow Line 2 MW:

Figure 5.11. Active power flow over the interconnection lines (DDGUs with simple IFC).

Figure 5.10 and Figure 5.11 demonstrate that the simple IFC, as expected, is again failed to
maintain the sum of the active power flow over the interconnection lines during the time when
the main grid’s frequency was over the normal value.

Increased Grid Frequency: When the grid frequency rose above its nominal value (e.g., due to
an oversupply of power. The simple IFC failed to maintain active power flow during a
frequency excursion, the enhanced IFC managed the flow successfully during a frequency rise.
The enhanced IFC demonstrated better coordination between the frequency and flow
controllers, preventing one system from dominating at the expense of overall power flow
stability. This integrated control system ensured that both frequency deviations and power flow

were handled effectively.

5.2.3 Case Study 8: Stepwise grid isolation

In this case study, the below events are simulated:
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1. Att=6s, Line 1 is tripped.

2. Att=20s, Line 2 is tripped. Micro grid operated in grid isolation mode after 20 sec.
The stepwise grid isolation test for a micro grid involves simulating a transition from grid-
connected operation to grid isolation mode by sequentially tripping interconnection lines
between the micro grid and the main grid. This test is critical for evaluating the micro grid's or
active power sharing controller’s resilience and ability to operate independently, ensuring a
smooth transition without significant disturbances to local loads. Below is an elaboration of the

test with each event and the expected response from the micro grid.

Stepwise Events Simulated

Event 1: Line 1 Tripatt=6s

At 6 seconds into the simulation, Line 1, which is one of the interconnection lines between the
micro grid and the main grid, is tripped. This causes the micro grid to lose one of its primary
paths for power exchange with the main grid. The overall active power flow is to be maintained

at the flow reference level by the enhanced IFC controller.

Power Flow Redistribution: With Line 1 tripped, the micro grid can no longer export or import
power through this line. As a result, the remaining Line 2 will need to handle the entire power

exchange between the micro grid and the main grid.
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Figure 5.13. Active power from the main Grid and DDGUSs using enhanced IFC.

Active Power Flow on Interconnection Lines
[MW]

3.082s
2.683 MW

1247s
1.4 MW

-2 2.044s
-1.281 MW

0 5 10 15 20 25 30 35 40 45 50 55 [s] 60

Flow Line 1 MW:

Flow Line 2 MW:

Figure 5.14. Active power flow over the interconnection lines (DDGUs with enhanced IFC).

Frequency Stability: During the transition, the micro grid was able to maintain its frequency, as

shown in Figure 5.12.

Active Power Flow Controller Adjustment: Active powers from the DDGUs, shown in Figure
5.13, adjusts to ensure interconnection flow remains within allowable limits. The active power
flow controller, enhanced IFC detected the change in power distribution caused by the loss of
Line 1 and adjust the active power flow through Line 2 to ensure ideal operation of the micro
grid by maintain the same overall (sum of active power flows over Line 1 and 2) active power
flow (equal to flow reference) over only one interconnection line, Line 2. Figure 5.14 shows
that the enhanced IFC was able to achieve an active power flow from main grid equal to the
sum of initial line flows. The controller worked to maintain the flow close to the flow reference

ensuring the ideal operation of the micro grid under N-1 operating conditions.
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Event 2: Line 2 Trip at t=20's

At 20 seconds into the simulation, Line 2 is also tripped, disconnecting the micro grid entirely
from the main grid. After this point, the micro grid operated in islanded mode or grid isolation

mode, relying solely on its internal power generation to meet local demand.

Transition to Islanded Mode: The micro grid now enters isolation mode, meaning that it must
supply its own power without any external support from the main grid. The DDGUs will
become the sole source of power for the micro grid, and their control systems must quickly

adapt to the new operating conditions.

Frequency Control in Isolation Mode: In grid isolation mode, the only method to vary the active
power output from the DDGUs is by varying the frequency. The frequency controller will
closely monitor any deviations from the nominal frequency and adjust the output of the DDGUs
accordingly. As shown in Figure 5.12, the frequency of the micro grid was to be reduced to
compensate for the loss of 1.4 MW import from the main grid. Since in enhanced IFC controller
the flow control works in opposite direction, therefore the decrease in frequency is expected to

be slightly higher than in case of simple IFC mode.

The results of the same test conducted with simple IFC mode is given below.
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Figure 5.15. Frequency of the micro grid.
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Figure 5.16. Active power from the main Grid and DDGUSs using simple IFC.
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Figure 5.17. Active power flow over the interconnection lines (DDGUs with simple IFC).

Comparing Figure 5.12 and Figure 5.15 confirms that the change in frequency in case of
enhanced IFC (0.994 pu) is slightly greater than simple IFC (0.995 pu). Results shown in Figure
5.13 and Figure 5.16, demonstrates that both IFC and enhanced IFC were able to adjust the
DDGUs active power output, after the loss of first interconnection line, in a manner that the
flow of active power at the remaining interconnection line remains within the allowable limits
or close to the flow reference. The active power flow on interconnection lines are shown in

Figure 5.14 and Figure 5.17.
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5.3 Flow and frequency balancing action in Synchronous Generators

In a synchronous machine, the balance between mechanical and electrical torque is essential
for stable operation, with frequency playing a key role due to its direct relation to the rotor’s
rotational speed. This balance is explained through the swing equation and becomes especially
critical during dynamic conditions, such as changes in load or disturbances in the grid. The
impact of change in frequency on mechanical and electrical torques in the context of

synchronous generator operation is explained below.

5.3.1 Mechanical Torque (Tm)

Mechanical torque is generated by the prime mover or the turbine, such as a steam turbine,
gas turbine, or water turbine, and is responsible for driving the rotor at the synchronous speed.

In synchronous machines, the rotor speed

_ 1207
N =— [5.4]

Where:

N is the rotor speed in revolutions per minute (RPM),

f is the grid frequency in Hz,

P is the number of poles in the machine.

Any changes in grid frequency directly affect the rotor speed. As the mechanical torque is
applied to maintain this speed, variations in frequency will require adjustments in mechanical
torque to keep the rotor synchronized.

The mechanical torque for generator is calculated by the relation:

= — [5.5]
where:

pt is the Turbine Power input signal in (pu)
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n is the speed in (pu)

5.3.2 Electrical Torque (T.)

Electrical torque is generated by the interaction between the rotating magnetic field of the
stator and the rotor's magnetic field. This torque is a function of the power angle §, which
represents the angular displacement between the magnetic fields of the rotor and stator.

Electrical torque is sensitive to changes in the power angle §, which is influenced by rotor
speed and grid frequency. When the grid frequency changes, it affects the relative speed of the
rotor, altering the power angle and thus the electrical torque. A drop in frequency increases the
power angle, causing the machine to generate more electrical torque to compensate for the drop
in speed. Conversely, an increase in frequency reduces the power angle, lowering the electrical
torque.

The electrical torque T, in a synchronous machine is generated by the interaction between
the rotor’s magnetic field and the stator’s rotating magnetic field. The torque is related to the
active power P being produced by the generator, and this relationship is governed by the
following equation:

P=T,w [5.6]

Where:

P is the active power (in watts),

T. is the electrical torque (in newton-meters),

w 1s the rotational speed of the rotor in radians per second.

The PowerFactory synchronous machine model for time domain simulations uses the rotor

fluxes and the speed n. The electrical torque (T¢) is calculated using the stator currents (ig and

1q) and stator fluxes (yd and yq) and the rated power factor cosn.

T, = lg¥a—iaPq [5.7]

cosn
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5.3.3 The Swing Equation and Torque Balance

The swing equation models the dynamic relationship between mechanical and electrical
torque in terms of rotor acceleration or deceleration:

2
L =T, -, [5.8]

Where:

] is the rotor’s moment of inertia,

6 is the rotor angle (or power angle),

T'm 1s the mechanical torque,

T. is the electrical torque.

The swing equation shows that any imbalance between mechanical and electrical torque
results in changes in rotor acceleration, which alters the rotor speed and, consequently, the
frequency. During frequency deviations, this equation governs the machine's response to restore
the torque balance.

The difference between mechanical and electrical torque in a synchronous machine is related
to the power angle (8), which is the angular difference between the rotor's magnetic field and
the stator's magnetic field. As the mechanical torque increases, the power angle increases,
resulting in a proportional increase in the electrical torque to balance the forces. The system
aims to maintain a small, stable 6 to keep the machine in synchronism.

During transient conditions, such as when there is a sudden change in load or mechanical
input, there may be an imbalance between mechanical and electrical torque, causing the rotor
to oscillate around its synchronous position. These oscillations are damped by the machine's
inertia and damping systems, allowing the machine to return to a stable state.

The machine must ensure that any temporary imbalances are quickly corrected to avoid large

deviations in speed or loss of synchronism.
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The balance between mechanical and electrical torque is crucial for the stable and efficient
operation of synchronous machines. This balance is constantly maintained to ensure the rotor
speed matches the grid frequency, and any imbalance can result in oscillations or instability in

the machine's operation.

5.3.4 Frequency Excursions and Torque Dynamics

In case of over frequency (f > nominal frequency) event, the rotor speed increases due to the
direct relationship between rotor speed and frequency. In this case, the machine’s electrical
torque decreases as the power angle § reduces. Reduction in angle § means reduction in active
power output from the machine. To balance the system, the mechanical torque must be reduced
to prevent the rotor from accelerating further. If not corrected, the machine could lose
synchronism with the grid.

In case the frequency drops, the rotor slows down, causing an increase in the power angle §.
This leads to an increase in electrical torque, which works to slow down the rotor’s deceleration
and maintain synchronization. The prime mover must increase the mechanical torque to bring
the rotor speed back to synchronous speed and stabilize the system.

Overall, a synchronous machine or DDGU with IFC will have two levels of frequency
responses, one the natural response based on the Equation 5.4 to 5.8 which is supported by the
integrated UPC or droop based frequency response, as explained in Equation 2.4. However, in
case of enhanced IFC, where flow control balances the droop based response the extent to which
the natural response (based on Equation 5.4 to 5.8) can be balanced will depend upon the inertia
constant, damping torque, change and duration of frequency excursion etc. In case enhanced
IFC is used in DDGUs other than synchronous machines, such as Battery Energy Storage
Systems (BESS) with grid following inverters, then the only response, the droop based

response, can be completely compensated.
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In a stable synchronous machine, the balance between mechanical and electrical torque is
maintained even during minor frequency fluctuations. However, significant deviations in
frequency can cause instability if the machine's control systems, such as governors for
mechanical torque and automatic voltage regulators (AVRs) for electrical torque, are unable to
respond fast enough to restore balance.

The machine’s inertia J plays a critical role in dampening the effects of frequency deviations.
A higher inertia slows the rate of change in rotor speed, giving the system more time to correct
torque imbalances before the rotor slips out of synchronism. Machines with lower inertia are

more sensitive to frequency deviations and require faster response times from control systems.

5.3.5 Deadband versus Balancing

Since active power balancing mechanism blocks the frequency response from the controller,
therefore, one can think of widening the deadband (to block the frequency response) instead of
using the balancing feature. Although apparently both options results in the same outcome,
however there are some significant operational differences between the two methods. The first
impact and disadvantage of having a wider frequency deadband will be evident when the micro
grid goes into island mode of operation. At the time of disconnection from the main grid,
controller with wider frequency deadband will experience larger frequency variation. Secondly,
using this balancing feature, operators would be able to decide the degree of balancing they

want to achieve by tuning the corresponding gain values (Kpf and KpFL).

5.4 Interconnection Reactive Power Flow Controller (IRFC)

For a micro grid with multiple interconnections with the main grid(s), the interconnection
reactive power flow control (IRFC) is designed to control the flow of the reactive power

between the micro grid and the main grid to a particular predefined reference value. Similar to
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IFC, this controller is also designed to monitor the sum of the reactive power flow on the
designated interconnection lines and will work to ensure that the overall flow towards or from
the micro grid remains constant. This will ensure that the micro grid acts a constant load or a
generator to the main grid even with reference to the reactive power flow.

Reactive power is critical in maintaining voltage levels, ensuring that both the micro grid

and the main grid operate efficiently without voltage instability or fluctuations.

Overview of Reactive Power Flow Control in a Micro grid

Reactive power flow control in a micro grid interconnected with the main grid ensures that
voltage stability is maintained across the system. Reactive power flow is influenced by the
demand from local loads and the overall voltage profile of the micro grid and the
interconnection with the main grid.

When the micro grid operates in grid-connected mode, the Interconnection Reactive Flow
Controller (IRFC) continuously monitors the sum of reactive power flows across all designated
(Line 1 and Line 2 in our case) interconnection lines between the micro grid and the main grid.
The controller ensures that the reactive power flow stays within a specific reference range to
ensure ideal operation of the micro grid.

Similar to active power control (IFC), the IRFC monitors the total reactive power flow over
all (or designated) interconnection lines between the micro grid and the main grid. The sum of
reactive power flows through the interconnections is calculated and compared to a reference
value. This reference value corresponds to the optimal amount of reactive power exchange

needed to maintain voltage stability across the micro grid.

If the sum of reactive power flowing through the interconnection lines deviates from the
reference, the IRFC takes corrective actions by instructing the local Distributed Generation

Units (DDGUs) to adjust their reactive power output. The overall control block diagram of the
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enhanced IFC with integrated IRFC is given in Figure 5.18. The parameters used in the
simulations are given in Table 5-2.

Table 5-2. Used controller parameters.

Parameter Value Unit
f deadband 0.0015 pu
Fref 1 pu
Ku -0.4

Kpf -10

Kif 0

P deadband 0.001 pu
KpFL -100

KiFL -50

FLref 0.0141 pu
KpQFL -40

KiQFL -20

QFLref 0.0195 pu
Q deadband 0.0001 pu
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Figure 5.18. Enhanced IFC (inclusive of IRFC)

Reactive Power Compensation by DDGUs:

Each DDGU in the micro grid is capable of producing and absorbing reactive power,
allowing it to compensate for any mismatches between reactive power supply and demand.

If the sum of reactive power flow through the interconnections falls outside the acceptable
range (beyond the deadband), the DDGUs will adjust their reactive power output to bring the
total reactive power flow closer to the reference value.

Proportional-Integral (PI) Control: The reactive power adjustment by the DDGUs is based
on the PI controller. Each DDGU has a gain factor (KpQFL and KiQFL) that determines how
strongly it reacts to changes in the overall reactive power flow. These gains ensures that the
DDGUs responds in proportion to the size of the reactive power imbalance.

Introduction of a Deadband:

To avoid unnecessary and frequent reactive power adjustments for small fluctuations, a

deadband is introduced in the controller. The deadband allows the sum of the reactive power

flow to vary slightly around the reference value without triggering reactive power corrections.
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This deadband reduces the wear and tear on equipment caused by constant adjustments and
ensures that the reactive power flow stays within an acceptable range, promoting system
stability.

Load Variation and Reactive Power Compensation:

When the load within the micro grid varies, there may be an accompanying change in the
local demand for reactive power. Increased loads often lead to increased reactive power
requirements to maintain voltage stability.

In this scenario, the local DDGUs will automatically compensate for these load variations
by adjusting their reactive power output. For instance, if the micro grid experiences a high
reactive power demand due to inductive loads (e.g., motors), the DDGUs will produce more
reactive power to stabilize the voltage and for ensuring reactive flow on interconnection lines
remains almost constant.

Response to DDGU Trips:

If one or more DDGUs within the micro grid trip or go offline, the remaining DDGUs will
need to adjust their reactive power output to maintain voltage stability. This ensures that the
overall reactive power flow across the interconnections stays balanced and that the system
voltage does not drop or rise uncontrollably.

System-Wide Reactive Power Compensation:

One of the key strengths of interconnection reactive flow control is the ability to balance
reactive power across multiple interconnections. If one DDGU is unable to meet the reactive
power demand due to a fault or trip, the remaining DDGUs will increase their reactive power
output to ensure that the sum of reactive power flow remains constant.

In contrast, any reactive power controller designed at feeder level, like FFC for active power,
may lead to isolated pockets of voltage instability if one feeder experiences high reactive power

demand that the local DDGU cannot compensate for, as other DDGUSs in the system may not
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respond. By controlling the reactive power flow centrally, the IRFC ensures that the voltage
levels across the micro grid are more stable and less prone to fluctuations, even during load
variations or system disturbances.

Load Variations and Reactive Power Balancing:

The ability of DDGUs to compensate for local load variations in interconnection reactive
flow control ensures that the micro grid can maintain stable operation even during periods of
high reactive power demand.

In summary, the IRFC (being part of the enhanced IFC) manages the sum of reactive power
flow across designated or all interconnections between the micro grid and the main grid,
comparing it to a reference value and making necessary adjustments.

This comprehensive control system ensures that both active and reactive power flows are
effectively managed by a micro grid connected to the main grid, supporting overall system
stability and reliability and fulfilling the requirements of an ideal micro grid.

Mathematically, IRFC is represented by following equations
{KpQFL + KiQFL/s}{QFLREF — (Qline 1 + Qline 2)} = ve [5.2]

Where:

ve is the signal to the DDGU’s exciter

KpQFL is the proportional gain for reactive power flow control
KiQFL is the integral gain for reactive power flow control
Qline 1 is the reactive power flow over interconnection line 1

Qline 2 is the reactive power flow over interconnection line 2

5.5 Simulation Results and Discussions

To test the IRFC controller, following simulations were conducted:

1. Case Study 9. Reactive power demand variation.
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Using Configuration 2, as shown in Figure 4.16, reactive demand of Load 1 (0.9 MV Ar)
was ramped down to 0 MVAr at t = 6 sec in 0.2 sec. The reactive demand was then
ramped back to 0.9 MVAratt=15 sec in 0.2 sec.

Case Study 10. Active and reactive power demand variation

Using Configuration 2, as shown in Figure 4.16, reactive demand of Load 1 (0.9 MV Ar)
was ramped down in 0.2 sec to 0 MV Ar and active power demand of Load 2 is ramped
down to 1 MW (from 2 MW in 0.2 sec) at t = 6 sec. The reactive demand of Load 1 was
then ramped back up to 0.9 MVAr and active demand of Load 2 was also restored back
to2 MW att=15 sec.

Case Study 11. Active power, reactive power and frequency all varied simultaneously.
All three parameters (Frequency of the grid, Reactive demand of Load 1 and Active
demand of Load 2) varied at t = 6 sec.

Load 1 - 100% reactive power ramped down to 0 MV Ar in 0.2 sec (from 0.9 MVAr) at
t = 6 sec, and then ramped back up to previous value in the same time (0.9 MVAr in 0.2
sec) att =15 sec.

Load 2 — 50% Active power ramped down to 1 MW at t = 6 sec, and then ramped back
up to previous value (2MW in 0.2 sec) at t = 15 sec.

Frequency of the grid was dropped instantly to 59.8 Hz at t = 6 sec and returned back to

normal value (60 Hz) att = 15 sec.

5.5.1 Case Study 9: Reactive power demand variation

To test the performance of the IRFC section of the enhanced IFC, reactive power demand of

one of the simulated loads (Load 1) within the micro grid was reduced to 0 MVAr from 0.9

MVAr. This internal variation in the reactive power demand will induce a change in the overall

reactive power flow, especially flow from the interconnection lines. In “Configuration 2”, as
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shown in Figure 5.19, Loadl is connected to the bus where one of the interconnection lines

(Line 1) is connected, therefore any change in Loadl’s reactive demand should have a direct

impact on the sum of reactive power flowing over the interconnection lines.

Utility System

69.00 kV

13.80 kj

Line 1

Line 2

T T3

Load1 Load2

3 MW

v

1380 kY Load3
- 1.8 MW
@ 13.80 K

1 13.80 k|
414KV | o]

&9

Figure 5.19. Configuration 2.

Impact on Interconnection Reactive Power Flow:

The reduction in Loadl’s reactive power demand caused a decrease in the reactive power
flow over Line 1. The sum of reactive power flows across both interconnection lines (Line 1

and Line 2) was also reduced initially, as the overall reactive power demand of the micro grid

was decreased.
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The enhanced IFC, specifically the IRFC section, detected this change and worked to

maintain reactive power flow over the interconnection lines by adjusting the output of the

DDGUs.
Reactive Powers from Grid and Generators
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Figure 5.20. Reactive powers from the main grid and the DDGUs with enhanced IFC (IRFC).
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Figure 5.21. Active powers from the main grid and the DDGUs with enhanced IFC (IRFC).

[p.u]

0.02

0.015

0.01

0.005

Reactive Power Flow at Interconnection Lines

‘h

2 4
= Cub_5\PQ FL1_1: Reactive power

6 8 10 12
= Cub_16\PQ FL1_2: Reactive power
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Results shown in Figure 5.20 to Figure 5.22 demonstrate the performance of the enhanced IFC
with IRFC, as it was able to maintain a constant active and reactive power flow over the
interconnection lines, Line 1 and Line 2. The internal reactive demand variation was
compensated by the DDGUs by varying their reactive power outputs.

Only one load (Loadl) was selected to simulate the reactive demand variation, however all
three DDGUs contributed to compensate for the internal variation.

Reactive Power Flow Stabilization:

The enhanced IFC, with the integrated IRFC, was able to maintain a steady and controlled
reactive power flow across both Line 1 and Line 2, which connect the micro grid to the main
grid.

This is a critical achievement, as reactive power flow management directly impacts voltage
stability in the micro grid. Any significant variations in reactive power can cause voltage
fluctuations, leading to potential instability.

Despite the simulated reduction in reactive power demand from Loadl (from 0.9 MVAr to 0
MVAr), the system responded quickly to stabilize the reactive power flow and avoid voltage
instability across the micro grid and its interconnections with the main grid.

Compensation by Distributed Generation Units (DDGUSs):

A noteworthy aspect of the test is the cooperative behaviour of the DDGUs. While only Loadl
was selected to undergo a change in reactive power demand, all three DDGUs contributed to
compensating for this internal variation.

The enhanced IFC, through its Proportional-Integral (PI) control, ensured that each DDGU
adjusted its reactive power output in proportion to the deviation in the overall reactive power
flow. As shown in the Figure 5.20.

Importance of IRFC in Reactive Power Management:
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The Interconnection Reactive Flow Controller (IRFC) is a key component of the enhanced IFC,
specifically designed to handle reactive power flow challenges in a grid-connected micro grid.
The PI controller used in the IRFC allows for fine-tuned adjustments to the reactive power
outputs of the DDGUSs based on system-wide feedback.

This outcome highlights the robustness of the IRFC in managing the reactive power flow over
the interconnection lines, as IFC demonstrated that for active power flow. The ability of the
IRFC to respond quickly to changes in reactive power demand enhances the overall resilience

of the micro grid, ensuring stable operation even during dynamic load variations.

5.5.2 Case Study 9A: Reactive power demand variation with SEXS Automatic Voltage

Regulator (AVR) at DDGUs

To highlight and benchmark the performance of IRFC, the same reactive power variation
test is conducted while using a simple and standard Simplified Excitation System (SEXS)
model of Automatic Voltage Regulator (AVR) at DDGUs. Its main function is to regulate the
output voltage of a synchronous generator by controlling the excitation current supplied to the
generator's field windings. The SEXS model is part of the IEEE standard models for excitation
systems and is used extensively in power system studies due to its simplicity and ability to
represent basic dynamic behaviours of excitation systems. The SEXS model uses a transfer
function to represent the voltage regulator's dynamics and the generator's response.

In simplified terms, the SEXS model can be represented by a block diagram (Figure 5.23) that
includes:
e A voltage error signal (difference between reference voltage and actual terminal
voltage),

e An amplifier with a gain,
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o A time delay representing the response of the exciter,
o Saturation limits to prevent over-excitation or under-excitation.

IFC was used as the active power controller during this test.

Simplified Excitation System - SEXS

Vref = 1.01

K/(1+sT imi
Vi Filter (1+sTh)/ (1+sTa) { /E +sT)} Limits
Ta=Tb=1 K=100, Emax= 1.3 —— ye
= a=lb=lsec Te=0.5sec Emin=0.6
Figure 5.23. Simplified AVR SEXS controller model used in DDGU .
Reactive Power from Grid and Generators (with SEXS AVRs) and Reactive Load variation
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Figure 5.24. Reactive power from main grid and DDGUs along with Load 1 reactive demand.
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Active Power from Grid and Generators (with SEXS AVRs) and Active Load (Load 1, no variation)
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Figure 5.25. Active power from main grid and DDGUs.
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Reactive Power Flow on Interconnection Lines
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Figure 5.26. Reactive power flow on interconnection lines (Line 1 and Line 2).
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Figure 5.27. Active power flow on interconnection lines (Line 1 and Line 2).
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Results depicted in Figure 5.24 to Figure 5.27 clearly demonstrate that SEXS exciter or AVR
was not able to control the reactive power flow on the interconnection lines. This was the

expected result from the SEXS controller.

5.5.3 Case Study 10: Active and Reactive power demand variation

Again, for Configuration 2, as shown in Figure 5.19, reactive demand of Loadl (0.9 MVAr)
was ramped down in 0.2 sec to 0 MV Ar and active power demand of Load2 is ramped down to
1 MW (from 2 MW in 0.2 sec) at t = 6 sec. The reactive demand of Loadl was then ramped
back up to 0.9 MVAr and active demand of Load2 was also restored back to 2 MW at t = 15
sec.

This test was designed to test both sections (active and reactive power flow control) of the
enhanced IFC. Ramping down active and reactive power simultaneously will allow us to
evaluate the robustness of the controller under dynamic conditions, as both active and reactive
power flows will have to be maintained at desired and corresponding reference levels.

By simultaneously manipulating both active and reactive power levels, the test evaluates the
ability of the enhanced IFC to coordinate the two types of power flows, which are inherently
interrelated but controlled separately. This will provide insights into how well the IRFC and

Active Power Flow Control sections of the enhanced IFC perform together.
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Load Variations
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Figure 5.28. Load 1 and Load 2 Active and Reactive powers.
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Figure 5.29. Reactive power flows over interconnection lines (Line 1 and Line 2).
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Figure 5.30. Active power flows over interconnection lines (Line 1 and Line 2).
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Figure 5.31. Active power from main grid and DDGU .
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Reactive Powers from Grid and Generators
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Figure 5.32. Reactive power from main grid and DDGUSs.

Figure 5.28 shows the simulated active and reactive load variations. Figure 5.29 to Figure 5.32
demonstrate the action of the active and reactive power flow control simultaneously. Balanced
active power flow control and IRFC worked together to ensure sum of both active and reactive
power flows over the interconnection lines remains close to the corresponding flow reference
values (as shown in Figure 5.29 and Figure 5.30). DDGUs were able to compensate active and
reactive power variances diligently (active powers from DDGUs and main grid is shown in
Figure 5.31, while the reactive powers are captured in Figure 5.32).

These results provide a detailed visualization of how the enhanced Interconnection Flow
Controller (e-IFC), incorporating both active power flow control and the IRFC, operates by
simultaneously managing active and reactive power flows at the interconnection lines. The
balanced control strategy ensures that changes in either active or reactive power demand are

compensated quickly and efficiently by the DDGUs within the micro grid.
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The reactive power contribution from the DDGUs adjusts to compensate for any variation in
reactive power demand, maintaining the ideal operation of the micro grid. Figure 5.32
particularly emphasizes that the reactive power flow stabilization achieved by the e-IFC,
highlighting the controller's ability to prevent significant deviations from the reactive power
flow reference.

A key feature demonstrated in these figures is the coordination between the active power flow
control and IRFC.

Stable operation across interconnection lines: By maintaining both power flows close to their
reference values, the e-IFC prevents disturbances from propagating across the micro grid. If
active or reactive power flows deviate significantly from the references, it could lead to
frequency or voltage instabilities, negatively impacting the micro grid’s interaction with the
main grid.

The use of deadbands within the control logic ensures that small fluctuations are tolerated
without overcorrecting, which could otherwise destabilize the system.

The results highlight how the DDGUs smoothly transition to compensate for changes in power
demand, whether active or reactive. This compensation is crucial to maintain balanced power
flow over the interconnections, ensuring that neither active nor reactive power flows deviate

significantly from the reference values.

5.5.4 Case Study 11: Frequency, Active and Reactive power demand variation

This test intends to test all three features (balancing active power control, frequency response
control and IRFC) of enhanced IFC at the same time. All three parameters are varied at the
same time instant to evaluate the stability and ability of the enhanced IFC controller.

Simultaneous Control of Multiple Parameters:
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By varying active power, frequency, and reactive power at the same time, the test challenges
the e-IFC’s ability to handle multivariable control. The three control mechanisms must work in
tandem to prevent disturbances in one parameter from affecting the others.

All three parameters (Frequency of the grid, Reactive demand of Loadl and Active demand of
Load2) varied at t = 6 sec. Loadl - 100% reactive power ramped down to 0 MVAr in 0.2 sec
(from 0.9 MVAr) at t = 6 sec, and then ramped back up to previous value in the same time (0.9
MVArin 0.2 sec) at t = 15 sec. Load2 — 50% Active power ramped down to 1 MW at t = 6 sec,
and then ramped back up to previous value (2MW in 0.2 sec) at t = 15 sec. Frequency of the
grid was dropped instantly to 59.8 Hz at t = 6 sec and returned back to normal value (60 Hz) at

t=15 sec.
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Figure 5.33. Frequency of the overall system.
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Load Variations
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Figure 5.34. Load 1 and Load 2 Active and Reactive powers.
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Figure 5.35. Active power from main grid and DDGU .
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Reactive Powers from Grid and Generators
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Figure 5.36. Reactive power from main grid and DDGUEs.
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Active Power Flow at Interconnection Lines

Figure 5.38. Reactive power flow over interconnection lines (Line 1 and Line 2)..
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Figure 5.37. Active power flow over interconnection lines (Line 1 and Line 2).
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Figure 5.33 shows the induced change in the system frequency. Figure 5.34 captures the active
and reactive power variations simulated for Loadl and Load2 (within the micro grid). All of
these variations are set to occur at the same time. Figure 5.35 to Figure 5.38 demonstrate that
the e-IFC was able to respond successfully for all three simulated variations. It was able to
independently control and manage active and reactive power flows on the two interconnection
lines to ensure micro grid’s ideal operation even during dynamic operating conditions.

The key point in this test was both sections of the e-IFC controller related to balancing
active power were tested at the same time, as the active demand of the micro grid was varied
along with the frequency. The controller was able to only compensate the varied active demand
and was able to balance the impact of the frequency response. The balancing active power
control mechanism worked in tandem with the frequency response control, ensuring that the
micro grid’s internal active demand was met, while also addressing the frequency deviations
from the main grid. This demonstrates the robustness and coordination between the different
sections of the e-IFC, especially under dynamic operating conditions.

To demonstrate the independence of the active and reactive power controllers (IRFC)
within e-IFC, the controller was tested by also varying the micro grid’s internal reactive demand
at the same instant. Figure 5.36 clearly demonstrate that the reactive power from the grid
remained at a constant value during these variations. Although, reactive power flow on two
interconnection lines did vary, as shown in Figure 5.38. However, the sum of the reactive power
flow remained close to the flow reference value.

This test focused on the ability of the enhanced IFC to independently control active and
reactive power flows on the two interconnection lines. Results demonstrate that the active and
reactive power flow on both interconnection lines was effectively managed. The e-IFC was able
to detect the changes in the active power demand and respond accordingly by adjusting the

DDGUs active and reactive power outputs.
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Key Takeaways

The test highlights several important points regarding the e-IFC’s performance:
Effective Independent Control: The ability of the e-IFC to independently control active and
reactive power flows is crucial for maintaining micro grid’s stability, especially under dynamic
and uncertain operating conditions. The system was not only able to manage changes in power

demand but also ensures that these changes do not negatively impact other control processes.

Coordination Between Controls: The test results demonstrate the coordination between the
balancing active power control, frequency response control, and IRFC mechanisms within the
e-IFC. These controls work together seamlessly, ensuring that variations in one area (such as

frequency) do not disrupt the stability of the overall system.

Stable Power Flow Over Interconnection Lines: Despite variations in the micro grid’s internal
demand and external grid conditions, the e-IFC successfully maintained the sum of both active
and reactive power flows over the interconnection lines close to their respective flow reference
values. This is essential for the ideal operation of the micro grid, particularly in scenarios where

it relies on interconnection with a larger grid.

5.6 Independent Active and Reactive Power Control

In modern power systems, particularly in micro grids with distributed generation and
high renewable penetration, the ability to independently control active (real) and reactive power
is essential for ensuring system stability, power quality, and efficient / ideal operation. While
active power (measured in watts) is directly responsible for doing useful work (running

electrical devices, lighting, etc.), reactive power (measured in volt-amperes reactive, or VARs)
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is essential for maintaining voltage levels across the power grid, which is necessary for the
transmission of active power.

In a complex power system, interactions between active and reactive power flows can
introduce operational challenges. Without independent control, disturbances or changes in one
type of power flow could inadvertently affect the other. This coupling between active and
reactive power would lead to instability and inefficiency in system operations.

For example:

o If the system were to experience a change in reactive power demand (e.g., from
inductive loads), and the active power control was not decoupled, this could result in
frequency deviations or power imbalances.

o Conversely, variations in active power due to load changes or generation output
fluctuations could induce undesirable voltage variations if reactive power is not
independently controlled.

The decoupling of active and reactive power control ensures that disturbances or
adjustments in one do not propagate or negatively affect the other. Independent control
mechanisms provide the ability to manage these types of variations locally and effectively.
Modern power systems, particularly micro grids, often rely heavily on distributed generation
(DQG) sources such as wind turbines, solar PV systems, and energy storage. These systems face
more complex and variable operational environments than traditional grids, due to fluctuating
renewable energy output.

o Renewable generation introduces variability: Renewable energy sources, especially

solar and wind, exhibit intermittency in power output. Independent active power control

allows the system to manage variations in active power output from these sources

without compromising the voltage stability provided by reactive power control.
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e Power electronics in DG units: Many DG sources, like solar inverters, rely on power
electronics that allow independent control of active and reactive power. This is critical
for voltage regulation in the distribution network while also ensuring that the micro grid
can maintain frequency stability.

The ability to manage active and reactive power independently is therefore critical to the
successful operation of micro grids and renewable energy systems, where dynamic changes in
power generation and consumption can have rapid and significant effects on both voltage and
frequency. In systems where micro grids are interconnected with a larger grid, it is essential to
independently control the flow of active and reactive power to maintain stability and avoid
causing disturbances in the main grid.

In all of the simulated tests presented above, the e-IFC successfully demonstrated its
capability to independently control both active and reactive power flows over the
interconnection lines. This achievement highlights the robustness of the controller's design and
its ability to manage power dynamics in real-time. With the enhancements made to the IFC,
transforming it from a simple active power controller into a comprehensive PQ controller
(Active-Reactive power controller), the independent management of active and reactive power

is a key and critical feature.
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6. CONCLUSION AND FUTURE WORK

6.1 Brief Summary

With several recommended ways for active and reactive power-sharing of DDGUs in a
micro grid, utilities or micro grid operators should choose the method that is best suited to their
individual micro grid architecture, configuration and load concentration. The active and
reactive power-sharing approaches mentioned in the literature were primarily designed for the
micro grids with one interconnection to the main grid system.

This thesis initially introduced an improved active power-sharing control for micro
grids, namely IFC. which not only overcomes the constraints of previously proposed (in the
literature) controller the FFC (for active power flow control) but has also been demonstrated to
be effective for micro grids which have several interconnections with one or several main grids.
Operating DDGUs with the proposed IFC allows them to compensate in a unified way for any
load/generation changes anywhere inside the micro grid, i.e. as one huge virtual generating unit,
rather than restricting their reaction to a specific area within the micro grid. When compared to
FFC, the IFC mode of operation can more efficiently use the available actual power generating
capacity inside the micro grid. The capacity of the DDGUs to adapt to global load/generation
changes allows the micro grid to operate optimally even after severe contingencies, including
the loss of DDGUs or interconnectors. This is the primary benefit of the IFC over the FFC.

The controller then further enhanced to a more versatile active and reactive power
(P&Q) flow controller with the addition of frequency response balancing and interconnection
reactive power flow controller (IRFC). These additional features make it a complete flow
controller which can ensure ideal operation of the micro grid not only with reference to the
active power demand/supply but also with reference to the reactive power exchange between
the main grid(s) and the micro grid. With frequency response balancing, e-IFC demonstrated to

maintain the ideal operation even during the transient frequency excursion events in the main
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grid. Such events are very common in the real-world power systems and therefore enhanced
IFC can help interconnected micro grids to be more stable, predictable and controllable for the
main grids, without losing its capability to manage isolated micro grids.

Frequency Response Balancing, allows the controller to over-write the active power
response from DDGUs in response to minor frequency excursions in the main grid. This is a
crucial advancement as it helps micro grids maintain stability and synchronism during
frequency fluctuations in the larger grid, which are common in real-world power systems.
During frequency deviations (such as over frequency or under frequency events), enhanced [FC
acts by maintaining active power flow, ensuring the micro grid continues to operate ideally.

IRFC is another vital enhancement that specifically targets the management of reactive
power flow between the micro grid and the main grid. Reactive power is critical for maintaining
voltage levels and ensuring efficient operation of power systems, especially in interconnected
grids. The IRFC allows for the independent management of reactive power, ensuring that the
reactive power exchange remains stable, even when there are fluctuations in demand or
generation within the micro grid.

Unlike traditional controllers that manage active and reactive power together (often
prioritizing one over the other), the e-IFC independently manages these flows. This
independence means that even during disturbances like load changes or grid frequency events,

both active and reactive power remain balanced and within allowable limits.

How e-IFC Difters from Conventional Controllers:
Unlike many traditional power flow controllers that manage active and reactive power
together or prioritize one over the other, the enhanced IFC offers independent control of both.

This means the micro grid can react to active power demand variations without affecting
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reactive power management and vice versa. This independent control is crucial for maintaining
both the stability of power flows and efficient operation of the grid.

Standard flow controllers are often designed to handle either active power flow or
reactive power flow, not both simultaneously or independently. The e-IFC integrates both
through its PQ control framework, offering comprehensive management of both power flows.
This makes the e-IFC uniquely versatile, enabling it to handle a broader range of operating
conditions, including dynamic load changes and renewable energy integration, without
compromising stability or efficiency.

Enhanced IFC has demonstrated that it can ensure more predictable and controllable
operation of the micro grids, even during dynamic conditions, makes it an excellent choice for
modern power systems that intend to integrate significant naturally varying renewable energy
sources and variable loads.

In conclusion, the e-IFC represents a significant advancement over traditional active and
reactive flow controllers. Its ability to manage active and reactive power flows independently,
balance power during frequency excursions, and offer robust control under various grid
conditions makes it an essential tool for ensuring stable, efficient, and reliable micro grid

operation in interconnected systems.

6.2 Key Contributions and Innovations

E-IFC is fundamentally designed to act as a universal active and reactive power-sharing
controller which has no limitations with respect to micro grid’s design, configuration,
interconnections, placement and number of generation resources etc. The importance of
maintaining an active and reactive power-sharing method that remains effective and robust even

when network configurations are modified cannot be overstated for micro grid operators.
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Network configurations are subject to change, especially in evolving energy landscapes, and
having a control strategy that can seamlessly adapt to these changes is highly valuable.

The proposed approach offers a solution that addresses this critical need. It demonstrated
its success in preserving the overall sum of active and reactive power flow to or from the main
grid when tested across various simulated operating scenarios. This capability ensures that the
micro grid remains a reliable and predictable source or consumer of active and reactive power,
regardless of how the network configuration evolves over time.

One of the notable features of this proposed technique is its ability to accommodate
diverse values of active and reactive power flows at different interconnections within the micro
grid while maintaining a constant total active and reactive power flow to or from the micro grid.
This flexibility allows the micro grid to adapt to varying power generation and consumption
patterns, supporting operational efficiency and grid stability.

Furthermore, the suggested control approach is versatile and can be applied to micro
grids with one or more active grid linkages. This adaptability is crucial, as micro grids come in
various configurations and sizes, and the control strategy should be compatible with a broad
range of micro grid setups.

The e-IFC provides several advanced capabilities that differentiate it from traditional

active and reactive power controllers. Following are some key benefits of e-IFC.

1. Real-Time Dynamic Performance:

One of the major strengths of the enhanced IFC is its ability to react in real-time to the
dynamic conditions of the grid. Traditional controllers often struggle with maintaining ideal
operation during transient events, but the enhanced IFC is equipped to handle rapid fluctuations
in both active and reactive power demands. By integrating frequency response balancing and

reactive power flow control (IRFC), it ensures that the power flows are continuously adjusted
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in response to grid conditions. This real-time capability is critical for maintaining grid stability,
especially in micro grids where sudden changes in load or generation are common, such as with

the integration of intermittent renewable energy sources.

2. Decoupling of Active and Reactive Power Control:

The decoupling of active and reactive power control is a significant feature that is
required in the modern day power systems. In traditional systems, controlling both parameters
together can lead to conflicts, especially when both are required to change in response to grid
variations. In contrast, the enhanced IFC ensures that active power can be adjusted in response
to frequency deviations or demand/flow variations, while reactive power can be controlled
independently to manage interconnection power flows. This decoupling ensures that both active
and reactive power flows are kept within acceptable limits without one interfering with the

other, providing more predictable behaviour in interconnected power systems.

3. Robustness During Grid Events:

In real-world operations, minor frequency excursion events—where grid frequency
temporarily deviates from the nominal value—are common. These events can cause instability,
particularly in systems with renewable energy sources, which may not be as flexible in adjusting
output as conventional generators. The enhanced IFC’s frequency response balancing allows

the micro grid to respond effectively to such events.

4. Seamless Transition Between Grid-Connected and Islanded Modes:
Micro grids must often switch between being grid-connected and operating in islanded
mode. The enhanced IFC facilitates a seamless transition between these modes by managing

both active and reactive power flows independently. In grid-connected mode, it ensures that
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power exchange with the main grid remains stable. When transitioning to islanded mode, it
takes control of the frequency regulation within the micro grid, providing a stable local
environment without relying on external grid support. This flexibility is vital for micro grids,

especially in situations where the main grid may experience outages or instability.

5. Improved Integration of Distributed Energy Resources (DERs):

The e-IFC is designed to work efficiently in environments that include a variety of
Distributed Energy Resources (DERs) such as solar, wind, and battery storage. These resources
are inherently variable and can introduce complexity into the management of power flows.
Traditional controllers may struggle to manage these fluctuations effectively. However, the
enhanced IFC can absorb the variability in both active and reactive power generation from
DERs and adjust its control strategy accordingly. By doing so, it ensures smooth integration of
renewable energy, making the micro grid more resilient and capable of accommodating higher

levels of renewable penetration.

6. Operational Flexibility with Deadband Control:

One of the useful features that enhances the flexibility of the enhanced IFC is the ability
to introduce deadbands in the control algorithms. A deadband is a range within which small
fluctuations in power flows do not trigger corrective actions from the controller. This feature
helps to reduce unnecessary switching and adjustments, which can improve the overall
efficiency and reduce wear and tear on equipment. For example, in active power control, the
enhanced IFC can allow small frequency deviations to exist without adjusting power flows,
which can help avoid overreaction to minor events while still maintaining overall system

stability.
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7. Enhanced Predictability for Grid Operators:

From a grid operator's perspective, one of the key advantages of the enhanced IFC is its
ability to ensure that the micro grid operates in a predictable and controllable manner. The
independent control of active and reactive power flows, combined with frequency balancing,
means that the micro grid can be relied upon to provide a stable output to the main grid even
during disturbances. This predictability is critical in interconnected power systems, where
disturbances in one part of the system can propagate and cause disruptions in other areas. By
keeping the power exchange with the main grid stable, the enhanced IFC helps to maintain the

overall integrity of the grid.

8. Customizability of Control Settings:

The e-IFC is highly customizable, allowing system operators to adjust parameters such
as gain settings, deadbands, and frequency response characteristics. This customization ensures
that the controller can be tailored to the specific needs of a micro grid, whether it is focused on
renewable energy integration, load balancing, or grid support. This flexibility makes it an ideal
solution for a wide range of applications, from small isolated micro grids to large interconnected
systems.

The e-IFC demonstrated the potential to stand out as a powerful tool in modern micro
grid management, ensuring the reliable, stable, and efficient operation of both active and
reactive power flows.

It's also important to highlight that the proposed method represents a novel contribution
to the field of micro grid research. While the topic of micro grids with multiple grid connections
is highly relevant in modern energy systems, it has not been thoroughly explored or detailed in
existing research papers, to the extent of our scope of search. This research opens up a new

dimension and direction in the field, providing insights and solutions to the specific challenges
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and opportunities posed by micro grids with multiple grid connections. It contributes to the
growing body of knowledge in micro grid control and operation, addressing a gap that has not

been adequately covered in existing literature.

6.3 Future Work

This work has initiated a discussion which will need further elaborations on the following
related operational aspects of micro grids with multiple grid connections:
1. Coordination of different interconnected micro grids.
2. Ancillary services from the micro grid to the main grid(s).
3. Al based predictive and economic Dispatch of DDGUE .
4. Implementing dynamic transient and voltage stability limits on active and reactive
power flow at different interconnectors etc.

Future power systems may involve the coordination of multiple micro grids operating in
parallel with the main grid. Such a setup offers potential for increased flexibility and reliability
but requires sophisticated control strategies to avoid conflicts. A coordination protocol can be
established using distributed control architectures where multiple micro grids interact with each
other and the main grid to maintain overall system balance. Investigate peer-to-peer energy
trading between micro grids for enhanced resilience and efficiency.

Micro grids can contribute to ancillary services (e.g., system restart or black start, system
strength, frequency regulation, spinning reserve) for the larger grid. However, their
participation in these markets is still limited due to technical and economic constraints. Future
research should explore market frameworks that enable micro grids to provide ancillary
services, either independently or as a group, effectively while maintaining their own individual

(internal and external) operational goals. With the availability of the grid forming inverters,
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micro grids can provide black start ancillary service for the main grids using battery energy
storage systems (BESS) to establish the initial voltage reference.

In future, Al-based predictive and economic dispatch controllers of DDGUs can
revolutionize micro grid management by enhancing efficiency and resilience. Advanced Al
algorithms will use real-time data from distributed energy sources and market conditions to
predict demand and optimize both active and reactive power flows. These systems can enable
precise economic dispatch while simultaneously ensuring grid stability, even during rapid
fluctuations in renewable energy generation. Predictive maintenance powered by Al will further
reduce downtime and operational costs.

With enhanced IFC, we used static flow references for active and reactive power flow
control. In the future, we could further enhance the functionality of the Interconnection Flow
Controller (IFC) by dynamically calculating active and reactive power flow references based
on real-time stability limits. Instead of relying on static flow references, dynamic references
would adjust in response to varying grid conditions, demand fluctuations, and transient events.
These dynamically calculated flow references would ensure that the power exchange between
the micro grid and the main grid operates within safe stability margins, optimizing system

performance and resilience.
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8. Appendix A

Modelling parameters used in developing the micro grid model are given in Table 8-1 to
Table 8-4.
Table 8-1. Transmission Lines.

71 X1
Lines (Ohm) = R1(Ohm) (Ohm)
Linel 0.3318 0.15 0.296
Line2 0.3318 0.15 0.296
Line 1.4724 1.46 0.191
FL2 4.4440 3.56 2.66
FL3 4.4440 3.56 2.66
Line(2) 1.4724 1.46 0.191
Line(4) 1.4724 1.46 0.191
g)in‘ﬁ (CEEIE | 0.15 0.296
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Table 8-2. Transformers.

Voltage  Vector
Transformers MVA  (kV/kV)  Group %Z
T2(1) 15 69/13.8 | Dyn0 8
T13 4 13.8/4.14 | YNynO 3
T3(1) 4.5 13.8/4.14 | YNynO 3
T3(2) 3.5 13.8/4.14 | YNynO 3

Table 8-3. Loads.

Loads MW | MVAr

Loadl 3 0.9
Load2 2 =
Load3 1.8 0.6
g)oad4(Conﬁguration 1.2 0.1
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Table 8-4. Generators.

Active Power from

MW  MVAr

DDGU

Gl 2 0.6
G2 2.2 0.7
G3 1.2 0.6
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