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Abstract

Microgrid (MG) is a promising approach to proliferate distributed energy resources
for electrification in remote areas. Remote area MGs usually operate as standalone
systems and are supplied by a combination of conventional fossil fuel-based
generators, renewable energy resources and energy storage systems. Irrespective of all
considerations at the planning and design stage, such MGs are always prone to the
uncertainties of their demand variation and the generation of their non-dispatchable
renewable sources. Such events can cause voltage or frequency violation in the MG.
This thesis has focused on developing proper operational and control techniques for
such MGs. First, an effective management technique has been proposed and developed
that can retain the voltage and frequency of the MGs within a predefined desired
region, at least cost, using a multilayer scheme. If a violation is detected, the proposed
technique will aim to define the most optimal generation level of dispatchable sources,
MG’s best network configuration and engagement level of the supportive actions such
as exchanging power with neighbouring MGs, utilising energy storages, demand
response and renewable energy curtailment (if and when available). The technical,
reliability and environmental aspects of the MG are considered within the proposed
technique along with the operational cost. The determined optimal control variables
will then be sent to the local controllers to apply proper arrangements in the system to
retain the voltage or frequency within the desired range. On the other hand, some
techniques are available in the literature that can predict the uncertainties of demand
and renewable energy sources a few minutes ahead. Using such techniques, the voltage
or frequency violation can also be predicted in short-horizon and prevented with the
introduction of a suitable preventive controller. Hence, this thesis has then proposed
and developed a look-ahead controller that uses the short-horizon prediction data of
demand and renewable generation to determine any prospective voltage or frequency
violation. Another alternative is temporarily coupling the adjacent MGs to support
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each other and form a system of coupled MGs. Thus, the thesis has then proposed and
developed a suitable technique to form systems of coupled MGs while preserving the
voltage and frequency of each MG and reassuring the optimal performance of all MGs.
The proposed optimisation approach tries to solve the voltage or frequency problem
by coupling the MGs when the local actions, such as energy storages, are inadequate
or cost-ineffective. Another technique has also been proposed and developed that can
readjust the dispatch of the suitable generation units, between the optimisations, to
support small changes in load. To this end, the potential field concept is used by the
loads to select suitable generation units to make the decision very quickly. The
decision is made based on different criteria, such as cost, reliability, emission, and
power loss. This process requires low computational efforts and can be done instantly.
Besides, a periodic optimisation is performed by the MG’s central controller to retune
the whole system and reconfirm the optimal operation. The performance of the
developed techniques has been demonstrated and validated through extensive
numerical analyses in MATLAB®.
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Chapter 1. Introduction

Chapter 1 Introduction

This chapter provides the background and motivation of the conducted research in this
thesis. The key research objectives and contributions of the thesis are highlighted and
summarised. Finally, the organisation of the thesis, concerning each following chapter,
has been introduced.

1.1.

Background

The bulk of electricity, generated around the world, is provided by fossil fuels, such as
gas, oil, and coal. However, their limited availability, as well as concerns over global
warming, are challenging the sustainability of the generation of electricity from such
resources. Moreover, the geographical distribution of generators within significant
distances from consumption centres, the aging of energy infrastructures and the costs
to upgrade them, along with the annual load growth, places further technical and
economic pressure on the electricity industry. Additionally, supplying electricity to
rural and remote areas has always been a challenge due to geographic and demographic
constraints. Furthermore, the extension of the transmission network is not always
economically viable [1]. On the other hand, the utilisation of renewable energy sources
in the global energy mix is pivotal to meet the key decarbonisation and climate
mitigation goals set by the Paris agreement [2]. According to the analysis of
International Renewable Energy Agency, by 2050, 90% of the emission can be reduced
by aggregating the segment of renewable energy source in the primary energy mix to
66% in 2050 from today’s 16% [3]. However, it requires the global energy system to
endure a deep transformation, from one predominantly based on fossil fuels to one that
is based on renewable energy sources. In addition, one of the Sustainable Development
Goals of the United Nations is “access to the affordable electricity for everyone”.
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Indigenous renewable energy systems can be the key player to achieve this goal by
taking electricity to remote places.
The deployment of microgrids (MGs) in rural and remote areas is a significant step to
ensure universal, affordable, and reliable access to electricity. An MG refers to a smallscale electricity generation and distribution system, in which a cluster of loads are
supplied locally by a few distributed generators (DGs) and/or battery energy storage
systems (BESs), which can operate in grid-connected mode or standalone mode (if a
grid does not exist or is temporarily unavailable) [4-6]. It is usually preferred that DGs
are driven by some sustainable and renewable energy sources, but it may be inevitable
that a number of a small-scale conventional diesel or gas-driven generators, be used.

1.2.

Motivation

Renewable energy source based DGs rely primarily on varying ambient conditions,
and hence, they may not be controllable (without a power smoothing BES) or
forecasted (in near real-time). The uncontrolled DGs, also referred to as nondispatchable DGs (NDDGs), operate in grid-following mode and provide the
maximum available power or the rated power. Controllable DGs (such as diesel/gasdriven generators or those renewable energy source-based ones, that are coupled with
an appropriately sized local power smoothing energy storage), are referred to as
dispatchable DGs (DDGs) and operate in a grid-forming mode; i.e., they are
responsible for controlling the MG’s voltage and frequency, whilst supplying its
electrical demand [7-9]. If multiple DDGs exist, they can share the total load using
several techniques. Droop control is the commonly used technique for this purpose
and facilitates the DDGs to share the active and reactive power of the loads, without
there being any communication technology used among them. This concept has been
expanded to converter-based DGs (i.e., the most common form of renewable energy
source-based DGs) to the MG [10]. In addition to the basic droop control, other
techniques have also been proposed within the literature, which are either a
modification of a droop control (such as adaptive, intelligent, cost-based, etc.) or an
optimisation-based or potential function type [11-13], which are considered to be the
local/primary controllers for the DDGs. The local controllers are coordinated by a
secondary controller, which determines their control set-points [14]. The uncertainty
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of the renewable generation and load demand can always cause the voltage or
frequency in the MGs to deviate beyond their acceptable limits. As such, proper
operation and control techniques are needed to retain the voltage and frequency within
the predefined standard limits by controlling the various resources within the MG
effectively, which is the focus of this thesis.

1.3.

Research Objectives

The main research objective is to develop suitable operational and control technique
for maintaining the voltage and frequency within standalone remote area MGs because
of the uncertainties of renewable energy resources and the loads. Various control
techniques have been proposed and developed to facilitate a smooth operation of the
MGs irrespective of any unknown and sudden changes in these uncertain quantities.
The major points can be summarised as


Develop a technique to manage the MG’s voltage and frequency within the

desired range by optimally deciding the local controllers’ actions.


Analyse the impact of uncertainties of the demand and renewable generations

on deciding the optimal operation of the MG.


Considering environmental, technical, reliability and economic aspects to

ensure the continuous optimal operation of an MG.

1.4.

Outline of Research Contributions

This thesis develops preventive and corrective control technique to deal with the
voltage and frequency deviations due to the changes in demand and renewable energy
generation in an MG. When the local resources within the MG are not enough to
manage the voltage and frequency within the desired range, external support is
essential. In this regard, a technique is proposed to optimally couple multiple
individual MGs, when available, to support each other. In addition, a simple technique
is developed to maintain the optimal operation of an MG when the changes in demand
and renewable energy are not significant (i.e., no voltage or frequency violation).
Figure 1.1 shows the broad links between the proposed techniques in a big picture.
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Figure 1.1 Broad Relationship between the proposed techniques
The main contributions of this thesis can be summarised as:


Proposing and developing a preventive and a corrective control technique to
prevent or correct any violations in the MG’s voltage and frequency, which
incorporates the technical, reliability and environmental aspects, in addition to
the operational costs,



Optimising and coordinating the contributions of renewable curtailment,
demand response, BESs and network reconfiguration, along with adjusting the
droop parameters of the DDGs in the MG’s control,



Proposing and developing a technique for forming one or more coupled MGs in
a multi MG system to facilitate temporary power exchange and voltage and
frequency support,



Proposing and developing a simple peer-to-peer technique to rapidly decide on
the instant dispatch of dispatchable DGs following a load change, in between
MG optimisations.

1.5.

Organisation of the Thesis

The remainder of the thesis is organised as follows:

Chapter 2 surveys the relevant literature and critically analyses them to demonstrate
the research problems and possible solutions. It discusses the control methods for
droop-controlled MGs where the secondary controller can optimally decide the setpoints of local controllers. It also presents the preventive control approach and lists
different aspects of the available proposals. Different methods to optimally couple
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neighbouring MGs are also discussed in this chapter and validates the necessity to
propose a new method.
Chapter 3 presents the proposed methods for corrective and preventive control of
droop-controlled MGs. It also includes a technique to form multiple coupled MGs to
support voltage and frequency of MGs in a problem. A fast and simple technique is
also proposed to optimally dispatch the generators in an MG to ensure continuous
optimal operation of an MG.
Chapter 4 presents the numerical analysis and discussion to evaluate the proposed
corrective control for droop-controlled MGs. It shows the impact of different
weightings while deciding the MG’s optimal set-points.
Chapter 5 provides the results for preventive control. It also presents the sensitivity
of prediction errors on the outcome of optimal decision making.
Chapter 6 shows the numerical analysis to validate the proposed technique of forming
multiple coupled MGs in a multi-MG system. It shows different scenarios to which
the proposed technique reacts accordingly.
Chapter 7 demonstrates the validation results of the performance of the proposed
technique to ensure continuous optimal dispatch of generators.
Chapter 8 highlights the key research findings and summarises the significant
contributions. This chapter also proposes probable future directions in this research
field.
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Chapter 2

Literature review

In this chapter, the operation and control principles of the MGs have been focused, and
the different techniques suggested and employed in the literature are surveyed. The
chapter has first discussed the droop control, the most common control approach of
the DGs in MGs. Then, existing works on optimal control of such MGs by managing
the various resources such as the battery energy storages, curtailment of the renewable
resources, controlling the flexible loads and coupling neighbouring MGs are critically
reviewed. This chapter also identifies the research gaps and suggests possible
techniques to address those research problems.

2.1.

MG Control and Operation

The appropriate sharing of active and reactive power between the DDGs is crucial for
the stability of the MG and can reduce the overall operational cost of the MG (e.g., by
using the cost-prioritised droop technique in [15]). Ref. [16] proposes a probabilistic
approach to optimally choose the droop coefficients of the DDGs to minimise the
operational costs. These methods of computing droop parameters are proposed for an
MG that is under a decentralised scheme; wherein system frequency is used as a means
of communication among the local controllers of the DDGs. However, an upper-level
control1 is proposed as part of the MG central controller (MGCC) in the literature to
supervise and monitor the entire MG and respond to the voltage and frequency
deviations, which has slower dynamics compared to the local controller [17-21]. As
an example, [22] proposes an analytical approach to determine the set-points for droop
control of the DDGs to maintain the voltage and frequency of the MG, within
acceptable limits. Ref. [23] has developed a method to combine the MGCC, with the
local controllers of the DDGs, to solve their optimal power-sharing problem by
1

Hierarchical control approach for MG is described in the Appendix
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focusing only on the minimisation of the fuel cost and the voltage variation. Another
scheme is proposed in [24], in which the MGCC optimises the droop coefficients of
the DDGs, based upon the system status and load demand, in order to minimise the
fuel cost of the DDGs and the power loss of the MG. Alternatively, the control of
charging and discharging of the BESs [25-26], as well as demand response [27-28],
load-shedding [29] and renewable curtailment [30] have also been used separately, to
resolve the voltage and frequency problem in the MGs. Moreover, controlling the tie
switches between different lines within the MG is considered as a cost-effective
technique in [31-32], which can be used to obtain the optimal configuration for
improving the voltage and frequency problem. On the other hand, [18, 33-34] have
proposed the possibility of eliminating the voltage and frequency problem in an MG,
by provisionally coupling it to a neighbouring MG or a utility feeder, if available.

2.2.

Corrective Control

A detailed literature review reveals that, although many studies have been conducted
for the optimal design of the MGs in their planning stage, only [23] and [24] have
focused on their short-horizon, operational stage. Although these studies have aimed
at the optimal operation of the system by changing the droop coefficients of the DDGs,
and other studies have individually evaluated the successful impact of options (such
as controlling the BESs, the demand response, the renewable curtailment and network
reconfiguration in the voltage and frequency management) their coordination has not
yet been investigated. Likewise, in addition to the cost of fuel, which is used by the
DDGs, the power loss and voltage variations that are focused on in [23-24], the life
loss cost of the BESs, the consumers’ comfort and the number of switchings of
configurable lines, that are focused upon respectively in [25-27], [27-28] and [31-33],
many other technical, operational and sustainability criteria are of great importance
and need to be considered in determining the optimal operating conditions of an MG.
Criteria such as the MG’s spinning reserve, reliability, frequency deviation, emissions
and renewable contributions, can form part of the decision-making regarding the
optimal operation of the MG. This will make it more advanced, in comparison to the
existing ones. The use of this short-horizon, operational planning, is vital to
accommodate the uncertainties of loads, as well as the rapid and unexpected variations
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within the power of the NDDGs.

Table 2.1 Comparison of the considered control variables and criteria of the
objective function in the proposed VFMT with other existing methods in the
literature.

Control
Variables

Criteria of
Objective
Function

Method in

Method in

VFMT in

[23]

[24]

this thesis

Droop coefficient







Droop set-point







BES







Demand response







Renewable curtailment







Operational cost







Technical







Supply adequacy







Sustainability







This thesis presents a voltage and frequency management technique (VFMT) for
standalone MGs at the MGCC, which uses a metaheuristic optimisation. The
developed technique maintains the voltage and frequency of the MG within predefined limits, during continuous variations of the load and renewable generation, at
least cost. The proposed technique reacts immediately after an event that has resulted
in the violation of the voltage and frequency, beyond the desirable limits via a
multilayer action, to retain the voltage and frequency, within those required limits. It
does so by considering the optimal generation levels for the DDGs, the best network
configuration, charge or discharge power by the BESs, the application of the demand
response to the unessential and future-planned controllable loads, and the renewable
curtailment. This technique is designed to minimise the total cost of energy for the
MG, as well as the cost of dynamic supply adequacy, losses, emissions, switchings of
configurable lines, the demand response and the renewable curtailment. On the other
hand, the dependency of loads upon the voltage and frequency is considered; thus, the
effect of the conservative voltage reductions along with the frequency on loads, are
taken into account by the proposed technique [35]. Table 2.1 summarises the
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considered control variables, as well as the criteria in the objective function of the
optimisation problem in the proposed VFMT. This table also compares them with
those of [23-24] (i.e., other existing methods for addressing short-horizon power
management, in droop-controlled standalone MGs).

2.3.

Preventive Control

The uncertainties of demand and the output power of renewables along with the high
cost of energy storages complicate the operation of a standalone MG within the
desirable range of voltage and frequency in a cost-effective way. Thus, a look-ahead
approach that uses the predicted data of such uncertain elements is precious for the
MG’s optimal performance.
Predicting demand has been an interesting research topic in the field of power systems
and distribution networks. Different techniques are proposed in the literature to
estimate the demand of a network under different horizons (e.g., day, month or season)
[36]. Load-forecasting in an MG is more complicated than large power systems
because a smaller group of loads observe higher randomness [37]. Hence, several
approaches have been proposed in the literature, which has further improved the
accuracy of load-forecasting within MGs. As an example, [37] suggests a hybrid loadforecasting model, composed of empirical mode decomposition, an extended Kalman
filter and particle swarm optimisation. A three-stage load-forecasting approach is
proposed in [38] that consists of pattern recognition, clustering, and multilayer
perceptron. Likewise, [39] proposes a self-adaptive evolutionary fuzzy model that
observes a lower load-forecasting error. Such methods are applicable for MGs
regardless of their capacity and geographical distribution. While [37-39] had validated
their proposals on MGs with large capacities, [40] has proposed another shorterhorizon prediction technique based on a fuzzy algorithm that suits MGs with capacities
as low as 20 kW.
Along with the rapid growth of renewables in power systems, there has been increasing
research for more accurate forecasting of the variability of renewables such as wind
and solar. A comprehensive review of the different forecasting methods is presented
in [41-42]. Various approaches are introduced in [41-46] that can predict the output
power of solar and wind systems based on the different scales of the forecast horizon.
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Data-driven formulation, using historical measurement data, are used in statistical
approaches in [43]. A wind power prediction method and its performance are validated
for MGs in [44]. Similarly, [45] has proposed a solar power prediction technique that
suits very small-scale photovoltaic systems. Furthermore, [46] has adopted a
combination of sky imager and the neural network to forecast solar energy with onesecond resolutions and 15-minute horizons.

Violating event

(a)
Corrective
approach

time
Detection Calculate Data
new set- Transfer
points

(b)

VF violating
event predicted

T1

Desired
Region
Undesired
Region

Violating event

Preventive
approach
Calculate
new setpoints

Primary
control
action

time
Data
transfer

Primary
control
action

Figure 2.1 (a) Voltage and frequency status when MG operates under a corrective
approach during a violation, (b) Voltage and frequency status when MG operates under
the proposed PVFC during a violation.

The satisfactory operation of a standalone MG depends on the employed control
strategy. Corrective actions can be employed to bring the voltage and frequency back
to the desired ranges [47]. Such actions in [47, 23-24] take place after detecting voltage
and frequency violation and the new set-points are transferred to the local controllers
as depicted in Figure 2.1a. Thus, voltage and frequency violation will be observed in
the MG until the local controller acts. This time should be shorter than the operation
time of the under and over-voltage and frequency protective relays, to guarantee their
successful operation. This is the key limitation of such corrective techniques.
The state-of-the-art short-horizon prediction approaches can be used at the MGCC to
pre-calculate the set-points of the local controllers, prior to any potential fierce changes
in the uncertain elements. Thus, a controller can be developed that uses the prediction
tools for predicting the voltage and frequency violation at 𝑇1 minutes ahead (e.g., 5-15
minutes depending on the prediction horizon of the utilised forecasting tools), as
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shown in Figure 2.1b. This controller not only can avoid the voltage and frequency
violation but can also result in the MG’s optimal and improved operation without
interfering with the normal operations of the local or central controllers. This is similar
to the proposed methods for large power systems consisting of wind energy in [43]
that use a look-ahead cost optimisation to decide the unit commitments in two horizons
of day-ahead and 5-minute ahead. Although the method in [43] considers the expected
deviation of predicted data, the sensitivity of the prediction error is unknown. In
addition, it only considers the cost of operation without including the voltage and
frequency constraints. Another preventive voltage controller is developed in [48] to
improve the short-horizon voltage stability of a large power system. Likewise, [49]
presents a model predictive control-based technique to control the operation of
standalone MGs in different time horizons; however, it only focuses on generation and
BESs cost and spinning reserve, ignoring the application of demand response and
renewable curtailment. Similarly, [50] presents a preventive control strategy, which
schedules the operation of the conventional generators in a standalone MG, but it only
considers the generation cost of the sources.
Most studies such as [21-22, 43, 49-50] have focused on the economic aspects.
However, there are other vital criteria such as the MG’s sustainability, emissions,
reliability, spinning reserve and self-adequacy that also need to be considered when
deciding on its optimal operation. In addition, other supporting technologies such as
demand response, renewable curtailment, and network reconfiguration should be
considered along and coordinated with BESs. Likewise, the support from the
neighbouring MGs, if available, should be coordinated with the internal supporting
technologies. Moreover, the preventive approaches in [43, 49-50] do not investigate
the impact of expected/unexpected prediction inaccuracies on system operation. To
address these research gaps, this thesis presents a preventive voltage and frequency
controller (PVFC) for droop-controlled standalone MGs, which aims to preclude any
prospective voltage and frequency deviations from the desired ranges, following the
changes in demand and output power of renewables. The proposed technique will be
an agent within the MGCC and minimises the prospective operation cost while
maximising the reliability. It also maintains all the technical constraints (such as
spinning reserve requirements, the limit of renewable contribution, line thermal limit
and external dependency of the MG). Minimising the environmental emission and
power losses in the MG are the other focuses of the technique. To this end, the

11

Chapter 2. Literature review
proposed method uses a multi-objective optimisation to determine the optimal dispatch
of the DGs (by defining the droop parameters), as well as the contribution level of
supportive actions. The supportive measures are the reconfiguration of distribution
lines, charging/discharging the BESs, and exchanging power with the neighbouring
MGs along with managing the level of inessential loads that can be shed or level of
new loads that can be added under demand response, in addition to the amount of
renewable curtailment. The effect of conservative voltage and frequency reductions on
the loads is reflected in the proposed technique by considering the loads’ dependency
on the voltage and frequency while the expected inaccuracies of the predicted data are
also taken into account. Table 2.2 summarises the considered criteria for the
optimisation, as well as the assumed control variables within the proposed technique
while comparing them with the similar existing techniques (i.e., [21-22, 43, 49-50]).

Table 2.2 Comparison of the proposed technique with other existing methods.
Approach in
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2.4.

Coupling Neighbouring MGs

Reducing an MG’s voltage and frequency problem by temporarily coupling it to a
neighbouring MG is discussed in [33, 51], which has been extended in [52-54] to a
system of coupled MGs consisting of several MGs. It is expected that in the near future,
with the incentives provided by the governments and their renewable energy or
greenhouse gas emission targets, many private investors will be interested in building
up and operating their MGs. Hence, small towns or remote areas can have multiple
MGs, which can be occasionally coupled when needed to help each other. Such an
approach would also indirectly improve the resiliency of MGs by increasing their
responsiveness to an event in the other MGs.
With the above backdrop, it is imperative to properly design and operate a multiple
MG system where the MGs can be coupled to support each other. Different
architectures of tie-lines to couple the MGs within a multiple MG system are explored
and analysed in [52] while the optimal planning of the interconnecting lines between
the MGs is discussed in [55]. Ref. [56] has elaborated on the dynamic operation of
DGs within coupled MGs. The reliability and supply security aspect in the optimum
design of a multiple MG system is presented in [57]. Likewise, [33] discusses a healing
strategy for an MG to address its overloading by detecting and requesting surplus
power from the neighbouring MGs within the multiple MG system. A hierarchical
energy trading strategy is proposed for multiple MG systems in [58] to lessen the total
operational cost. Ref. [59] evaluates the energy trading between the MGs of a multiple
MG system through some identified tie-lines to reduce the load-shedding costs.
Similarly, an optimisation-based multiple MG system scheduling approach is
proposed in [60] that considers the availability of various energy resources such as
electricity, heat and gas. On the other hand, [61] and [62] propose the power dispatch
and management among the MGs within a coupled MG formed inside the multiple
MG system. The stability of energy resources of the MGs in a coupled MG is studied
in [63] while the reliability aspects of a coupled MG are investigated in [64]. Ref. [6566] propose a transformative architecture for coupling the nearby MGs and coupled
MG formation to increase the system resiliency during faults.
On the other hand, coupled MG formation to manage an MG’s voltage and frequency
problem are investigated in [53-54, 67-68]. Ref. [53] and [67] propose a tertiary level
optimisation, which is activated when the local support is not enough to resolve the
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voltage and frequency problem. Likewise, a decision-making algorithm is proposed in
[54] to select the suitable neighbouring MGs and form a coupled MG to support an
overloaded MG, based on some criteria such as the available surplus power, power
loss, electricity price, reliability, and CO2 emissions of the different available MGs.
Similarly, [68] proposes a priority-based two-level strategy for a coupled MG
formation. In the first level, it only connects the adjacent MGs, and if the first level is
inadequate to resolve the problem, it proceeds to couple distant MGs. The above
techniques aim at forming a single coupled MG. This is mainly because of the assumed
topology for the multiple MG system, e.g., one of those in Figure 2.2a-b. However, if
the multiple MG system topology allows (e.g., assuming a topology like Figure 2.2d),
forming more than one coupled MG may even lead to more optimal performance from
line loss and operational cost perspectives. Developing such a technique has not been
discussed in the literature yet.

(a) MG-N
MG-1

(b)
MG-N

(c)
MG-1

MG-N

MG-N

MG-3

MG-3

MG-2

MG-3

(d)

MG-3
MG-2

MG-2

MG-1

MG-1
MG-2

Figure 2.2 Various multiple MG system topologies for coupled MG formation within
neighbouring MGs.

The above studies also analyse the voltage and frequency for the whole coupled MG,
considering it as a single network, which is mainly because of a direct ac-ac coupling
assumption between the MGs within the multiple MG system, realised via
conventional circuit breakers or interconnecting static switches. However, based on
the connection technology, the whole coupled MG will not necessarily be a single
synchronous network (i.e., observing the same frequency). As an example, [51] and
[69] propose forming a coupled MG via back-to-back power electronic converters
between each MG and the interconnecting lines. In such a scheme, power can be
transferred from one MG to another while the MGs are operating at different
frequencies. This is more preferred for MGs owned by different authorities and
operating under different policies and standards. Thus, coupled MG formation will be
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simpler and without any necessity for specific standardisation or arrangements to
facilitate power exchange amongst the neighbouring MGs. In such a concept, voltage
and frequency analysis of individual MGs within the coupled MG is essential. Again,
such a technique has not been discussed in the literature yet.

Table 2.3 Comparison of the proposed method with existing methods in the
literature.
Method in
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To address the above research gaps, this thesis presents a technique to manage the
voltage and frequency for islanded MGs that resides within a multiple MG system.
The ultimate aim of the developed technique is to maintain the voltage and frequency
of the MGs within the pre-defined desired limits, during continuous variations in their
demand and renewable generation, at the least operational cost. The two key features
of the proposed technique are (a) facilitating the formation of more than one coupled
MG, if deemed optimal, and (b) being applicable for MGs that are coupled to the
interconnecting lines via back-to-back power electronic converters (for which the
existing techniques in the literature are not currently applicable). The proposed
technique always monitors the MGs in the multiple MG system and reacts when an
MG with voltage and frequency problem (termed as PMG) is detected. Then, the
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available local actions, such as the optimal generation levels for the DDGs, the best
network configuration, and the charge or discharge power by the BESs are first
considered to resolve the voltage and frequency problem. If the local actions are found
to be inadequate or cost-ineffective, then the PMG seeks the support from the
neighbouring MGs to convert it to a non-problem or healthy MG (termed as HMG).
The proposed technique determines the suitable available HMGs that have the
adequate capacity to support the PMG and identifies the optimal interconnecting lines
to form coupled MG(s). The selection considers the line losses, transaction costs,
ownership, reliability and emission of an HMG. Table 2.3 compares the proposed
technique with other existing very similar methods available in the literature, such as
[53-54, 67-68].

2.5.

Peer-to-peer Generation Dispatch

Centralised approaches, involving a central controller, can govern all the energy
transactions to operate the MG in an optimal way by meeting the technical and
economic constraints [24, 49, 70]. Such an energy management system is proposed in
[49], in which the model predictive control is used to address the unit commitment and
optimal power flow problem considering the voltage constraints of the network. Ref.
[71] presents a hierarchical energy management approach where the MGCC controls
all the distributed energy resources (DERs). However, the MGCC requires higher
computational resources to coordinate all the elements of the MG. In order to avoid a
single point of failure and attain a more flexible operation, decentralised approaches
can be utilised [72-74]. For example, a multi-agent system-based energy management
technique is presented in [72], in which each DER acts as an agent along with some
service and management agents to minimise the MG’s operational cost and satisfy
consumer’s energy expectations. Ref. [73] proposes a game-theoretic method to
achieve maximum profit for the MG, as well as maximum utilisation of the prosumers
in a decentralised manner. Likewise, a robust optimisation-based method that reduces
the MG’s imbalance cost and improves its reliability is proposed in [74]. However,
centralised and decentralised approaches have their pros and cons, and the appropriate
approach is determined an appropriate approach based on the MG types (residential,
commercial or military) and its legal and physical features (location, ownership, size,
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geography) [70, 75].
Recently, the direct energy trading among the generators and consumers, without any
intermediary, is getting attention. This direct trading is often termed as the peer-topeer energy transaction, inspired by the “Peer-to-peer economy”, and is enabled by the
information and communication technologies [76]. Moreover, with the inception of
blockchain technology, the application of the peer-to-peer concept in MG energy
trading is further enhanced [77-79]. For example, a peer-to-peer energy trading system
in an MG and corresponding platform, utilising game theory, is proposed in [77] while
[78] presents an energy sharing model with price-based demand response for peer-topeer photovoltaics prosumers in an MG. Ref. [79] presents a method to quickly apply
a peer-to-peer-based energy transaction which guarantees the highest utilisation and
least operational cost. However, in the above approaches, the technical constraints of
the system, including the prospective voltage and frequency problems are often beyond
the consideration.
To address the computational burden and non-optimal outcome between the decisions
in an optimisation-based technique, this thesis suggests using the peer-to-peer concept
where the load agents can instantly evaluate the available DDGs and select the suitable
one(s) to buy energy from. To decide the suitable DDGs, the potential field concept,
widely used in the robotic path planning [80], has been adopted. This is a very simple
but effective concept which has minimal computational requirements, and hence, the
decisions can be made instantly. Ref. [81] has employed the potential field concept for
scheduling load-shedding in an MG; however, this concept has never been used in
deciding the dispatch of DDGs in a standalone MG. Besides, to preserve the technical
requirements, including desired voltage and frequency and define the optimal setpoints, the MG is still optimised, periodically or when significant load variation
occurs. Therefore, the proposed technique combines the peer-to-peer energy
transaction concept and the generation dispatch of DDGs to ensure optimal and costeffective operation at all times.
On the other hand, it is very crucial to strategically determine the transaction costs of
any DER (e.g., DDGs, BESs and flexible loads), as the costs usually depend on the
technology, geographical location, the time of operation, and the availability of the
DERs. Thus, the DER operators should be given a degree of freedom to vary their cost
accordingly. To this end, the proposed technique formulates a dynamic price request
(DPR) of each DER to consider its operating context and benefit.
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2.6.

Summary

This chapter has discussed different operation and control approaches proposed in the
literature to manage the voltage and frequency in an MG. It has identified the research
gaps in the field and proposed several techniques to address those gaps. Based on this
literature review, appropriate corrective and preventive controllers have been
developed and formulated in the next chapter which can manage the voltage and
frequency by optimally coordinating the local resources of an MG while another
technique is introduced to optimally couple an MG in problem to their neighbouring
MGs. The proposed techniques cover the benefits of existing similar techniques in the
literature but have overcome their issues.
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Chapter 3

Proposed Operational and Control

Concept

This chapter presents the methodical concepts of the four techniques proposed and
formulated in this thesis. The proposed techniques are (a) a corrective controller when
a voltage or frequency deviation occurs, (b) a preventive controller that avoids voltage
or frequency deviation, using the predicted information of demand and generation of
renewables, (c) a technique that manages the formation of a system of coupled MGs
by temporarily coupling the neighbouring MGs and facilitating power transaction
amongst them, and (d) a peer-to-peer based dispatch among generators, coordinated
with a periodic optimisation technique, which enables fast decision-makings after
demand variations. These four techniques are discussed in detail below.

3.1

MG Operational Principle

Consider an MG, consisting of 𝑁 DG DGs (including 𝑁 DDG DDGs and 𝑁 NDDG
NDDGs), 𝑁 BES BESs and 𝑁 load loads with demand response capability,
interconnected through 𝑁 bus buses and 𝑁 line lines, amongst which 𝑁 CL are
reconfigurable. The BESs are assumed to have local controllers that adjust their
charging and discharging power, based upon their state of charge and the command
signal received from the MGCC. The demand response program is considered to be
employed at the load points, which facilitates the shedding of unessential loads or
adding future-planned loads, based upon the MGCC’s command signal. The MG has
the option of network reconfiguration, using some configurable lines (by turning on or
off those lines, according to the command signal of the MGCC). The NDDGs are
considered to be renewable energy source-based and intermittent (e.g., photovoltaic or
wind turbine), unless they are accompanied by the power smoothing BESs. They
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operate in grid-following mode and inject the maximum possible power to the MG.
Their output power is assumed to be curtailable, based upon the MGCC’s command
signal. On the other hand, the DDGs are considered to be droop-controlled and gridforming, when the MG is in standalone mode. Thus, the voltage and frequency at the
output of DDGs are given by the droop equations of [12]
𝑓 = 𝑓 max − 𝑚DDG 𝑃DDG

(3.1)

𝑉 = 𝑉 max − 𝑛DDG 𝑄 DDG

(3.2)

where 𝑃 and 𝑄 are respectively the injected active and reactive power by the DDG; 𝑓
and 𝑉 are the frequency and voltage magnitude at the output of the DDG while 𝑓 max
and 𝑉 max are two set-points of the droop lines. In (3.1) and (3.2), 𝑚 and 𝑛 are the P-f
and Q-V droop coefficients, derived from
𝑚DDG = ∆𝑓 max ⁄(𝑃DDG )max

(3.3)

𝑛DDG = ∆𝑉 max ⁄(𝑄 DDG )max

(3.4)

where ∆𝑓 max and ∆𝑉 max show the maximum allowed deviations in the MG’s
frequency and voltage magnitude, respectively. The operation of DDGs is local,
whereas the droop parameters of 𝑚DDG , 𝑛DDG , 𝑓 max , and 𝑉 max can change with the
command signal given by the MGCC. To regulate the frequency in an MG, active
power sharing amongst the DDGs can be controlled. This can be achieved by
modifying the corresponding 𝑚DDG of the DDGs. On the other hand, the voltage
magnitude can be controlled by modifying 𝑛DDG of the DDGs if proper internal control
mechanisms (e.g., virtual impedance technique [12]) are already employed, to
guarantee an appropriate reactive power-sharing, amongst them.
The voltage and frequency of the MG is preferred to be retained within the desired
regions of 𝑉nom ± 𝑉1 and 𝑓nom ± 𝑓1 around the nominal values of 𝑉nom and 𝑓nom (see
Figure 3.1a). However, due to the variability of the demand and NDDGs, the voltage
s
s
and frequency may fall to the undesired regions of 𝑉nom + 𝑉1 ≤ 𝑉 ≤ 𝑉max
, 𝑉min
≤
s
s
𝑉 ≤ 𝑉nom − 𝑉1, 𝑓nom + 𝑓1 ≤ 𝑓 ≤ 𝑓max
or 𝑓min
≤ 𝑓 ≤ 𝑓nom − 𝑓1 in which superscript
s

denotes the stability margin of voltage and frequency deviation.
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Figure 3.1 Three regions of desired, cautionary and extreme, illustrating voltage and
frequency violation from the nominal values in which X represents voltage and
frequency, (b) successful operation of the VMFT in eliminating voltage and frequency
violations.

3.2

Corrective Control

As the voltage and frequency exceed the limits of the desired region, the MG observes
a small voltage and frequency violation (denoted by cautionary region). The MG
operation in the cautionary region is not desired but is still permissible. When the
voltage and frequency exceed the limits of the cautionary region, the MG experiences
an extreme violation, beyond the maximum allowable limits for voltage and frequency
(denoted by the extreme region). As soon as the voltage and frequency violation falls
in either of the cautionary or extreme regions, the MG needs to be recovered
immediately. To this end, the proposed VFMT analyses the voltage and frequency
violation and acts to bring it back to the desired region (see Figure 3.1b).
Thereby, the developed technique works in the occurrence of two events: It is eventtriggered, for incidents that cause the voltage and frequency of the MG to fall outside
of the desired region (i.e., abrupt changes in the load or the generation of NDDGs), or
time-triggered, at 𝑇 intervals (e.g., 10-minute) when the voltage and frequency has
stayed within the desired region for a duration longer than 𝑇, to ensure that the MG’s
minimal operational costs. Figure 3.2 schematically illustrates the operational
flowchart of the developed VFMT.
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Figure 3.2 Operational flowchart of the developed VFMT.
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Figure 3.3 Considered successive layers of actions with corresponding decision
variables and costs in the developed VFMT.

The VFMT chooses the best resort (i.e., sets of actions that retain the voltage and
frequency within the desired region) based upon the costs of the different actions.
These actions are divided into three layers that are related to their operational or hidden
costs to the MG operator. These layers are (see Figure 3.3):


layer-1: Adjusting the droop parameters (i.e., different droop coefficient of

𝑚DDG and 𝑛DDG for each DDG and the same voltage and frequency set-points of 𝑉 max
and 𝑓 max for all DDGs), as well as the on/off status of the switches of each
configurable line (𝑠𝑤 CL ),


layer-2: Adjusting the power charge/discharge level of each BES (𝑃BES ), and



layer-3: Adjusting the renewable curtailment of each NDDG (∆𝑃RC ) and the

demand response level of each load (∆𝑃DR ),
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Thus, the proposed technique is based upon a multilayer scheme, but it does not
operate according to the layer sequence. It considers all actions first and then aims to
minimise the overall cost by selecting actions that have lower costs. This is achieved
through an optimisation problem, detailed in the following section, which is solved by
a modified particle swarm optimisation (MPSO)-based metaheuristic approach. Thus,
if actions in the less expensive layers are enough to resolve the voltage and frequency
problem, the VFMT will not choose any of the actions, from the expensive layers.
Such a mechanism guarantees that the technique will eliminate the voltage and
frequency problem, by using those actions that are generally low-cost, such as
adjusting the droop parameters of DDGs when possible, rather than using costly
options like the control of BESs, or more expensive options, such as the renewable
curtailment or the demand response. It is to be noted that, in this study, it is assumed
that the hidden costs of the renewable curtailment and the demand response are more
expensive than power exchange with a BES.

3.2.1

Implementation Requirements

The developed technique is an operation-stage algorithm, as it collects the output
power of the NDDGs and the consumed power of the loads. These values are presumed
to be measured at the relevant points, by sensors that have acceptable accuracies. The
technique analyses the current state of the MG and then transmits the optimal operating
settings to the local controllers of each component, to act accordingly. The reaction
time of the entire process to resolve the voltage and frequency problem must be less
than the operation time of the under/over voltage and frequency protective relays, that
operate following an extreme voltage and frequency violation. These protective relays
typically have a predefined operation time. In large power systems, this period is
usually set to be very small (e.g., less than a second to a few seconds). However, in
the case of a considerably more local and smaller network, (such as the network of a
remote islanded MGs), where most of the loads are expected to be residential, this
period can be as large as several seconds (e.g., in the range of less than a minute) as
long as the voltage and frequency of the MG are within the stability region of the
system. As an example, the Australian Energy Market Commission (AEMC) allows
up to 5 minutes to stabilise and recover the frequency of standalone MGs, within the
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desired range of 49.5-50.5 Hz, after a generation/load/network event [82]. On the other
hand, a personal computer, with a speed of 3 GHz and 12 GB RAM, can evaluate the
developed VFMT in less than one minute. This evaluation time will be much faster
when executed on industrial-level processors and their associated platforms, which are
currently available on the market (such as those from National InstrumentsTM [83] and
Analog DevicesTM [84]). For the proposed VFMT to operate, a communication system
is required so as to transfer data from sensors to the MGCC and return the optimal
control variables to the local controllers of DDGs, NDDGs, BESs, loads and switches
of configurable lines (see Figure 3.4, which shows schematically the required
communication links for the deployment of the proposed technique). The
communication system is preferred to be a point-to-multipoint wireless media, with a
bandwidth of 1Mbps and a maximum latency of 1 second [85], for which reliable and
secure solutions based on IEEE 802.11n standard are currently available on the market
[86-87]. Communication links have high reliability compare to the power system (e.g.,
average field-observed mean time before failure of 400 years [88]); however, even if
the communication link is broken, the MG can still operate (not optimally) with the
local controllers, which is generally expected of a droop-controlled system.

Figure 3.4 Data transmission between the developed VFMT at the MGCC and various
sensors/local controllers of MG components.
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3.2.2

Problem Formulation

As discussed above, for the proposed VFMT to find the optimal new droop parameters
of the DDGs, the status of the switches of the MG’s configurable lines, the output
power of BESs, as well as the level of renewable curtailment and demand response, an
optimisation problem is formulated in the form of a mixed-integer nonlinear problem,
with an objective function in the form of
𝑂𝐹 = 𝜅1 𝜔1 𝑂𝐹tech + 𝜅2 𝜔2 𝑂𝐹op + 𝜅3 𝜔3 𝑂𝐹sus + 𝜅4 𝜔4 𝑂𝐹adq

(3.5)

where 𝑂𝐹tech , 𝑂𝐹op , 𝑂𝐹sus , and 𝑂𝐹adq are respectively, the technical, operational,
sustainability, and dynamic adequacy costs. In (3.5), it is assumed that 𝜅1 = 𝜅2 = 1
so that 𝑂𝐹 always considers the technical and operational costs. However, 𝜅3 and 𝜅4
can be either one or zero, depending on whether the MG operator considers the
remaining objective functions or ignores them. Also, 𝜔1 to 𝜔4 are their corresponding
weighting coefficients, reflecting the importance of each considered criterion. Thus
𝜔𝑖 ≠ 0 and ∑ 𝜔𝑖 = 1 for those objective functions with a nonzero 𝜅. These weightings
provide a degree of freedom for the MG operator, to add a priority for some
parameters, according to their desired operational performance indices during the
decision-making.
The optimisation problem is solved to minimise the total operational cost and the
environmental impact with maximum supply adequacy and to retain the voltage and
frequency within the desired region. Figure 3.5 illustrates each of the objective
functions and their breakdowns.

Objective
Function (OF)

Operational
CL

CBES
CCC

Technical
ΔV
Δf
CSR

Csw
Cgen

CENS

Supply Adequacy
Cem

CRC

Sustainability

Figure 3.5 Schematic illustration of different objective functions considered in the
developed VFMT.
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The constraints of the MG are assumed as
|∆𝑓| < ∆𝑓 max

(3.6)

|∆𝑉𝑖 | < |∆𝑉|max

(3.7)

𝐼𝑙 < 𝐼𝑙max

(3.8)

αDDG . (𝑃DDG )max ≤ 𝑃DDG ≤ (𝑃DDG )max

(3.9)

{

off
𝑃DDG = 0 if 𝑡DDG
< (TDDG )off
on
𝑃DDG > 0 if 𝑡DDG
< (TDDG )on

DDG
|𝑃𝑡DDG − 𝑃𝑡−∆𝑡
|≤{

(3.10)

max up
DDG
(𝑅𝑅DDG
)
if 𝑃𝑡DDG > 𝑃𝑡−∆𝑡
max down
DDG
(𝑅𝑅DDG
)
if 𝑃𝑡DDG < 𝑃𝑡−∆𝑡

(3.11)

among which (3.6) and (3.7) show the maximum allowed deviations of frequency (∆𝑓)
and voltage magnitude (|∆𝑉|) at all buses of the MG, (3.8) represents the maximum
thermal limits of its lines (𝐼 max ) when conducing a current of 𝐼 while (3.9) shows the
loading limits of DDGs. In (3.9), αDDG is the percentage of minimum loading of a
DDG, based upon its efficiency constraints, defined in the manufacturer’s
specifications. The dispatching constraints of DDGs (i.e., their minimum downtime,
minimum uptime, maximum ramp-up rate, and maximum ramp-down rate) are given
in (3.10) and (3.11) in which (TDDG )off and (TDDG )on denote respectively, the
minimum time for a DDG that cannot turn on, once it is turned off, and the minimum
max
time that it has to operate, before turning off. Also, 𝑅𝑅DDG
represents the maximum

ramping-up/down rate of a DDG [106]. It is to be noted that, in this research, DDGs
include both rotating and converter-based DGs; thus, the parameters of αDDG , TDDG
max
and 𝑅𝑅DDG
, will vary from one DDG to another, depending on the type and technical

specifications. In (3.6) to (3.11), |∆𝑓|, |∆𝑉𝑖 |, 𝐼𝑙 and 𝑃DDG are derived from the power
flow analysis. Detailed information of the utilised power flow analysis technique has
been provided in the Appendix, at the end of the thesis.

3.2.2.1 Technical Objective Function (𝑶𝑭𝒕𝒆𝒄𝒉 )

This objective function not only eliminates those sets of actions that violate any of the
constraints in (3.6) to (3.11), but also aims to define a set of actions that has the least
voltage and frequency deviation when multiple sets of actions have equal operational
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costs. It is derived as
𝑂𝐹tech = max(|∆𝑉𝑖 |) + |∆𝑓| + 𝑃𝑒𝑛𝑎𝑙𝑡𝑦

∀𝑖 ∈ 𝐁𝐔𝐒

(3.12)

in which 𝐁𝐔𝐒 is the vector representing all buses of the MG, and
6
𝑃𝑒𝑛𝑎𝑙𝑡𝑦 = {10
0

if any of (4a-f) is unsatisfied
otherwise

(3.13)

where the value of 𝑃𝑒𝑛𝑎𝑙𝑡𝑦 should be large enough to make 𝑂𝐹tech significantly
higher than the numerical value of other objective functions in (3.5).

3.2.2.2 Operational Objective Function (𝑶𝑭𝒐𝒑 )

As seen in Figure 3.5, this objective function represents the operational cost of the MG
and is defined as
𝑂𝐹op = 𝐶gen + 𝐶BES + 𝐶sw + 𝐶loss + 𝐶CC

(3.14)

where 𝐶gen is the power generation cost by DGs, which considers the fuel cost,
operation and maintenance cost and life loss cost of the DG; 𝐶BES is the life loss cost
of BESs, due to the charging and discharging; 𝐶sw is the cost incurred from the
switching operation of the reconfigurable lines; 𝐶loss is the cost corresponding to
power losses in MG lines, and 𝐶CC is the cost of sacrificing customer comfort by
controlling their loads under demand response. Derivation of each of the above costs
are discussed below:


𝐶gen is calculated as

𝐶gen = ∑(𝑃𝑖DG 𝑓𝑢𝑒𝑙𝑖 𝐶𝑜𝑠𝑡𝑖fuel + 𝐶𝑜𝑠𝑡𝑖O&M + 𝐶𝑖life )𝑇

∀𝑖 ∈ 𝐃𝐆

(3.15)

in which 𝐃𝐆 is the vector representing all DGs of the MG, and 𝑃DG is the output power
of a DG over the period of 𝑇, while 𝑓𝑢𝑒𝑙 and 𝐶𝑜𝑠𝑡 fuel are respectively its fuel
consumption (in L/kWh) and corresponding cost (in $/L). 𝐶𝑜𝑠𝑡 O&M denotes the
operation and maintenance cost of a DG (in $/hr) while the factors used in determining
this cost, are summarised in Table 3.1. On the other hand, 𝐶 life represents the life loss
cost of a DG, formulated as
𝐶𝑖life

=

where 𝑇

DG
(𝐶cap
)
op

𝑖

(3.16)

𝑇𝑖
op

DG
and 𝐶cap
are respectively the total operation lifetime of the DG (in hr) and
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its capital cost (in $).


𝐶BES is considered as [107-108]

𝐶BES = ∑

BES
(𝐶cap
) 𝜆𝑖 𝑃𝑖BES
𝑖
𝐸𝑖life

𝑇

∀𝑖 ∈ 𝐁𝐄𝐒

(3.17)

in which 𝐁𝐄𝐒 is the vector representing all BESs of the MG while the charging or
discharging the power of a BES (in kW), its total cumulative throughput in its life
cycle (in kWh) and its capital cost (in $/kWh) are respectively denoted by 𝑃BES , 𝐸 life
BES
and 𝐶cap
. In (3.17), 𝜆 is a function of the BES’s state of charge, as derived from [107].



𝐶sw is calculated from

𝐶sw = 𝑁sw 𝐶𝑜𝑠𝑡 SW

(3.18)

where 𝑁sw and 𝐶𝑜𝑠𝑡𝑆𝑊 are respectively the total number of switchings (i.e.,
connecting a line to or disconnecting it from the MG), and its corresponding cost (in
$/switching), see Table 3.1. In this research, it is assumed that a connection or
disconnection of a configurable line involves closing or opening of two switches (one
at each end).


𝐶loss is defined as

𝐶loss = 𝑃loss 𝐶𝑜𝑠𝑡 L 𝑇

(3.19)

in which 𝑃loss is the total power loss of the MG lines (in kW), calculated from the
power flow analysis, and 𝐶𝑜𝑠𝑡 L denotes the associated cost (in $/kWh), refer to Table
3.1.


𝐶CC is calculated as

𝐶CC = (∑(Δ𝑃𝑖DR )

shed

(𝐶𝑜𝑠𝑡𝑖DR )

shed

+ ∑(Δ𝑃𝑗DR )

future

(𝐶𝑜𝑠𝑡𝑗DR )

future

)𝑇

(3.20)

∀𝑖, 𝑗 ∈ 𝐋𝐎𝐀𝐃
where 𝐋𝐎𝐀𝐃 is the vector representing those loads of the MG with demand response
feature; Δ𝑃DR is the amount of loads modified under the demand response (in kW) in
which superscripts shed and future respectively denote those unessential loads, that have
been shed, or the additional future-planned loads, that are turned on, while 𝐶𝑜𝑠𝑡 DR
represents the corresponding costs (in $/kWh) and is discussed in Table 3.1.
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Table 3.1 Considered costs in the formulated objective function along with the
parameters affecting them and suggested numerical values for them in the literature.
Cost

Impacted by

Calculation/estimation

Numerical Ref.
example

𝐶𝑜𝑠𝑡 O&M  Required
maintenance
 Total operation
hours per year

Dividing the annual total
operation and maintenance cost
of the DDG (estimated as a

0.01, 0.05
$/hr

[8991]

percentage of the capital cost)
by the estimated total operation
hours of the generator annually

𝐶𝑜𝑠𝑡 SW  Capital and

Dividing the capital and

maintenance cost of maintenance cost of a switch by
the switch
 Maximum number
of operations
𝐶𝑜𝑠𝑡 L

 Capital cost of

the maximum number of

93]

length
Dividing the equivalent yearly

 Cost of energy sold network cost, energy cost and
 Maximum power

$/switching

[92-

switchings per its effective life

network installation cost of losses derived from the

to customers

0.25

0.04
$/kWh

[89,
94]

annual maximum loss, by the
total annual energy loss.

loss observed
annually
𝐶𝑜𝑠𝑡 DR  Installation cost of

Dividing the estimated

demand response

expenses for enabling demand

enabling

response (using the data

technologies

collected from technical, social,

 Financial incentives and economic surveys) by the
provided to the

estimated total energy

customer

consumed/shifted under

 Power consumption demand response annually
profile of the
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1-20, 1.51 [89,95$/kWh
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customer
 Estimated energy
consumed/shifted by
demand response
annually
𝐶𝑜𝑠𝑡 RC  Non-utilised capital Dividing the non-utilised
cost of NDDGs

capital cost of NDDGs and the

 Lost annual income annual lost income, by the

0.5-20
$/kWh

[9899]

due to curtailing the estimated total curtailed energy,
harnessable energy annually
from NDDGs
 Estimated annual
amount of curtailed
energy
𝐶𝑜𝑠𝑡 E

 Probable cost of

Dividing the sum of expected

public and

costs that the public pays, for

environmental

damage to crops and health

damage

care, from climate change or to

0.02-0.035 [100$/kg

101]

1.5-25

[102]

 Estimated amount of property, from flooding and
emission

sea-level rise, by the estimated
amount of annual emission

𝐶𝑜𝑠𝑡 SR  Estimated annual

Dividing the cost of load

load interruption

interruption, caused by

frequency and

inadequate spinning reserve, by

$/hr

duration because of the total interrupted hours
low spinning reserve
 Estimated cost of
interruption
including the penalty
paid to the customer
for load interruption
𝐶𝑜𝑠𝑡 ENS  Estimated

Dividing the annual cost of load
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[103-
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interruption duration interruption, caused by the
and frequency

unavailability of equipment, by

because of the

the estimated total annual

unavailability of

interrupted energy

6.77-16.25 105]
$/kWh

equipment
 Estimated ENS
 Non-utilised capital
cost of equipment
 Penalty paid to the
customer for load
interruption

3.2.2.3 Sustainability objective function (𝑶𝑭𝒔𝒖𝒔 )

This objective function considers the cost associated with renewable curtailment and
emissions from the DGs (see Figure 3.5). It is formulated as
𝑂𝐹Sus = 𝐶RC + 𝐶E

(3.21)

in which 𝐶RC is the cost of curtailing NDDGs and 𝐶E is the cost of emitting pollutant
gases by the DGs. These costs are introduced below:


𝐶RC is considered as

𝐶RC = ∑ Δ𝑃𝑖RC 𝐶𝑜𝑠𝑡𝑖RC 𝑇

∀𝑖 ∈ NDDG

(3.22)

where NDDG is the vector representing all NDDGs in the MG, and Δ𝑃RC and 𝐶𝑜𝑠𝑡 RC
are respectively the amount of renewable curtailment (in kW) and its associated cost
(in $/kWh), as explained in Table 3.1.


𝐶E is assumed as

𝐶E = ∑ 𝑃𝑖DG 𝐸𝑚𝑖DG 𝐶𝑜𝑠𝑡 E 𝑇

∀𝑖 ∈ 𝐃𝐆

(3.23)

in which 𝐸𝑚DG and 𝐶𝑜𝑠𝑡 E are respectively the emission level of a DG for electricity
generation (in kg/kWh) and its corresponding cost (in $/kg), as mentioned in Table
3.1.
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3.2.2.4 Dynamic Adequacy Objective Function (𝑶𝑭𝒂𝒅𝒒 )

Adequacy of supply is the ability of a system to supply its demand at all times, taking
into account scheduled, as well as a reasonable level of unscheduled outages. Dynamic
supply adequacy can be guaranteed by the availability of enough flexible capacity in
the DGs, to cover the fluctuations in demand, variability in the NDDGs and the loss of
generation units, after forced outages [109-111]. As seen in Figure 3.5, 𝑂𝐹adq reflects
the probability of energy not supplied (ENS), due to the probable unavailability of the
sources (i.e., DGs, BESs), as well as the MG’s capability to survive through sudden
increases of its demand and/or decreases of the output power of its NDDGs. The first
one is achievable if sources with higher availability play a bigger role in supplying the
loads. The latter can be achieved if the existing, rotating active (energised) DDGs
operate below their maximum capacity. The accumulated, available capacity in all
rotating active DDGs of the MG is referred to as the MG’s spinning reserve. This
capacity will facilitate the continuity of the supply after sudden increases in demand
or decreases in the output power of the NDDGs. Thereby, 𝑂𝐹adq is formulated as
𝑂𝐹adq = 𝐶ENS + 𝐶SR

(3.24)

to maximise the spinning reserve and minimise the ENS. In (3.24), 𝐶ENS is the
expected cost of interruptions, due to the unavailability of any MG element and 𝐶SR is
the cost of prospective supply interruption, due to low spinning reserve. These costs
are introduced below:


𝐶ENS is assumed as

𝐶ENS = 𝐸𝑁𝑆 𝐶𝑜𝑠𝑡 ENS 𝑇

(3.25)

where 𝐸𝑁𝑆 shows the ENS (in kW) and is derived from the given availability (𝐴𝑣) of
DGs and BESs as [112]
𝐸𝑁𝑆 = ∑(1 − 𝐴𝑣𝑖 ) |𝑃𝑖 |

∀𝑖 ∈ 𝐃𝐆, 𝐁𝐄𝐒

(3.26)

in which 𝐶𝑜𝑠𝑡 ENS is its corresponding cost (in $/kWh) as introduced in Table 3.1.


𝐶SR is defined as

𝐶SR = 𝐶𝑜𝑠𝑡 SR (1 − 𝑆𝑅)𝑇

(3.27)

where 𝑆𝑅, 0 ≤ 𝑆𝑅 ≤ 1, represents the readily available spinning reserve within the
MG, calculated from
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𝑆𝑅 = 1 −

∑ 𝑃𝑖DDG
∑(𝑃𝑖DDG )

∀𝑖 ∈ ROT-DDG

max

(3.28)

in which ROT-DDG is the vector representing the MG’s rotating-type active DDGs
and 𝐶𝑜𝑠𝑡 SR is the cost of a low spinning reserve (in $/hr), as discussed in Table 3.1.

3.2.3

Solver

As the objective function of (3.5) is a non-convex and non-linear problem, with a large
number of variables and constraints, exact mathematical methods cannot be applied
efficiently [113]. Moreover, as the computational effort increases exponentially with
the size of the problem, an effective method with manageable computational time is
required [114]. Hence, in this work, an MPSO-based optimisation approach is used.
Its process includes initialisation, finding individual and global best particles and
updating the velocity and particles until convergence. More detailed information on
the utilised MPSO solver has been provided in the Appendix, at the end of the thesis.
The control parameters, whose values are found through the VFMT, include the droop
parameters of the DDGs, the switching for network reconfiguration, output power of
the BESs, the level of the renewable curtailment and the demand response
contribution, to satisfy the constraints of (3.6) to (3.11), at least cost. Thereby, the
structure of each particle is assumed, as shown in Figure 3.6.

n DDG .. nNDDG
m1DDG .. mDDG
f
DDG
N DDG 1
Droop
coefficients of
DDG(s)

max

V

max

BES .. BES
RC
DR
RC
DR
.. swCLC L Q BES .. QBES
swCL
PN BE S ΔP1 .. ΔPN NDDG ΔP1 .. ΔPN load
1
N
N BES P
1
1

Droop
set-points
of DDG(s)

Switches of
configurable
lines

Acti ve and reacti ve Power
charge/discharge
of BES(s)

Power
curtailment
of NDDG(s)

Power change
of load(s)
under DR

Figure 3.6 Schematic illustration of the considered particle for the MPSO composed
of assumed decision variables.

3.3

Preventive Control

In general, an MG operator has to conduct an economic dispatch for the MG in short
horizons of 𝑇2 (e.g., hour, day) and long horizons of 𝑇3 (e.g., month, season, year), as
seen from the flowchart of Figure 3.7. This is essential for operating the MG optimally
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[40, 49]. Furthermore, corrective actions such as those proposed in [47] and Section
3.2 are required after the occurrence of undesired voltage and frequency in the system
to retain the voltage and frequency within desirable limits, as seen from the operational
flowchart of Figure 3.7. In contrary to the corrective techniques, the MG operator can
further improve its network’s optimal performance by using a very short-horizon
operational scheme (i.e., further closer to the real-time) to consider the sudden changes
[115]. To this end, a preventive controller can be employed that analyses the predicted
state of the MG by using the short-horizon prediction data of demand and NDDGs’
generation. This technique is an agent within the MGCC and defines the most optimal
control variables to prevent any prospective voltage and frequency violation of the
MG. As depicted in Figure 3.7 and Figure 3.8, those optimal operating settings are
then transmitted to the local controllers of each component to act accordingly. As such,
the proposed controller does not replace or adversely affect the long or short-horizon
economic dispatch of the MG. Also, the set-points, modified by the proposed
preventive controller, will be reset to new values, determined under the next shorthorizon economic dispatch (see Figure 3.7), based on which the MG’s voltage and
frequency will be reset to their nominal values.

Start
Fetch actual load, NDDG
output and NMG status
No
VF violation
detected?
Yes
Corrective
action

Wait
T4
No

Fetch predicted load, NDDG
output and NMG status

VF violation
predicted?
Yes
Short-horizon Long-horizon
Research
focus
optimization optimization
PVFC
(See Fig. 2)

Transmit data to
local controllers

Wait T2

Wait T3

Figure 3.7 Flowchart of MG optimisation in various horizons including the proposed
PVFC.
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Database

Load
forecast
MGCC

NDDG
forecast

Proposed
PVFC

DDG

RL

BES
MG

Transceiver

NDDG

DR
NMG

Figure 3.8 Data transmission between the developed PVFC (located within the
MGCC) and various local controllers of MG components.

It is to be noted that any state-of-the-art prediction method (such as those proposed in
[40, 43-46]) can be employed. No specific prediction method has been recommended
for the proposed technique, nor does the thesis proposes a new one. The proposed
PVFC is such that the MG operator can employ any available prediction method that
has reasonable accuracy. However, considering the unavoidable prediction error, the
proposed technique deliberates the estimated mean error of the prediction in deciding
the control variables by taking relatively more conservative decisions.

t

ΔT

T4

ΔT

T1

Figure 3.9 PVFC’s prediction interval.

The PVFC will keep looking for any violating events in 𝑇4 intervals (𝑇4 < 𝑇1 ; e.g., 3minute, see Figure 3.7). It will take proactive actions by predicting potential voltage
and frequency violations 𝑇1 minutes ahead for the period of 𝑇1 < 𝑡 < 𝑇1 + ∆𝑇, as seen
schematically from Figure 3.9, in which ∆𝑇 > 𝑇4 (e.g., 5 to 15 minutes).
The PVFC chooses the best resort (i.e., sets of actions that prevent voltage and
frequency violation) including the adjustment of the droop parameters (i.e., different
coefficients of 𝑚DDG for each DDG and the voltage and frequency set-points of 𝑉 max
and 𝑓 max for all DDGs), the on/off status of the switches of each reconfigurable line,
the level of power to be exchanged with available neighbouring MGs, the
charge/discharge power level of each BES, the renewable curtailment level of each
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NDDG and the demand response level of loads, based on the costs of the actions.
In this thesis, BES’s usage is considered more expensive than the cost of power
exchange with a neighbouring MG, because frequent charging/discharging of a BES
will reduce its life length, and thus, will increase the imposed cost to the MG operator.
Similarly, it is assumed that the hidden costs of renewable curtailment and demand
response are more expensive than power exchange with a BES. The PVFC minimises
the overall cost by selecting an optimal combination of actions. This is achieved by
solving a non-linear optimisation problem using the solver mentioned in Section 3.2.3.
The flowchart of Figure 3.10 demonstrates the employed stages of the proposed PVFC,
which aims at finding the optimal control variables to prevent the MG’s voltage and
frequency problem, at the least value of the objective function, which is formulated in
Section 3.3.1. It first fetches the prediction data of the output power of the NDDGs
and loads. Then, it runs a power flow analysis, adapted for islanded MG [116], to
predict the voltage and frequency. If a voltage and frequency violation is predicted, it
determines the boundaries of the control variables (i.e., the available limits of the
resources within the MG). At this point, the MPSO starts to search for the optimal set
of control variables and evaluates them. It initializes the random particles and
evaluates them by calculating the objective function. It keeps on finding individual
best particle and global best particle, followed by updating the velocity and position
of particles, until it reaches the maximum particle and iteration size. If less expensive
actions can resolve the voltage and frequency problems, the PVFC will not choose any
of the expensive actions. Such a mechanism guarantees that the technique will prevent
the voltage and frequency problem by those actions that are generally low cost (such
as adjusting the droop parameters of DDGs) when possible, rather than expensive
options (e.g., external power exchange with an neighbouring MG or more expensive
ones such as control of BESs, renewable curtailment or demand response). As the cost
of renewable curtailment and demand response are assumed very high, it is expected
that their contribution will be very limited.
For the proposed PVFC, the operation time of the total process to prevent the
prospective voltage and frequency problem must be smaller than 𝑇1 . The required
computational and communication resources are discussed in Section 3.2.1.
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Start
Define the boundaries of the control variables
Generate initial random particles
Define maximum iteration and population size
Calculate the velocity and update the position of the particles
Run PFA
Calculate the OF for each particle
Update the best particle in this population and global best particle overall
No

Maximum population reached?

Yes
Update the best particle in this iteration and update MPSO inertia weight
No

Maximum iteration reached?
Yes
Update the best particle
End

Figure 3.10 Flowchart of the employed optimisation approach within the PVFC.

3.3.1

Problem Formulation

The PVFC consists of a mixed-integer non-linear optimisation problem with an
objective function formulated as
𝑂𝐹 p = ∑ 𝜋 𝑠 𝑂𝐹 𝑠

∀𝑠 ∈ 𝐒

(3.29)

where
p

p

p

p

p

𝑠
𝑠
𝑠
𝑠
𝑠
𝑂𝐹 𝑠 = 𝜔1 𝑂𝐹tech
+ 𝜔2 𝑂𝐹op
+ 𝜔3 𝑂𝐹sup
+ 𝜔4 𝑂𝐹rel
+ 𝜔5 𝑂𝐹env

+ 𝑃𝑒𝑛𝑎𝑙𝑡𝑦

(3.30)

in which
p

𝑂𝐹tech = 𝑉𝐷𝐼 + 𝐹𝐷𝐼 + 𝐿𝐿𝐼 + 𝑆𝑅𝐼 + 𝐸𝐷𝐼
p

𝑂𝐹op = 𝐶gen + 𝐶loss

(3.31)
(3.32)

p

𝑂𝐹sup = 𝐶trade + 𝐶BES + 𝐶sw + 𝐶DR

(3.33)

p

𝑂𝐹rel = 𝐶ENS

(3.34)
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p

𝑂𝐹env = 𝐶em + 𝐶RC

(3.35)

are the assumed objective functions in (3.30), as illustrated schematically in Figure
3.11. The considered objective functions are derived from the operational needs and
expectations of the MG operators. As such, they cover the key aspects of an MG, which
are or may be desired by the MG operator when evaluating and improving the
performance of the MG (i.e., its technical, operational, reliability, and environmental
issues). The parameters within (3.31) to (3.35) are defined as
𝑉𝐷𝐼 = max(|𝑉nom − 𝑉𝑖 |)

∀𝑖 ∈ 𝐁𝐔𝐒

(3.36)

𝐹𝐷𝐼 =|𝑓nom − 𝑓|

(3.37)

𝐼𝑖
|1 − max | ∃ 𝐼𝑖 > 𝐼𝑖max
𝐿𝐿𝐼 = {
𝐼𝑖
0
otherwise
𝑆𝑅𝐼 =

𝐸𝐷𝐼 =

∑ 𝑃𝑖DDG
∑(𝑃𝑖DDG )
∑ 𝑆𝑗load

(3.38)

∀𝑖 ∈ ROT-DDG

(3.39)

∀𝑖 ∈ 𝐍𝐌𝐆, ∀𝑗 ∈ 𝐋𝐎𝐀𝐃

(3.40)

max

∑ |𝑆𝑖ex |

∀𝑖 ∈ 𝐋𝐈𝐍𝐄

VDI
Operational
Closs
Cgen

Technical
EDI

SRI

FDI

Objective
Function (OF)

LLI
CBES CDR

Cem

CRC
Environmental

Reliability
CENS

Ctrade Csw
Supporting

Figure 3.11 Schematic illustration of different objective functions considered in the
developed PVFC.

𝐶trade = (∑|(𝑃𝑖ex )imp |(𝐶𝑜𝑠𝑡𝑖trade )

imp

− |(𝑃𝑖ex )exp |(𝐶𝑜𝑠𝑡𝑖trade )

exp

) ∆𝑇
(3.41)

∀𝑖 ∈ 𝐍𝐌𝐆
The main aim of the solver is finding a set of control variables (see Figure 3.12) that
minimises the objective function of (3.29) subject to the technical constraints of
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Figure 3.12 Schematic illustration of the considered particle for the MPSO composed
of assumed control variables.

∑ 𝑆𝑘DG
+ ∑ 𝛽𝑆𝑘BES
+ ∑ 𝛾𝑆𝑘NMG
= ∑ 𝑆𝑘load
+ 𝑆 loss
1
2
3
4

(3.42)

∀𝑘1 ∈ DG, ∀𝑘2 ∈ BES, ∀𝑘3 ∈ 𝐍𝐌𝐆, ∀𝑘4 ∈ LOAD
𝑆𝑅𝐼 ≤ 𝑆𝑅𝐼 max

(3.43)

𝐸𝐷𝐼 ≤ 𝐸𝐷𝐼 max

(3.44)

𝑅𝐶𝐼 ≤ 𝑅𝐶𝐼 max

(3.45)

max
𝑃loss ≤ 𝑃loss

(3.46)

while the boundaries of the assumed control variables are
charge

− (𝑃𝑖

max

)

discharge

≤ 𝑃𝑖BES ≤ (𝑃𝑖

2

)

max

2

∀𝑖 ∈ BES
2

−√(𝑆𝑖BES ) − (𝑃𝑖BES ) ≤ 𝑄𝑖BES ≤ √(𝑆𝑖BES ) − (𝑃𝑖BES )
imp max

−(𝑃𝑖

)

exp max

≤ 𝑃𝑖ex ≤ (𝑃𝑖

)

2

∀𝑖 ∈ NMG

(3.47)
(3.48)
(3.49)

−√(𝑆𝑖ex )2 − (𝑃𝑖ex )2 ≤ 𝑄𝑖ex ≤ √(𝑆𝑖ex )2 − (𝑃𝑖ex )2 ∀𝑖 ∈ NMG

(3.50)

0 ≤ Δ𝑃𝑖RC ≤ 𝛼 RC 𝑃𝑖NDDG

(3.51)

0 ≤ (Δ𝑃𝑖DR )

shed

0 ≤ (Δ𝑃𝑖DR )

add

∀𝑖 ∈ NDDG

≤ 𝛼 shed (𝑃𝑖load )

≤ 𝛼 add (𝑃𝑖load )

shed

add

∀𝑖 ∈ DR
∀𝑖 ∈ DR

(3.52)
(3.53)

In (3.45),
𝑅𝐶𝐼 =

∑ 𝑃𝑖NDDG + ∑ 𝑃𝑗BES
∑ 𝑃𝑘load

∀𝑖 ∈ NDDG, ∀𝑗 ∈ BES, ∀𝑘 ∈ 𝐋𝐎𝐀𝐃

(3.54)

Since the used prediction data may have some inaccuracies, the proposed PVFC
assumes multiple scenarios in (3.29). Considering these scenarios allows the MG
operator to take into account the expected accuracy of the prediction of demand and
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generation of NDDGs. This accuracy is considered in the form of the mean arctangent
absolute percentage error (MAAPE) of the predictions, denoted by 𝑒. MAAPE has
been specifically chosen as, unlike the percentage error or mean absolute percentage
error, and it does not yield undefined or infinite values (when considering a parameter
with an actual value of zero) [117]. Table 3.2 lists the assumed scenarios in this study.
As seen from (3.29), each scenario is denoted by 𝑠 and thought to have a probability
of 𝜋 𝑠 while 𝐒 is the set representing all scenarios.

Table 3.2 The assumed scenarios.
𝑠

1

2

3

4

5

6

7

8

9

∑ 𝑃𝑖load

𝑋

𝑋+𝑒

𝑋– 𝑒

𝑋+𝑒

𝑋– 𝑒

𝑋+𝑒

𝑋– 𝑒

𝑋

𝑋

∑ 𝑃𝑖NDDG

𝑌

𝑌+𝑒

𝑌– 𝑒

𝑌– 𝑒

𝑌+𝑒

𝑌

𝑌

𝑌+𝑒

𝑌– 𝑒

𝑋 =Predicted amount of demand;
𝑌 = Predicted amount of NDDGs’ generation;
𝑒 = Prediction MAAPE.
𝑝
3.3.1.1 Technical objective function (𝑂𝐹𝑡𝑒𝑐ℎ
)

This objective function represents the technical aspects of the MG, and is defined by
(3.31) in which:


𝑉𝐷𝐼 is the voltage deviation index, described by (3.36). This index determines
the maximum voltage deviation across all the buses within the MG, in which the
maximum function is denoted by max(. ).



𝐹𝐷𝐼 is the frequency deviation index, representing the deviation of the MG’s
frequency from the nominal value, as defined by (3.37).



𝐿𝐿𝐼 is the MG’s lines loading index, derived by (3.38), and temporarily allows
the line currents to exceed the maximum limit in the case of emergency (if
required), where 𝐼 represents current, and 𝐋𝐢𝐧𝐞 is the set representing all the
distribution lines in the MG.



Maximising the spinning reserve is crucial to improving the dynamic response
of the MG, following an unexpected and rapid variation in the generation of its
NDDGs or the consumption of its loads [118]. To this end, (3.39) employs the
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spinning reserve index, denoted by 𝑆𝑅𝐼, in which ROT-DDG is the set
representing the energised rotary DDGs. As such, the total generated power by
these DDGs will reduce; however, this reduction does not aim at reducing these
DDGs’ generation cost but looks for maximising the MG’s spinning reserve.


𝐸𝐷𝐼 denotes the MG’s dependency index on the external neighbouring MG,
formulated in (3.40), where 𝑆 ex and 𝑆 load are respectively the apparent power
that the MG exchanges with neighbouring MGs and consumed by the MG’s
loads, while 𝐍𝐌𝐆 and 𝐋𝐎𝐀𝐃 are respectively the sets representing all the
neighbouring MGs with whom the MG is exchanging power and load points.
𝒑

3.3.1.2 Operational objective function (𝑶𝑭𝒐𝒑 )

The second parameter in (3.30), represents the MG’s operational cost and is defined
by (3.32) in which 𝐶gen is the power generation cost by DGs and 𝐶loss is the cost
corresponding to power losses in MG lines and calculated from (3.15) and (3.19),
respectively.
𝑝
3.3.1.3 Supportive objective function (𝑂𝐹𝒔𝒖𝒑
)

This objective function is defined by (3.33) and represents the cost of the supportive
actions such as exchanging power with neighbouring MGs, charging/discharging
BESs, switching on/off the reconfigurable lines and demand response. 𝐶trade is MG’s
net energy trading cost with its neighbouring MGs, defined from (3.41), in which it is
an expense when an MG is importing power, while it is an income when exporting.
𝐶𝑜𝑠𝑡 trade is the traded power’s unit cost (in $/kWh), which is assumed the same for
exporting and importing; however, in general, they can be different. 𝐶BES , 𝐶sw and 𝐶DR
are respectively calculated from (3.17), (3.18) and (3.20).
𝑝
3.3.1.4 Reliability objective function (𝑂𝐹𝑟𝑒𝑙
)

This objective function considers the reliability of the resources of the MG and is
formulated in (3.34), where 𝐶ENS is the cost of energy not supplied, defined by (3.25).
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𝑝

3.3.1.5 Environmental objective function (𝑂𝐹𝑒𝑛𝑣 )

This objective function considers the environmental aspects in terms of emission
incurred from the DGs and renewable curtailment as depicted in (3.35). The cost of
renewable curtailment, 𝐶RC and the cost of emission, 𝐶em are respectively defined by
(3.22) and (3.23).

3.3.1.6 Technical Constraints

In addition to the technical constraints in (3.6) to (3.11), the other technical constraints
are assumed in (3.42) to (3.46). Eq. (3.42) presents the active and reactive power
balance constraints within the MG in which 𝛽 for every BES is respectively +1 and –
1 when it is discharging and charging and 𝛾 for each neighbouring MG +1 and –1
respectively when it is exporting power to and importing from the MG. Eq. (3.43)
defines the MG’s maximum limit of 𝑆𝑅𝐼 while (3.44) defines the MG’s maximum
acceptable dependency on the neighbouring MGs. On occasion, the operators often
desire to limit the contribution of the non-dispatchable renewable sources, which can
be realised by the constraint in (3.45). Here, the renewable contribution index, 𝑅𝐶𝐼, is
defined as the ratio of the total contribution of NDDGs and BESs to the total supplied
load as, shown in (3.54). Whereas, the maximum allowable loss is set by (3.46). It is
to be noted that the proposed technique is not bound to any specific network topology
(e.g., radial, loop, mesh).

3.3.1.7 Control Variable Boundaries

Figure 3.12 illustrates the considered MPSO particle containing the control variables
while their boundaries (if applicable) are given in (3.47) to (3.53) in which the charging
and discharging active power limit of BES and its converter’s reactive power exchange
limit are denoted by (3.47) and (3.48), where 𝑆 BES is the apparent power of the BES’s
converter. The maximum allowed limit of exchanging active and reactive power with
the neighbouring MGs are defined in (3.49) and (3.50). The boundary of renewable
curtailment is defined in (3.51) in which 𝛼 RC is the allowable percentage of renewables
that can be curtailed. The allowed range of load-shedding and turning on additional
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loads under demand response are presented by (3.52) and (3.53) denoted respectively
by 𝛼 shed and 𝛼 add , in which (𝑃load )

shed

and (𝑃load )

add

are the capacity of load-

shedding and turning on additional loads.

3.3.1.8 Weightings
p

p

p

It is to be highlighted that the weightings of 𝜔1 to 𝜔5 (∑ 𝜔𝑖 = 1) in (3.30) are the
corresponding weighting of the assumed objective functions, and reflect the
importance of each criterion. In general, the MG operator needs to determine the
weightings to satisfy its key performance indices, such as minimising the operational
cost and improving technical factors or reliability. Since there is no mathematical
approach to define them for complex systems and real-world problems like electrical
systems, an acceptable method is a census from the experts or MG operators and using
their experience and outlook [54].

3.4

Control of Coupling Neighbouring MGs

Consider a remote area multiple MG system, which consists of 𝑁 standalone MGs.
The multiple MG system can have any topologies, such as those in Figure 2.2. In this
study, the topology of Figure 2.2d is considered, which is the most complex one. Each
MG within the multiple MG system is assumed to be connected to the interconnecting
lines via the back-to-back power electronics converters of Figure 3.13. In such a
scheme, the MG-side converter (MSC) is responsible for regulating the desired dc
voltage between the two converters while the line-side converter (LSC) is operating
under droop control in normal (healthy) conditions. Thus, when a coupled MG is
formed composed of more than one HMG, the HMGs will share their support using
the droop control method. On the other hand, when an MG becomes a PMG, its LSC
will change its operational mechanism from droop control into constant PQ control
mode, exchanging the power needed by the PMG to become healthy.
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Figure 3.13 MG’s connection to an interconnecting line through a back-to-back
converter.
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Formed CMG
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Power flow
direction

MG-1 is over-loaded and
MG-2 is under-loaded

Initial condition
Final condition
(before CMG formation) (after CMG formation)

Figure 3.14 Three examples of coupled MG formation following a PMG detection in
a multiple MG system.

Given 𝑁 MGs in the topology of Figure 2.2d, in which each MG is connected to every
other MG, the total number of interconnecting lines between the MGs is 0.5𝑁(𝑁 − 1).
Thus, a total of 2 0.5𝑁(𝑁−1) − (𝑁 + 1) combinations of coupled MGs can be formed,
from which the multiple MG system controller (MMSC) will determine the most
optimal one along with the level of power exchanged between them. As an example,
Figure 3.14 shows three possible sample scenarios before and after the operation of
the MMSC.
As soon as a PMG is detected, the MGCC will attempt to resolve its voltage and
frequency problem and transform it into an HMG by adapting the set-points of its
DDGs, managing its local BESs, or network reconfiguration. If these local actions are
determined inadequate, the MGCC will define the required external support (𝑃tx ) from
the other MGs within the multiple MG system and will send this information to the
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MMSC. This is illustrated schematically by Function-1 in Figure 3.15. When a
multiple MG system receives a support request from a PMG, it will immediately
analyse the multiple MG system to decide on the most optimal coupled MG formation,
which can resolve the PMG’s problem. It will then transmit the most appropriate
decisions to the corresponding MGCCs to realise the coupled MG. This is illustrated
in the flowchart of Figure 3.16.
The MGCC of each selected HMG, upon receiving the coupled MG formation
command, will immediately analyse its system to choose the best combination of
internal actions to facilitate the required power exchange through the interconnecting
lines. They will find the most optimal output power of the DDGs (by adjusting the
droop coefficients of 𝑚DDG for each DDG and the set-points of 𝑉 max and 𝑓 max for all
DDGs), the charging/discharging level of the BESs, and the on/off status of the
switches of each reconfigurable line. They will then transmit these decisions to the
local controller of each element (i.e., BES, DDG and reconfigurable line).
Furthermore, they will transmit the command to their LSCs to realise the power
exchange based on the desired share, as dictated by the MMSC, by adapting the
suitable droop control set-points. This is denoted by Function-4 in Figure 3.15.
At the same time, as soon as the MGCCs of the PMGs receive the confirmation of the
availability of external support within the multiple MG system, they will transmit the
command to their LSCs. This is depicted by Function-2 in Figure 3.15. The LSCs will
realise the power exchange based on the constant PQ control mode, by adapting the
determined level of needed support by the MGCC.

Start
Fetch MG’s VF
CMG forming
command
received from
MMSC?

Yes
MG Optimization
Transmit data to local
controllers of DDGs,
BESs, RLs, LSC

Function-4
(HMG within a CMG)

DR and RC
command
received from
MMSC?
Yes
MG Optimization
with DR and RC
enabled

CMG forming
command
received from
MMSC?

Transmit
data to
LSC

Transmit data to local
controllers of DDGs, BESs,
RLs, Loads, NDDGs, LSC

Calculate
and transmit
No
PMG
UGC
and
detected?
ALC to
Yes
MMSC
MG Optimization

External support
required?
Yes
Transmit power support
request to MMSC

Function-3
Function-2
(PMG without external support) (PMG with external support)

Transmit
data to
local
controllers

Function-1
(MG status detection)

Figure 3.15 Flowchart of different functions of each MG’s MGCC.
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Figure 3.16 Operational flowchart of MMSC.
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Enough support
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Enough support
available
MMSC

Optimization
to form CMG

Figure 3.17 Schematic diagram of the operational sequence of the proposed technique.

If the MMSC determines that coupled MG formation and power exchange amongst
the MGs will not be sufficient in transforming a PMG into an HMG, it will then inform
the PMG’s MGCC to proceed with employing demand response or renewable
curtailment, as seen from Function-3 of Figure 3.15 and the flowchart of Figure 3.16.
These are the last resorts, which will be employed in addition to the other internal
actions, to remedy the voltage and frequency problem.
Figure 3.17 shows the schematic diagram of the operational sequence of MGCC’s
functions (i.e., Function-1 to 4 of Figure 3.15) and the operational flowchart of the
MMSC (give in Figure 3.16).

3.4.1 Determining Availability of Support within Multiple MG System

Let us assume that the MGCC of a PMG determines that it needs to exchange a power
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of 𝑃tx to remedy its voltage and frequency problem. As soon as the MMSC receives
this request, to determine the available power support capacity within the multiple MG
system, it first needs to determine the unutilised generation capacity (UGC) and the
available loading capacity (ALC) of each HMG within the multiple MG system. Let
us denote these quantities as
𝑈𝐺𝐶 HMG = ∑ (𝑃𝑖DDG )

max

𝑖

− 𝑃𝑖DDG

𝐴𝐿𝐶 HMG = ∑ 𝑃𝑖DDG − (𝑃𝑖DDG )

min

𝑖

∀𝑖 ∈ 𝐃𝐃𝐆

(3.55)

∀𝑖 ∈ 𝐃𝐃𝐆

(3.56)

in which (𝑃DDG )max and (𝑃DDG )min are respectively the maximum and minimum
dispatch capacity of a DDG while 𝐃𝐃𝐆 denotes the set of all the DDGs within the
HMG. Thus, the total UGC and ALC in a multiple MG system will be
𝑈𝐺𝐶 = ∑ 𝑈𝐺𝐶𝑖HMG

∀𝑖 ∈ 𝐇𝐌𝐆

(3.57)

𝐴𝐿𝐶 = ∑ 𝐴𝐿𝐶𝑖HMG

∀𝑖 ∈ 𝐇𝐌𝐆

(3.58)

𝑖

𝑖

where 𝐇𝐌𝐆 denotes the set of all the HMGs in the multiple MG system. For the
MMSC to successfully transform all PMGs into HMGs, the total required power has
to be smaller than 𝑈𝐺𝐶 when the total required power, by all PMGs, represents an
overloading condition. Similarly, if the total required support by the PMGs represents
an underloaded condition (e.g., excessive generation by NDDGs), the required support
power should be smaller than 𝐴𝐿𝐶. Hence, the MMSC proceed to form coupled MG(s)
if
|∑ 𝑃𝑖tx | ≤ 𝑈𝐺𝐶 if ∑ 𝑃𝑖tx > 0

∀𝑖 ∈ 𝐏𝐌𝐆

(3.59)

|∑ 𝑃𝑖tx | ≤ 𝐴𝐿𝐶 if ∑ 𝑃𝑖tx < 0

∀𝑖 ∈ 𝐏𝐌𝐆

(3.60)

𝑖

𝑖

3.4.2

𝑖

𝑖

Required Computation and Communication

Figure 3.18 schematically shows the required communication links for the deployment
of the proposal. As seen from this figure, realising the proposal requires a
communication link to transfer data from the sensors within an MG to its MGCC, and
from the MGCC to the local controllers. Also, data transfer is needed between each
MGCC and the MMSC. The required computational and communication resources are
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discussed in Section 3.2.1.

MG-2

RL
DDG

MG-1

BES

MG-3

MGCC

MMSC

NDDG

DR

LSC
MG-N

Figure 3.18 Required communication links within each MG and the multiple MG
system.

3.4.3 Problem Formulation

As discussed above, two optimisations need to be carried out to realise the proposal.
The first optimisation is carried out by the MMSC to find the best coupled MGs within
the multiple MG system upon receiving the power support request from a PMG. The
second optimisation is carried out by the MGCC of the HMGs that are selected by the
MMSC, upon receiving the support provision command. Both of these optimisations
are formulated as mixed-integer non-linear problems, as discussed below:

3.4.3.1 Selection of the Optimal Coupled MG by MMSC

To decide the suitable MGs and lines to form the coupled MG, a multi-objective
optimisation problem is formulated with objective functions of
coupled MG

c
= min(𝑂𝐹tech
+ 𝑃𝑒𝑛𝑎𝑙𝑡𝑦)

(3.61)

coupled MG

c
c
c
= min(𝜔1c 𝑂𝐹op
+ 𝜔2c 𝑂𝐹rel
+ 𝜔3c 𝑂𝐹tx
)

(3.62)

coupled MG

c )
= min(𝑂𝐹env

(3.63)

𝑂𝐹1

𝑂𝐹2
𝑂𝐹3

coupled MG

in which 𝑂𝐹1

overviews the technical aspects of the multiple MG system and

the satisfaction level of the constraints while the overall operational aspects of the
coupled MG

multiple MG system is ruminated by 𝑂𝐹2

coupled MG

. Moreover, 𝑂𝐹3

reflects

c
c
on the multiple MG system’s environmental aspects. In (3.61) to (3.63), 𝑂𝐹tech
, 𝑂𝐹op
,
c
c
c
𝑂𝐹rel
, 𝑂𝐹tx
and 𝑂𝐹env
are respectively the technical, operational, reliability, external
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power transaction and environmental objective functions while 𝜔1c to 𝜔3c (∑31 𝜔𝑖c = 1)
are the corresponding weightings, reflecting the importance of each considered aspect.
𝑃𝑒𝑛𝑎𝑙𝑡𝑦 is a factor used to disregard some alternatives, based on the assumed
constraints of the system, which is similar to (3.68).
c
𝑂𝐹tech
in (3.61) ruminates the voltage and frequency deviations in the coupled MG

and is derived as
c
𝑂𝐹tech
= ∑ 𝑉𝐷𝐼𝑖 + 𝐹𝐷𝐼𝑖

∀𝑖 ∈ 𝐂𝐌𝐆

𝑖

(3.64)

where 𝑉𝐷𝐼 and 𝐹𝐷𝐼, introduced in (3.61) and (3.62), are respectively the voltage and
frequency deviation indices. 𝑉𝐷𝐼 represents the maximum deviation in the voltages of
the buses to which the LSCs are connected while 𝐹𝐷𝐼 is the frequency deviation in the
interconnecting lines. It is to be noted that the interconnecting lines will observe a
voltage and frequency around the nominal values as the LSCs of the HMS will operate
under droop control, as given by (3.1) and (3.2) in which 𝑃DDG and 𝑄 DDG are the active
and reactive powers injected by the LSC at its coupling point (i.e., 𝑃DDG = 𝑃tx and
𝑄 DDG = 𝑄 tx ). In (3.64), 𝐂𝐌𝐆 denotes the set of formed coupled MGs, as the proposed
technique can evaluate forming one or multiple coupled MGs within the multiple MG
system, and decides on the option that has the best performance.
coupled MG

𝑂𝐹op

in (3.62) represents the operational costs of the coupled MG; i.e., the

cost of power loss in the interconnecting lines and back-to-back power electronic
converters (denoted by 𝑃loss ). It is defined as
𝑂𝐹op = 𝐶𝑜𝑠𝑡 L × ∑ 𝑃𝑖loss

∀𝑖 ∈ 𝐂𝐌𝐆

𝑖

(3.65)

where 𝐶𝑜𝑠𝑡 L is the corresponding cost.
coupled MG

𝑂𝐹rel

in (3.62) is derived from the probability of ENS, and is defined as

c
𝑂𝐹rel
= 𝐶𝑜𝑠𝑡 ENS × ∑ (1 − 𝐴𝑣𝑖HMG )|𝑃𝑖ex |
𝑖

∀𝑖 ∈ 𝐇𝐌𝐆 coupled MG

(3.66)

where 𝐇𝐌𝐆 coupled MG denotes the set of all HMGs within all coupled MGs while
𝐴𝑣 HMG is the least availability of DDGs within each HMG [112].
c
𝑂𝐹tx
in (3.62) signifies the total cost of power exchanged by the HMGs within the

coupled MGs, and is defined by
c
𝑂𝐹tx
= (1 + 𝛾 coupled MG ) × ∑ |𝑃𝑖tx | 𝛽𝑖HMG 𝐶𝑜𝑠𝑡𝑖tx
𝑖

(3.67)
∀𝑖 ∈ 𝐇𝐌𝐆
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in which 𝐶𝑜𝑠𝑡 tx is the corresponding cost while 𝛽 HMG ∈ {1, … ,5} is considered as a
flexibility factor by which the HMG operators represent their willingness to provide
support. Thus, 𝛽 HMG = 1 denotes full willingness while 𝛽 HMG > 1 illustrates that the
HMG has some reservations (e.g., due to the low 𝑈𝐺𝐶 HMG or 𝐴𝐿𝐶 HMG , or planned
maintenance) and 𝛽 HMG = 5 depicts the complete unwillingness. It is to be noted that
one investor can install and operate multiple MGs. Thus, it is possible that some MGs
within the multiple MG system have the same owner, or are sister companies with
some agreements amongst themselves. Hence, 𝛾 coupled MG is considered in (3.67) as a
coefficient reflecting the ownership of the HMG-PMG pairs within the coupled MGs.
It is calculated from
𝛾 coupled MG =

1
𝑁 pair

× ∑ ∑ 𝛾𝑖𝑗MG
𝑖

𝑗

(3.68)
∀𝑖 ∈ 𝐏𝐌𝐆 coupled MG , 𝑗 ∈ 𝐇𝐌𝐆 coupled MG

where 𝑁 pair is the total number of PMG-HMG pairs within the coupled MGs while
𝛾𝑖𝑗MG = 0 when the same operator owns both of the MGs; 𝛾𝑖𝑗MG = 1 when the operators
are sister concerns and 𝛾𝑖𝑗MG = 2 when the operators are rivals. Therefore, it allows
prioritising the HMGs of same owner or sister concern of a PMG over the competitors
to get the support.
If simultaneously two or more PMGs exist within the multiple MG system those have
contrary issues (i.e., one experiencing excessive generation while the other is
overloaded), their coupling and exchanging power between them can be very useful as
they will be supporting each other. Thus, exchanging power between two PMGs is
deemed voluntary (and free of energy transaction cost). Therefore, as seen from (3.67),
c
𝑂𝐹tx
only focuses on the provided power support by the HMGs.
c
𝑂𝐹env
in (3.63) is used to prioritise the presence of those HMGs within a coupled MG

that has lower emissions, to improve the multiple MG system’s sustainability, and to
indirectly encourage the operators to move in that direction. It is derived by
c
𝑂𝐹env
= ∑ 𝑃𝑖tx 𝐸𝑚𝑖HMG

∀𝑖 ∈ 𝐇𝐌𝐆 coupled MG

(3.69)

in which 𝐸𝑚HMG is the largest emission of the DGs in an HMG within the coupled
MG.
Eq. (3.61) to (3.63) will then be solved using the weighted sum method to determine
the best alternative, satisfying all objective functions while considering the following
constraints:
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𝐼𝑖IL ≤ 𝐼𝑖 max

∀𝑖 ∈ 𝐋𝐈𝐍𝐄coupled MG

(3.70)

−𝐴𝐿𝐶𝑖HMG < 𝑃𝑖ex < 𝑈𝐺𝐶𝑖HMG

∀𝑖 ∈ 𝐇𝐌𝐆 coupled MG

(3.71)

Constraints (3.6) and (3.7) should be considered to reflect the maximum allowed
voltage and frequency deviation in the interconnecting lines of the coupled MG while
constraint (3.70) represents the maximum thermal limit of those lines, denoted by
𝐼 max . Constraint (3.71) denotes the maximum power support level available in an
HMG for exporting and importing, respectively based on its 𝑈𝐺𝐶 and 𝐴𝐿𝐶. In
addition, a coupled MG should not be formed by only HMGs. Similarly, a coupled
MG should not consist of only PMGs.

3.4.3.2 Optimisation of an HMG within a coupled MG (Function-4)

Upon receiving the support command from the MMSC, the MGCC of the HMG will
optimise its local resources to facilitate the required power exchange through its LSC.
The optimisation will determine the droop parameters of the DDGs, the output power
of BESs, and the status of the switches of the MG’s reconfigurable lines. To this end,
an objective function is formulated as
′
𝑂𝐹1MG = 𝑂𝐹tech
+ 𝑃𝑒𝑛𝑎𝑙𝑡𝑦

(3.72)

′
′
𝑂𝐹2MG = 𝜔1′ 𝑂𝐹op
+ 𝜔2′ 𝑂𝐹rel

(3.73)

′
𝑂𝐹3MG = 𝑂𝐹env

(3.74)

where 𝑂𝐹1MG , 𝑂𝐹2MG , and 𝑂𝐹3MG are respectively the technical, operational and
environmental aspects of the MG’s objective function while 𝜔1′ and 𝜔2′ are the
assumed weightings for the various factors of 𝑂𝐹2MG , reflecting their importance. Also,
𝑃𝑒𝑛𝑎𝑙𝑡𝑦 is again a factor to disregard the alternatives that do not satisfy the assumed
constraints, discussed below.
′
𝑂𝐹tech
in (3.72) is defined by
′
𝑂𝐹tech
= 𝑉𝐷𝐼 + 𝐹𝐷𝐼 + 𝑆𝑅𝐼

(3.75)

′
𝑂𝐹op
in (3.73) represents the MG’s operational costs and is calculated as
′
𝑂𝐹op
= 𝐶gen + 𝐶BES + 𝐶sw + 𝐶loss

(3.76)

′
𝑂𝐹rel
in (3.73) is derived, similar to (3.66), as
′
𝑂𝐹rel
= 𝐶𝑜𝑠𝑡 ENS × ∑ (1 − 𝐴𝑣𝑖 ) |𝑃𝑖 |

∀𝑖 ∈ 𝐃𝐆, 𝐁𝐄𝐒

𝑖

(3.77)

′
𝑂𝐹env
in (3.74) is used to optimally reduce the overall environmental impact of all
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DDGs in the MG, and is calculated, similar to (3.69), from
′
𝑂𝐹env
= ∑ 𝑃𝑖DG 𝐸𝑚𝑖DG
𝑖

∀𝑖 ∈ 𝐃𝐆

(3.78)

The objective functions in (3.72) to (3.74) will then be minimised using the weighted
sum method to determine a set of control variables (i.e., 𝑚𝑖DDG , 𝑃𝑖BES , 𝑄𝑖BES , 𝑁sw )
within their boundaries mentioned in (3.47) to (3.53) and subject to the technical
constraints listed in (3.6) to (3.11) and (3.42) to (3.46).

3.4.3.3 Optimisation of a PMG without External Support (Function-3)

If a PMG receives the MMSC’s command to proceed with demand response or
renewable curtailment (illustrating the lack of available support in the multiple MG
system), the PMG’s MGCC will optimise its local resources considering the possibility
of demand response and/or renewable curtailment. To this end, an objective function
focused on the demand response and renewable curtailment is formulated as
𝑂𝐹4MG = 𝐶CC + 𝐶RC ,

(3.79)

will be added to those of (3.72) to (3.74).
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Figure 3.19 MPSO’s particle for (a) coupled MG formation in the multiple MG
system, (b) HMG within a coupled MG (Function-4) and (c) PMG without external
support (Function-3).

To solve the above optimisation problems, an MPSO solver has been chosen. Figure
3.19 illustrates the assumed MPSO’s particles for the above three optimisations.
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3.5

Control of Peer-to-Peer Based Generation Dispatch

In addition to the actual operating cost of the DDGs (including fuel, maintenance,
capital), the other practical and technical aspects such as fuel availability and spinning
reserve are also considered to determine a DDG’s DPR. Similarly, the cost of BES,
renewable curtailment and demand response change according to the scenario of the
system. Hence, the energy transactions are carried out within the MG using the DPR.
The information of the entities (i.e., DDGs, NDDGs, BESs and loads) are available to
each other through a shared ledger, which is updated automatically following any
changes [119]. Also, an aggregating agent, similar to the MG central controller, is
responsible for the coordination and balancing the entities to ensure the MG’s voltage
and frequency within the acceptable range. This aggregator performs an optimisation
to determine the most optimal dispatch of the DDGs and the contribution of BES,
renewable curtailment, demand response and status of reconfigurable lines in 𝑇
intervals. On the other hand, within each interval of 𝑇, the dispatch of the DDGs vary
autonomously to meet any changes in the loads. In this regard, the load operators can
utilise the available data of the DDGs (e.g., available capacity, DPR, emission,
reliability) through the shared ledger, to decide the best DDGs to increase/reduce the
generation when demand increases/decreases. In deciding the suitable DDGs instantly,
a potential field approach is adopted [81]. The DDGs with higher potential field get
the preference to sell energy to the load. Thus, they will adjust their dispatch to support
the change in the loads.
In summary, the proposed technique consists of two parts:
(a)

Periodic MG optimisation in each 𝑇 interval, and

(b)

Generation dispatch between the decision makings. However, this is only
permissible until the changes in the load (∆𝑃load) is below 𝑑% (e.g., 10%). The
aggregating agent intervenes if the load changes beyond 𝑑% and then performs
the event-based optimisation to decide the new optimal settings.

The flowchart of Figure 3.20 depicts the operation sequence of the MG optimisations
and generation dispatch.
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Figure 3.20 Flowchart of the operation sequence of the peer-to-peer generation
dispatch and MG optimisation.

3.5.1 Dynamic Price Request

The DPR is determined based on the geographical, technical and economic scenarios
of the DDGs, NDDGs, BESs and load in an MG. The DPR of an entity is formulated
as
𝐷𝑅𝑃𝑖 (t) = 𝑀𝑖 (t) × 𝐶𝑖

∀𝑖 ∈ 𝐃𝐄𝐑

(3.80)

where 𝑀 is the dynamic coefficient, and 𝐶 is the operating cost of an element while
𝐃𝐄𝐑 is the set of all the DERs in an MG.
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Figure 3.21 Variation of dynamic coefficient (a) with FA for a DDG, (b) with spinning
reserve of a DDG, (c) with SoC of a BES, (d) with 𝐴𝐿𝑆𝐶 in load-shedding, (e) with
𝐴𝐴𝐿𝐶 in additional load, and (f) with 𝐴𝑅𝐶𝐶 for NDDG’s curtailment.

 Fuel-based DDG: 𝐷𝑅𝑃 of a DDG, driven by fossil fuels, biomass or biogas, is
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defined as
𝑀DDG = 𝛼1 𝑀FA + 𝛼2 𝑀SR

(3.81)

where 𝑀FA is referring to 𝑀’s dependency on the status of fuel availability, which is a
function of the remoteness of the DDG or the ease of fuel supply, as depicted in Figure
3.21a. 𝑀SR represents the impact of the spinning reserve where the minimum spinning
reserve will return the maximum value (see Figure 3.21b). 𝛼 is the weighting
coefficient of each aspect, which is determined by the owner of the DDG.
 BES: 𝐷𝑃𝑅 of BES is a function of its SoC. A BES with a low SoC and in
discharging mode will return a high 𝐷𝑃𝑅 and vice versa (see Figure 3.21c).
 Load Control: The MG may exhibit some dedicated flexible loads, which are ready
to contribute in the case of an emergency by shedding a portion of their consumption
or by consuming a surplus of available power.
The dynamic coefficient for load-shedding (𝑀shed ) depends on its available loadshedding capacity (𝐴𝐿𝑆𝐶), which has been formulated as
𝐴𝐿𝑆𝐶 = 𝛼 shed 𝑃load (𝑡) − ∆𝑃shed (𝑡 − 1)

(3.82)

The variation of 𝑀shed with 𝐴𝐿𝑆𝐶 is depicted in Figure 3.21d.
Similarly, the dynamic coefficient for additional consumption (𝑀add ) depends on its
available additional loading capacity (𝐴𝐴𝐿𝐶), which is formulated as
𝐴𝐴𝐿𝐶 = 𝛼 add 𝑃load (𝑡) − ∆𝑃add (𝑡 − 1)

(3.83)

The variation of 𝑀add with 𝐴𝐴𝐿𝐶 is shown in Figure 3.21e.
 NDDG’s Curtailment: The dynamic coefficient of renewable curtailment (𝑀RC )
depends on the available renewable curtailment capacity (𝐴𝑅𝐶𝐶), which is can be
formulated as
𝐴𝑅𝐶𝐶 = 𝛼 RC 𝑃NDDG (𝑡) − ∆𝑃RC (𝑡 − 1)

(3.84)

The dependency of 𝑀RC over 𝐴𝑅𝐶𝐶 is depicted in Figure 3.21f.

3.5.2

Peer-to-peer Transaction and Generation Dispatch

The peer-to-peer transactions are employed to decide the deviation of the
predetermined dispatches of the DDGs instantly, without any complex calculation, in
response to the changes in the load within a specific limit. To this end, the potential
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field concept is employed by the load owners and from their perspective to identify
suitable DDG(s) to buy energy from, based on some predefined criteria.

3.5.2.1 The Potential Field Concept

The change in the consumption of a load at time 𝑡 is derived as
∆𝑃load (𝑡) = 𝑃load (𝑡) − 𝑃load (𝑡 − 1)

(3.85)

If ∆𝑃load is below a certain level (e.g., 𝑑% of 𝑃load (𝑡 − 1)), the dispatch of the DDGs
will be adjusted to accommodate the load changes. All the DDGs are considered as a
particle with the negative potential field. An increase in load (+ ∆𝑃load) is assumed as
a positive potential field while a negative value of ∆𝑃load is considered as a negative
potential field. Therefore, the increased loads (+∆𝑃load) will attract the DDGs with
the stronger potential field (i.e., those DDGs with lower cost, emission and loss and
higher reliability) to meet the additional demand in the load. Likewise, the reduced
demand of a load (−∆𝑃load ), with a negative potential field, will repel the DDGs with
a higher potential field (i.e., reduces the generation from those DDGs). The assumed
potential field concept is schematically presented in Figure 3.22.

(b)

(a)

_ _ __
_ _ __
_DDG-1
_ _
_DDG-N
_ _
+ + +
+ ∆Pload(t) +
+ + +
_ _ __
_ _ __
DDG-3
DDG-2
_ _ _
_ _ _

_ _ __
_ _ __
DDG-N
_DDG-1
_ _ _
_ _
_ _ _
_ ∆Pload(t) _
_ __ _
_
_
__
_ _ __
DDG-3
_ _ _
_DDG-2
_ _
Repulsion

Attraction

Figure 3.22 Attraction and repulsion in the adopted potential field concept.

The potential field of each DDG is calculated for the load that has been changed. It is
calculated based on the capacity of a DDG (i.e., to meet the additional load or reduce
its generation to adjust the load reduction) and a set of criteria denoted as 𝐶 ∈
{𝐶1 , 𝐶1 , … . , 𝐶𝑁𝐶 }, where 𝑁𝐶 is the number of criteria. For +∆𝑃load , the potential field
is calculated as
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Att
(𝑡) = 𝐴𝑔𝑔(𝑒 −𝐶𝑘 )
𝒫ℱ𝑖,𝑗

∀𝑖 ∈ 𝐃𝐃𝐆, ∀𝑗 ∈ 𝐋𝐨𝐚𝐝

(3.86)

while for the −∆𝑃load, the potential field is calculated as
Rep
𝒫ℱ𝑖,𝑗 (𝑡) = 𝐴𝑔𝑔(𝑒 𝐶𝑘 )

∀𝑖 ∈ 𝐃𝐃𝐆, ∀𝑗 ∈ 𝐋𝐨𝐚𝐝

(3.87)

In (3.86) and (3.87), 𝐴𝑔𝑔(. ) is an aggregating function, expressed as a product,
average, maximum and Hurwitz function as [120-121], respectively formulated as
𝐴𝑔𝑔(𝑒 ±𝐶𝑘 ) = ∏ 𝑒 ±𝐶𝑘

𝑘 = 1,2, … . . , 𝑁𝐶

(3.88)

𝐴𝑔𝑔(𝑒 ±𝐶𝑘 ) = ∑ 𝑒 ±𝐶𝑘 /𝑁𝐶

𝑘 = 1,2, … . . , 𝑁𝐶

(3.89)

𝐴𝑔𝑔(𝑒 ±𝐶𝑘 ) = max(𝑒 ±𝐶𝑘 )

𝑘 = 1,2, … . . , 𝑁𝐶

(3.90)

𝑘

𝑘

𝐴𝑔𝑔(𝑒 ±𝐶𝑘 ) = 𝛽1 max(𝑒 ±𝐶𝑘 ) + (1 − 𝛽1 ) min(𝑒 ±𝐶𝑘 )

(3.91)

where min(. ) is the minimum function and 𝛽1 ∈ [0, 1] (e.g., 𝛽1 = 0.75) is the optimism
coefficient. Each of these aggregators has pros and cons of their own, as discussed in
[120].
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Figure 3.23 Selection of DDGs based on their potential field when load increases.
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In the case of demand increase of a load, the DDG with the highest 𝒫ℱ att will increase
its generation to meet the additional load if
DDG
DDG
(𝑡) = 𝑃max,𝑖
∆𝑃max,𝑖
− 𝑃𝑖DDG (𝑡 − 1) > 𝜀∆𝑃load (𝑡)

∀𝑖 ∈ 𝐃𝐃𝐆

(3.92)

DDG
where 𝑃max
is the maximum generation limit of a DDG and 𝜀 > 1 is a coefficient to

consider an extra margin for line losses. If (3.92) is not satisfied, additional DDGs will
be selected by the load owner, based on 𝒫ℱ att ranking of the DDGs, to meet
∆𝑃load (𝑡), as depicted in Figure 3.23. In such a case, they will share the load according
to the ratio of their 𝒫ℱ att . Hence, the contribution from each selected DDG is
calculated as
DDG
(𝑡)
∆𝑃inc,𝑖,𝑗

=

∆𝑃𝑗load (𝑡)

att
(𝑡)
𝒫ℱ𝑖,𝑗
×
att (𝑡)
∑𝑖 𝒫ℱ𝑖,𝑗

∀𝑖 ∈ 𝐒𝐃𝐃𝐆, ∀𝑗 ∈ 𝐋𝐨𝐚𝐝

(3.93)

where 𝐒𝐃𝐃𝐆 is the set of selected DDGs to support the load change. Hence, the
dispatch from those DDGs are
DDG
(𝑡)
𝑃𝑖DDG (𝑡) = 𝑃𝑖DDG (𝑡 − 1) + ∆𝑃inc,𝑖

(3.94)

Similarly, in the case of demand decrease of a load, the DDG with the highest 𝒫ℱ rep
will reduce its generation if
DDG
DDG
(𝑡) = 𝑃𝑖DDG (𝑡 − 1) − 𝑃min,𝑖
∆𝑃min,𝑖
> |∆𝑃load (𝑡)|

∀𝑖 ∈ 𝐃𝐃𝐆

(3.95)

Otherwise, additional DDGs will need to drop their generation to balance the
generation and demand. The required reduction in generation from each selected DDG
is calculated as
DDG
(𝑡)
∆𝑃dec,𝑖,𝑗

= |∆𝑃

load

(𝑡)| ×

rep
𝒫ℱ𝑖,𝑗 (𝑡)

rep
∑𝑖 𝒫ℱ𝑖,𝑗
(𝑡)

∀𝑖 ∈ 𝐒𝐃𝐃𝐆, ∀𝑗 ∈ 𝐥𝐨𝐚𝐝

(3.96)

Then, the dispatch from those DDGs are
DDG
(𝑡)
𝑃𝑖DDG (𝑡) = 𝑃𝑖DDG (𝑡 − 1) − ∆𝑃dec,𝑖

(3.97)

The flowchart in Figure 3.24 shows the steps to select suitable DDGs by calculating
their potential field.
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Figure 3.24 Flowchart of potential field approach to decide the preferred DDG.

The load agents will also have their priority sequence for all the DDGs, which can be
used by the load owners to select the DDGs in the case of multiple DDGs exhibiting
identical 𝒫ℱ.

3.5.2.2 Selection Criteria

Several criteria can be considered for the selection of a suitable DDG. Some of the key
selection criteria, considered in this study are:
 Criterion-1 (DPR), 𝐶1 : An essential criterion to select a DDG is its DPR. As
described in the previous section, the DPR can be varied with time, based on the
technology, location, technical constraints and policy of its operator. The DDGs with
lower price always get preference over the expensive ones.
 Criterion-2 (Distance from the load), 𝐶2 : The distance of the DDGs from the load
point is also an important criterion to be considered, as the energy lost because of
power loss is proportional to this distance. Therefore, the nearest DDGs will get more
priority.
 Criterion-3 (Greenhouse gas emission), 𝐶3 : The resulting emission from power
generation can also be taken into account while selecting the preferred DDGs, to
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generate more power from the DDGs with less emission.
 Criterion-4 (Non-Availability), 𝐶4 : The availability of a DDGs replicates its
reliability to provide the requested power. Therefore, the DDGs with higher
availability will be preferred over the ones with less availability.
The numerical values of each criterion have then been normalised to make them
comparable to each other.

3.5.3 MG Optimisation

The operation of the MG is continuously optimised after each 𝑇 interval (periodic
optimisation) and when the changes in the load go beyond 𝑑% of 𝑃load (𝑡 − 1) (eventbased optimisation). The technical, environmental, economic and reliability aspects
are considered to ensure the optimal operation of the MG. To this end, the multiobjective optimisation problem of (3.5) is solved to minimise the total operational cost
and the environmental impact with maximum supply adequacy and to retain the
voltage and frequency within the desired region.

3.6

Summary

This chapter presented the methodical concepts of the four techniques proposed and
formulated in this thesis. First, the proposed corrective controller was discussed, which
is triggered when a voltage or frequency deviation occurs. Then, the proposed
preventive controller is discussed, which can avoid the voltage or frequency deviation,
by employing the predicted information of demand and generation of renewables.
Later, the technique of forming one or more systems of provisionally coupled MGs is
discussed which enables power transaction amongst the coupled MGs. Finally, a peerto-peer based power dispatch technique is proposed for the generators that decides on
the level of contribution of each generator following a variation in the MG demand.
The performances of each of these techniques are demonstrated and validated through
numerical analyses in the following chapters.
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Chapter 4

Corrective Control

This chapter presents the numerical analyses used for demonstrating and validating the
performance of the proposed corrective control. Several case studies have been
developed for a sample network under study in which uncertainties in the generation
of the renewable sources or demand result in unacceptable voltage or frequency
deviation. It has been demonstrated in this chapter that the proposed and formulated
corrective controller can successfully manage the various resources in the MG and
retain the voltage and frequency. The chapter also presents a comparative analysis of
the performance of the proposed technique against similar existing techniques in the
literature. The time complexity of the proposed technique has been also demonstrated
in this chapter.

4.1

Network Under Consideration

Let us consider the 9-bus system of the MG of Figure 4.1 with three DDGs, two
NDDGs, two BESs and two configurable lines (i.e., line-1 and 2). DDG-1 and DDG2 are assumed respectively to be biomass and diesel-driven synchronous generators,
whereas DDG-3 is considered to be a solar-driven, converter-based DG (with a
suitably sized local power smoothing energy storage that makes it dispatchable).
Thereby, DDG-1 and DDG-3 are the assumed renewable energy source-based DDGs.
NDDG-1 and 2 are considered to be small-scale converter-based wind turbines,
operating under a maximum power point tracking scheme and thus, are nondispatchable. The converters interfacing the BESs are capable of supporting the
reactive power [122]. The desired regions of voltage and frequency for the MG are
s
s
assumed as 1 ± 0.05 per-unit (pu) and 50 ± 0.5 Hz while 𝑉max
=1.1 pu, 𝑉min
= 0.9 pu,
s
s
𝑓max
= 51 Hz, and 𝑓min
= 49 Hz. Table 4.1 provides the considered technical

parameters and coefficients for the numerical analyses. This table also provides the
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Figure 4.1 Considered MG system for the numerical analyses.

Table 4.1 Considered technical parameters, costs and coefficients in the numerical
analyses.
MG’s DDGs

DDG-1 DDG-2 DDG-3

Costs

αDDG [%]

10

10

0

𝐶𝑜𝑠𝑡 L

0.04 $/kWh

(𝑃DDG )max [kW]

7

7

7

𝐶𝑜𝑠𝑡 RC

25 $/kWh

(TDDG )off [min]

5

5

0.5

𝐶𝑜𝑠𝑡 E

0.037 $/kg

(TDDG )on [min]

15

15

0.5

𝐶𝑜𝑠𝑡 ENS

40 $/kWh

max up
(𝑅𝑅DDG
) [kW/s]

10

10

60

𝐶𝑜𝑠𝑡 SR

30 $/kWh

max down
(𝑅𝑅DDG
)
[kW/s]

10

10

60

(𝐶𝑜𝑠𝑡 DR )

shed

3 $/kWh

𝑓𝑢𝑒𝑙 [L/kWh]

0.2

0.25

(𝐶𝑜𝑠𝑡 DR )

future

2 $/kWh

𝐶𝑜𝑠𝑡 fuel [$/L]

0.8

1

𝐶𝑜𝑠𝑡 O&M [$/hr]

0.05

0.05

0.01

DG
𝐶cap
[$/kW]

400

500

700

𝑇

op

[hour]

BES
𝐶cap

𝐶𝑜𝑠𝑡 SW

1000 $/kWh
0.1 $/switching

12,000 15,000

𝐴𝑣NDDG = 0.7; 𝐴𝑣BES = 0.9; 𝐴𝑣DDG-1 = 0.85; 𝐴𝑣DDG-2 = 0.85; 𝐴𝑣DDG-3 = 0.7; 𝐸 life =
1,950 kWh; 𝐸𝑚DG = 0.014 kg/kWh; 𝐼 max = 25 A;

considered costs of each action of the multilayer scheme illustrated in Figure 3.3, as
required in (3.6) to (3.28). These costs are defined based upon the data available in the
literature (i.e., [89-105, 107-108, 123]), and supported by follow-up, detailed technical
discussions, held with the experts, who manage the standalone power systems of
remote towns of Western Australia, and using a linguistic comparison, as suggested in
[54]. It is to be highlighted that these costs are country, network and case sensitive,
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and thereby, the focus has concentrated more upon the evaluation of the proposed
concept, rather than emphasising the numerical values, used for each cost. The line
parameters of the MG in Figure 4.1 are given in Table 4.2. It is to be noted that, in
contrary to power system studies, in which the line parameters are usually provided in
ohms, as the considered MG in Figure 4.1 can experience frequency deviations, the
line inductances in Table 4.2 are provided in Henry. Thus, the corresponding
reactances will be determined within the employed power flow analysis, using the
MG’s updated frequency.

Table 4.2 Assumed parameters of the lines in the considered MG in Figure 4.1.

4.2

From Bus

To Bus

Resistance (Ω)

Inductance (mH)

1

3

0.3

0.35

1

7

0.3

0.35

1

5

0.9

1.05

2

4

0.3

0.35

2

6

0.6

0.7

2

9

0.3

0.35

3

5

0.3

0.35

3

6

1.2

1.4

5

8

1.2

1.4

6

8

0.3

0.35

Impacts of objective functions

Consider Case-1, which illustrates a heavy loading event of the MG, in which the MG
frequency drops to 49.35 Hz, below the desired region. The MG’s active power
demand is 0.87 pu while the output power of the NDDGs is 0.1 pu. The considered
DDGs are assumed to be sharing the total demand equally, according to their capacity.
Table 4.3 shows the power generation and consumption made by each individual
component within the overloaded MG. Let us observe the impact of
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Table 4.3 Assumed power generation and consumption for Study Case-1.
𝑃1Load

𝑃2Load

𝑃1NDDG

𝑃2NDDG

𝑃1BES

𝑃2BES

𝑃1DDG

𝑃2DDG

𝑃3DDG

0.42

0.45

0.05

0.05

-

-

0.27

0.27

0.27

Table 4.4 Considered cases, each with different active objective functions.
Case

OFtech

OFop

OFsus

OFadq

1a









1b









1c









1d









 = considered,  = not-considered

Table 4.5 Results of the conducted analyses.
Case-

1

1a

1b

1c

1d

∑ 𝑃load

[pu]

0.87

0.26

0.88

0.88

0.88

∑ 𝑃DDG

[pu]

0.815

0.15

0.822

0.82

0.823

∑ 𝑃BES

[pu]

0

0.11

0

0

0

∑ 𝑃NDDG

[pu]

0.1

0.09

0.09

0.1

0.1

𝑃loss

[pu]

0.04

0.01

0.035

0.034

0.037

∑ ∆𝑃RC

[pu]

0

0.01

0.01

0

0

∑ ∆𝑃DR

[pu]

0

0.61

0

0

0

𝑓

[Hz]

49.35

50

50

50

49.51

max(|Δ𝑉𝑖 |)

[pu]

0.048

0.007

0.005

0.006

0.037

Line-1











Line-2











Configurable lines
 = on,  = off

applying VFMT to Case-1 (initial case), considering different objective functions.
Four cases are considered (i.e., Case-1a to 1d, as introduced in Table 4.4): Case-1a
only considers the 𝑂𝐹tech whereas Case-1b considers both of the 𝑂𝐹tech and 𝑂𝐹op ,
whilst Case-1c considers the 𝑂𝐹sus on top of those previous two, and Case-1d
considers all objective functions given in (3.5). For simplicity, in this example, all
weightings of the objective functions are assumed equal. The following subsection will
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(a)
P

load

P
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P
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P
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Ploss

f

max(IΔVi I)

0.1

0
-0.1

Case-1a

0.015
[pu]

-0.2
[pu]

Case-1d

Case-1c

Case-1b

-0.3

0

-0.4

-0.015

-0.5

-0.03

-0.6

-0.045

-0.7
(b)

Case-1a

Case-1b

Case-1c

Case-1d

0.3
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0.2

0.1

0

(c)

100

OFop

OFsus

OFadq
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[¢/min]

75
50
25
0
Case-1a
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Figure 4.2 (a) Deviation in the total power generation of DGs, load consumptions,
network loss, frequency and maximum voltage deviation from Case-1, and power
exchange with BESs. (b) Absolute of the deviation in the power of individual DGs,
loads, and BESs from their values in Case-1. (c) Cost of different objective functions
in each case (in $).

focus on evaluating the impacts of selecting different weightings. The results of these
four cases are provided in Table 4.5 and Figure 4.2. Table 4.5 shows the total power
generation and consumption of each type of component within the MG, its frequency,
power loss and the on/off status of its configurable lines while Figure 4.2 shows the
total deviation in the power flow from each group of components, the deviation in the
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power flow from each individual component, as well as the cost values of each
objective function.
In Case-1a, as the VFMT only minimises the voltage and frequency deviation from the
nominal values, the frequency improves to 50 Hz by shedding more than half of the
load (i.e., 0.61 pu) under the demand response, which is undesirable. Due to technical
limits on the buses, the VFMT also chooses to charge the BESs by 0.11 pu whilst the
output power of NDDGs are curtailed by 0.01 pu (see Figure 4.2a). The differences in
the contributions of each component in the system, from the corresponding values in
Case-1 (i.e., equal power-sharing among DDGs), is depicted individually in Figure
4.2b. As seen from this figure, a significant variation is observed, in the power
consumed by the loads, as well as the output power of all of DDGs and BES-2 in this
case.
Figure 4.2c shows that the overall objective function of Case-1a is very small (almost
negligible), regardless of the fact that its 𝑂𝐹op is as high as $30 for 30 minutes (i.e.,
100 ¢/min). This is because this case only considers 𝑂𝐹tech . This is the result of all the
above mentioned undesirable actions that occur in this case.
Considering the operational costs in Case-1b, the VFMT chooses no contribution from
the demand response and the BESs (as the customers’ comfort cost imposed by
demand response, as well as the life loss cost of power charge/discharge of BESs, are
reflected in 𝑂𝐹op ) but dictates that the MG applies a renewable curtailment of 0.01 pu
(because the sustainability factor is ignored). As seen in Figure 4.2b, in this case, the
difference in the contribution of each component of the system, from the
corresponding values in Case-1, is much smaller than that of the previous case. Also,
the cost of 𝑂𝐹op reduces from $30 for 30 minutes (i.e., 100 ¢/min) in Case-1a to $5.3
(i.e., 18 ¢/min) in this case (see Figure 4.2c).
Adding the sustainability factor in Case-1c, the VFMT decides not to apply any
renewable curtailment (because its large cost is considered in 𝑂𝐹sus ). Therefore, as
seen from Figure 4.2b, in this case, the difference of the output power of DDGs from
their corresponding values in Case-1 are slightly smaller versus Case-1b. In addition,
no contribution is observed from the demand response and BESs. As a result, the cost
of 𝑂𝐹sus reduces from 1.73 ¢/min in Case-1b down to 0.1 ¢/min in this case (see Figure
4.2c).
In Case-1b and 1c, the contribution of DDG-1 (i.e., the rotating generator) is 0.32 pu
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and very high, which reduces the MG’s spinning reserve and makes it vulnerable to
sudden changes in demand or power of the DGs. Considering the dynamic adequacy
factor, Case-1d observes a smaller contribution from DDG-1 (i.e., 0.28 pu), to enlarge
the MG’s spinning reserve, while the only non-rotating generator (i.e., DDG-3) runs
at the maximum power. In addition, similar to the previous case, the VFMT decides
not to apply any demand response, renewable curtailment or BES control. As seen
from Figure 4.2c, Case-1d yields the maximum overall 𝑂𝐹 in comparison with Case1a to 1c, because it includes all of the objective functions, even the expensive 𝑂𝐹adq .
For the MG of Case-1, which is highly loaded and observes voltage and frequency
violation beyond the desired region, it is not possible for the VFMT to increase the
MG’s spinning reserve while retaining the voltage and frequency within the desired
region, as a larger contribution of DDGs is essential. As a result, the cost of 𝑂𝐹adq
becomes unavoidably high.
This example illustrates that the formulated objective function in (3.5) considers
different technical, operational, sustainability and adequacy aspects collectively,
which is essential to yielding better and more feasible decision variables for the MG.

4.3

The weighting of objective functions

The weighting coefficients in (3.5) have a significant impact on the outcome of the
VFMT; hence, they need to be defined carefully [124]. To illustrate the impact of
weightings, a detailed discrete sensitivity analysis is carried out in which the weighting
coefficients of (3.5) are varied in steps of 5%, to define the most suitable weightings
(i.e., those sets of weightings that lead to the least curtailments of renewable power,
demand response and charging/discharging of the BESs, and eventually, the least
objective function value). First, let us consider Case-1d (discussed above, in which
𝜔1 = 𝜔2 = 𝜔3 = 𝜔4 = 25%) as the base case, which is re-evaluated by different
groups of weightings. Initially, it is assumed that the operational and sustainability
factors are equally important, and both are more important than the technical and
adequacy factors (referred to as Case-1e, in which 𝜔1 = 𝜔4 = 8% and 𝜔2 = 𝜔3 =
42%). Later, it is assumed that the technical and adequacy factors are equally
important, and both are more important than the operational and sustainability factors
(referred to as Case-1f, in which 𝜔1 = 𝜔4 = 42% and 𝜔2 = 𝜔3 = 8%). Figure 4.3
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shows the corresponding cost of each objective function of (3.5) and the overall 𝑂𝐹,
for each set of weightings in Case-1d to 1f, as well as the contributions from different
components of the MG, in supplying its demand. It is to be noted that the cost of 𝑂𝐹tech
is much smaller than the other costs and almost negligible.
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Figure 4.3 (a) Assessment of the objective functions for different weightings, (b)
Comparison of contributions from different components of the MG.

As discussed above, in Case-1d, the cost of 𝑂𝐹adq is high compared to other objective
functions (see Figure 4.3a); hence, the VFMT forces the rotating DDGs (i.e., DDG-1
and 2) to generate less power to increase the MG’s spinning reserve and consequently
reduces the associated cost. The cost of 𝑂𝐹 in this case becomes 22.6 ¢/min. In Case1e, the costs of 𝑂𝐹sus and 𝑂𝐹op are slightly reduced as the contribution of the relatively
expensive diesel-based DDG-2 has been lowered from the previous case. The overall
𝑂𝐹 decreases to 13.7 ¢/min in this case. In addition, no contribution is observed to the
level of the renewable curtailment, the demand response, or the BES in Case-1d and
1e. However, in comparison, in Case-1f, the power supplies from the DDG-1 and 2
reduce by 5 and 2% respectively compared to that of Case-1d, to increase the dynamic
supply adequacy of the MG. As a result, to compensate for the generation and holding
of the voltage and frequency within the desired region, the BESs discharge to supply
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7% of the load. Consequently, compared to the previous cases, the cost of 𝑂𝐹op
increases; and thus, 𝑂𝐹 rises to 30.3 ¢/min. The sensitivity analysis indicates that
weightings such as those in Case-1e provide the least objective function, and thereby,
are more desirable solutions for the VFMT. Hence, this set of weightings is used in the
numerical analyses, that will be presented in the remainder of this chapter. However,
in general, the MG operator needs to determine the weightings, in order to satisfy its
key performance indices, which include minimising the operational cost and
improving the technical factors or sustainability. In complex systems such as a power
system, there is not a systematic method to define these weightings; however, an
acceptable method is a census from the experts, based on their experience and outlook,
as discussed in [54, 125].

4.4

Some Examples

To illustrate the performance of the developed VFMT, let us consider the following
examples:

Table 4.6 Events leading to voltage and frequency changes in Example C.1 to C.5.
Load [pu]
Example

f

max(|Δ𝑉𝑖 |)

voltage and
frequency

Active power

Reactive power

[Hz]

[pu]

Base case

0.67

0.22

49.8

0.049

Desired

C.1

32% increase

35% decrease

49.35

0.048

Cautionary

C.2

7% decrease

74% increase

49.9

0.058

Cautionary

C.3

53% decrease

56% decrease

50.55

0.015

Cautionary

C.4

3.5% increase

90% decrease

49.75

0.062

Cautionary

C.5

50% increase

20% increase

49.00

0.116

Extreme

69

Region

Chapter 4. Corrective control

1.1

[pu]

29%
34%

8% 23%

15%
15%

2

3

4

5

6

7

8

9

51
50.5

1

50

49.5

0.9
1

2

3

4

5

6

7

8

9

49

f

1.1

51

1

0.9

4% 4% 3% 1%
5% 5%

Initial event 30%
After VFMT

30%

50

49.5
1

2

3

4

5

6

7

8

9

f

1.05

[pu]

31%
30%

50.5

0.95

42%

12% 29%

(e)

[pu]

1.05

Initial event
After VFMT 29%

1

50

0.95

0.85

49

50.5

49.5

0.9
30%
27%

[Hz]

49

f

0.95

24%

7%
7%
6%
7%

32%
29%

1

1.05

33%

(d)

49.5

1.1

[pu]

Initial event
After VFMT

50

0.95

15%
15%

23%

50.5

1

0.9

49

51

1.05

15%

29%

f

1
2
3
4 5
6
7
8
9
Voltage magnitude at different buses

1.1

29%

(c)

49.5

0.95

22%
7%
7% 7%
7%

50

1

0.9

Initial event
After VFMT

50.5

1.05

30%

37% 28%

51

[Hz]

5% 5%
5%
5%

Initial event 30%
After VFMT
32%

(b)

After VFMT

[Hz]

36% 30%

Initial event

P3

P
2

[pu]

(a)

DDG

DDG DDG

P1

P2

[Hz]

BES

P1

P2

49

1

2

3

4

5

6

7

8

9

f

[Hz]

BES

NDDG NDDG

P1

48.5

Figure 4.4 Impact of the VFMT on the active power contribution of each component
of the MG, as well as the voltage magnitude at MG buses and its frequency for
Example-(a) C.1, (b) C.2, (c) C.3, (d) C.4, (e) C.5.
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4.4.1

C.1. An under-frequency event

Case-1 is an example when the network under investigation is heavily loaded (i.e.,
above 30% increase of the active and reactive power consumption of the load, see
Table 4.6), which causes an under-frequency event (i.e., the MG’s frequency drops
from 49.8 Hz to 49.35 Hz, see Table 4.6). It is shown in Case-1e that, by applying the
VFMT, the frequency rises to 50 Hz. The doughnut charts in Figure 4.4a illustrates the
contribution of each component of the MG in the initial case (Case-1) and after
applying the optimal decision variables, determined by the VFMT. Rescheduling the
DDGs is enough to mitigate the frequency violation optimally. Hence, more expensive
options like BES, the renewable curtailment or the demand response are not required
in this case. This figure also shows the voltage magnitudes at all buses of the MG under
consideration and its frequency, in both of these conditions.

4.4.2

C.2. An under-voltage event

Consider an event in which the reactive power consumption within the MG increases
suddenly by 74% (see Table 4.6), and as a result, the voltage magnitude at bus-1, 2
and 4 drop below 0.95 pu, while the frequency is within the desired region (see Figure
4.4b). Due to the voltage violation, the VFMT takes immediate action and decides to
utilise the BESs for reactive power support to bring the voltage into the desired region,
by supplying additional reactive power. Also, it rearranges the active and reactive
power dispatched from the DDGs. It reduces the active power contribution of the
diesel-based DDG-2 by 14% while increasing the contribution of solar-based DDG-3
by 9% (because of the available energy stored in its power smoothing storage), to
improve the sustainability and operational factors of the MG. The VFMT finds that the
actions of layer-1 and 2 of Figure 3.3 are sufficient to improve the voltage deviation
within the MG.

4.4.3

C.3. An over-frequency event

Assume an event in which the active and reactive power consumption within the MG
drops by more than 50% unexpectedly (see Table 4.6), meanwhile the output power of
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the NDDGs increase abruptly, and thereby, the frequency rises to 50.55 Hz and beyond
the desired region (see Figure 4.4c). VFMT decides that conducting layer-1 action is
only adequate to bring down the MG’s frequency and maintain the voltages, at all
buses. The droop set-points of the DDGs (i.e., 𝑉 max and 𝑓 max ) are changed,
respectively from 1.05 pu and 51 Hz to 1.04 pu and 50.2 Hz, along with optimally
setting the droop coefficients.

4.4.4 C.4. An over-voltage event

Consider an event in which the reactive power demand of the MG reduces
unpredictably by 90% (see Table 4.6), and thereby, the voltage magnitudes at bus-9
and 10 of the MG increase to 1.059 and 1.062 pu respectively, and beyond the desired
region (see Figure 4.4d). Therefore, the VFMT takes prompt action and brings the
voltages into the desired region by conducting layer-1 action only. It adjusts the active
power dispatches from the DDGs (i.e., by increasing the contribution of DDG-1 by
13% while reducing the output power of DDG-2 by 17%) while DDG-1 supplies
almost 80% of the total reactive power demand. As a result, the overall contribution
of the DDGs almost remains the same, and no other changes are applied.

4.4.5 C.5. An under-voltage and under-frequency event

Assume an event in which the active and reactive power demand of the MG sharply
increases by 50 and 20% respectively (see Table 4.6), and as a result, the voltage
magnitude at bus-1 drops to 0.88 pu (within the extreme region) whilst the voltage
magnitudes of most other buses also drop to the cautionary region. Meanwhile, the
MG’s frequency drops to 49 Hz, the edge of the cautionary region (see Figure 4.4e).
As a result, the VFMT acts immediately and conducts layer-1 actions. It decides to
reconfigure the MG, by switching off line-1 and changing the set-points of 𝑉 max and
𝑓 max of the DDGs (from 1.05 pu and 51 Hz to 1.03 pu and 51.5 Hz respectively), along
with optimally setting the droop coefficients. However, these actions are not enough
to bring the voltage and frequency to the desired region; hence, layer-2 and 3 actions
are also initiated; i.e., BESs discharges 0.04 pu power while a small amount of loads
(i.e., 0.01 pu) are shed under the demand response, to resolve the voltage and frequency
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problem.

4.4.6

C.6. Voltage and frequency in the desired region

Consider a situation in which the voltage and frequency of MG are within the desired
region, and a load demand of 0.66 pu is shared equally by the DDGs. Assuming Δ𝑇 of
Figure 3.2 to be 10 minutes (i.e., the pre-defined period that the VFMT takes a timetriggered action), the VFMT analyses and further improves the MG’s operation by
transferring 13% of its load from the diesel-based DDG-2 to the renewable energy
source-based DDG-1 and 3 (see Figure 4.5). The decisions of the VFMT result in
respectively 45, 27 and 4% reduction in the costs of 𝑂𝐹sus , 𝑂𝐹op and 𝑂𝐹adq from those
of the initial event. Likewise, the overall 𝑂𝐹 and the power losses in the MG reduce
by 8%. Hence, not only can the VFMT resolve the voltage and frequency problems (as
illustrated in previous examples), it also improves the MG performance, even when its
voltage and frequency are within the desired region.
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Figure 4.5 (a) Impact of the VFMT on the contribution of each component of the MG
(b) Percentage improvements after employing VFMT for Example C.6.

4.5

Comparative Analysis

As was discussed in Section 2.1, there are limited number of works that have focused
on the short-horizon operational-stage optimisation of MGs, which have been
compared with the proposed VFMT in Table 2.1. To this end, each of the events in
Example C.1 to C.6 are also evaluated, using the techniques proposed in [23-24].
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Table 4.7 Comparison of the performance of the proposed VFMT with methods in
[23-24] for Example C.1 to C.6.
Example

C.1

Parameters

[23]

[24]

Proposed VFMT

max(|Δ𝑉𝑖 |) [pu]

0.049

0.048

0.04

Δ𝑓 [Hz]

0

0

0

ROC [¢/min]

4.2

4.2

4.2

No solution

No solution

found!

found!

max(|Δ𝑉𝑖 |)
C.2

Δ𝑓
ROC

C.3

C.4

2.8
0.02

0.02

0.02

Δ𝑓

0.01

0.01

0

ROC

1.9

1.9

1.5

max(|Δ𝑉𝑖 |)

0.05

0.05

0.04

Δ𝑓

0

0

0

ROC

3.7

3.7

3.4

No solution

No solution

found!

found!

max(|Δ𝑉𝑖 |)

0.05

0.05

0.03

Δ𝑓

0

0

0

ROC

3.4

3.4

3.1

Δ𝑓
ROC

C.6

0.3

max(|Δ𝑉𝑖 |)

max(|Δ𝑉𝑖 |)
C.5

0.02

0.049
0.01
5.4

These results are summarised in Table 4.7. This table lists the maximum observed
deviation in the voltage and frequency of the MG (under each event), along with the
real operational cost (ROC) of the MG, within that interval (i.e., the accumulated cost
of fuel consumption, emission and maintenance of the DDGs, as well as the cost of the
demand response). As seen from this table, existing methods described in the literature
may not be able to bring the voltage and frequency into the desired region in every
event (e.g., in Example C.2 and C.5). On the other hand, when all methods are capable
of successfully maintaining the voltage and frequency within acceptable limits, the
proposed VFMT leads to a lower voltage and frequency deviation, as well as lower
ROC (e.g., in Example C.3, C.4 and C.6) or almost equal to that (e.g., in Example C.1).
Moreover, the techniques proposed in [23-24] only consider the operation cost of the
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system, ignoring the sustainability, reliability and technical aspect of the system.

4.6

Time-series Analysis

Now, let us consider the operation of the considered MG in Figure 4.1, over a period
of 60 minutes, with the assumed variations in its demand and NDDGs, as shown in
Figure 4.6a. Also, let us consider that Δ𝑇 = 10 min. The variations of the MG’s
maximum voltage deviation and frequency, with and without the proposed VFMT, are
depicted in Figure 4.6b-c for this period. The power dispatch from DDGs (with and
without VFMT) and the support of the BESs, the renewable curtailment and the
demand response are also shown in Figure 4.6d. As seen from this figure, the first
time-triggered operation of the VFMT occurs at 𝑡 = 10 min. As a result, the DDGs
are supplying an optimum amount of power, instead of equally sharing the load (in the
case of without VFMT) to minimise the cost. There is an event of over frequency (𝑓 =
50.62 Hz) at 𝑡 = 18 min, as the MG demand decreases, whilst the output of the
NDDGs increases. Thus, the VFMT acts promptly and brings down the frequency to
50.5 Hz (the boundary of the desired region), only by rearranging the power dispatch
of the DDGs. In the following 10 minutes, the frequency remains within the desired
region; hence, another time-triggered action takes place at 𝑡 = 28 min, to optimise
the MG’s operation. At 𝑡 = 35 min, the MG’s demand increases whilst the output
power of NDDGs decreases, which results in the frequency drop to 49.25 Hz, as well
as the maximum voltage deviation increase to 0.06 pu. After sensing the frequency
and voltage violation, the VFMT takes immediate action and brings the frequency up
to 50 Hz and the voltage deviation well below 0.05 pu. If the VFMT was not employed
over this period, the MG’s frequency would have been lower than 49.5 Hz for 10
minutes (i.e., 30 < 𝑡 < 40 min) whilst the maximum voltage deviation would have
also been above 0.05 pu for 15 minutes (i.e., 30 < 𝑡 < 45 min). As there are no
significant events to violate voltage and frequency for 𝑡 > 35 min, the VFMT only
takes time-triggered actions every 10 minutes for the remaining period of the study.
Figure 4.6e shows the ROC of the MG, with and without the VFMT, and illustrates
that the developed VFMT has reduced the MG’s total ROC by 12% (i.e., from $2.43
to $2.13) in this period, in addition to retaining the voltage and frequency within the
desired region.
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Figure 4.6 Performance of the VFMT over a considered time: (a) MG’s Demand and
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Table 4.8 Systems used for time complexity analysis.
System

S.1

S.2

S.3

S.4

S.5

S.6

S.7

Number of buses

9

18

27

36

45

54

63

Number of decision variables

17

30

43

56

69

82

95

4.7

Time Complexity

As expected from any optimisation technique, the solution speed will become slower,
for an increase in the number of decision variables and system size. As such, the key
limitation of the proposed technique is employing it on extremely large MGs. In such
situations, proper simplifications in the employed power flow analysis and
optimisation solver (such as those presented in [126-127]) are essential.
Another study is conducted to illustrate the performance of the proposed VFMT, with
respect to an increase in the size (i.e., the number of buses) of the considered MG, as
well as the size of the decision variables. Table 4.8 lists 7 systems, in which the number
of buses of the assumed MG increases from 9 to 63 while the number of decision
variables increases from 17 to 95. Multiple power flow analysis iterations take place
inside each PSO. Hence, the number of power flow analysis iterations (operations) is
monitored when the proposed technique is applied to each considered system. Figure
4.7 depicts this relationship and shows that the proposed technique has a logarithmic
time complexity (denoted by 𝑂(log 𝑛)) [128-129].
It is noteworthy that, with the on-going advancements in industrial and real-time
processors [130], it will not be unexpected in the near future to access platforms that
satisfy the required processing speed, even for extremely large MGs.
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4.8

Summary

This chapter has demonstrated the effective operation of the proposed multilayer and
event-triggered management technique, in retaining the voltage and frequency in a
standalone MG, through numerical analyses. The studies show that, along with
considering the operational cost of the MG, the proposed technique considers other
vital aspects, such as MG’s sustainability and dynamic supply adequacy. To this end,
it optimises the power dispatch of the DDGs and charging/discharging of the BESs
while controlling the amount of demand response and renewable curtailment. The
studies demonstrate that the MG operator can determine the equivalent costs of these
actions based on its operational mechanism while it will have flexibility in allocating
a higher or lower priority for each of the considered objectives. The studies also
demonstrate the superior performance of the proposed technique against other similar
techniques, existing in the literature.
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Chapter 5

Preventive Control

This chapter presents the numerical analyses used for demonstrating and validating the
performance of the proposed preventive control. Several case studies have been
developed for a sample network under study in which unacceptable voltage or
frequency deviation has been predicted. It has been demonstrated in this chapter that
the proposed and formulated preventive controller can successfully manage the various
resources in the MG and prevent the appearance of the unacceptable voltage and
frequency in the network. The chapter also presents a comparative analysis of the
performance of the proposed technique against similar existing techniques in the
literature. The sensitivity of the proposed technique against prediction errors is also
presented. Finally, the applicability of the proposed technique has been demonstrated
for MGs with larger networks and a higher number of components.

5.1.

Network Under Consideration

Consider the 10-bus system of Figure 5.1 to evaluate the performance of the proposed
PVFC. It is a modified network from Figure 4.1 to accommodate a connection to a
neighbouring MG. This MG consists of 2 NDDGs, 3 DDGs, 2 BESs, 2 reconfigurable
lines and one connection to a neighbouring MG (through bus-7), supplying a
maximum demand of 20 kVA. The DDGs are assumed to have equal ratings of 10kVA
(and a maximum active power supply capacity of 7kW, see Table 4.1). It is to be noted
that equal rating does not mean equal load sharing, as their power generation is
determined by their droop coefficients (i.e., 𝑚1 , 𝑚2 and 𝑚3 ), defined by the proposed
controller. As such, regardless of their ratings, they can share the loads equally or
unequally.
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Load-2
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{1.8 Ω, 2.1 mH}

7
NMG

Figure 5.1 Considered MG system for the numerical analyses.

Table 5.1 Considered technical parameters for MG.
𝑆𝑅𝐼 max

𝐸𝐷𝐼 max

𝑅𝐶𝐼 max

max
𝑃loss

𝛼 RC

𝛼 add

𝛼 shed

0.9

0.2

0.4

10% of load

50%

30%

50%

p

p

p

p

p

𝜔1 = 0.1; 𝜔2 = 0.3; 𝜔3 = 0.3; 𝜔4 = 0.1; 𝜔5 = 0.2; 𝑉base = 𝑉nom =220 V;
𝑆base=20 kVA; 𝑓base = 𝑓nom = 50 Hz;

The desired regions of voltage and frequency for the MG are assumed as 1 ± 0.05 pu
st
st
st
st
and 50 ± 0.5 Hz while 𝑉max
=1.1 pu, 𝑉min
= 0.9 pu, 𝑓max
= 51 Hz, and 𝑓min
= 49 Hz.

The forecast horizon and the prediction interval are respectively 𝑇1 = 5 and 𝑇4 = 3
min while the predicted data have one-minute resolutions. It is also presumed that all
scenarios in Table 3.2 have the same probability (i.e., 𝜋1 = ⋯ = 𝜋 9 ) while 𝑒 =
15%. The impact of 𝜋 𝑆 and 𝑒 are discussed through a sensitivity analysis in the
following section. Table 4.1 and Table 5.1 provide the considered technical parameters
and costs in modelling this MG, along with the assumed values for the weightings of
p

p

𝜔1 to 𝜔5 and base values of voltage, power and frequency for the numerical analyses.

5.2.

Sample Performance

Let us first envisage the operation of the considered MG over a sample 60-minute
period with the assumed variations in its demand and NDDGs, as shown in Figure
5.2a. As seen in Figure 5.2b-c, at t = 13 min, a frequency rise beyond the desired region
is forecasted for t = 18 min. Therefore, the PVFC activates promptly to prevent the
prospective frequency deviation. It modifies the droop coefficients of the DDGs to a
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Figure 5.2 (a) Variation in demand and NDDGs’ output power, (b) MG’s frequency
with and without the proposed PVFC, (c) MG’s 𝑉𝐷𝐼 with and without the proposed
PVFC, (d) Droop coefficients of DDGs, (e) Droop set-points of DDGs, (f) Power
transaction between MG and neighbouring MGs, (g) MG’s 𝑆𝑅𝐼, (h) MG’s 𝑅𝐶𝐼, (i)
MG’s 𝐸𝐷𝐼, (j) MG’s ROC with and without the proposed PVFC.

new optimal level (see Figure 5.2d) to reduce the output power of DDG-2 and DDG3. The frequency droop set-point of 𝑓 max is also slightly reduced (see Figure 5.2e). As
such, the voltage and frequency is retained within the desired region (see Figure 5.2bc). At t = 28 min, an increase in demand and drop in NDDG’s power are forecasted
for t = 33 min, which would result in voltage and frequency drop beyond the desired
region (see Figure 5.2b-c). To prevent this, the PVFC adjusts the power dispatch from
the DDGs to new optimal levels by changing their corresponding droop coefficients
while increasing voltage and frequency droop set-points (see Figure 5.2d-e). However,
these actions are not enough to prevent the undesired region operation. A power of
0.015 pu has also to be imported from the neighbouring MG (as depicted in Figure
5.2f). The PVFC does not choose to request support from the expensive actions such
as exchanging power with the BESs, demand response or renewable curtailment in
these instances. PVFC also keep 𝑆𝑅𝐼, 𝑅𝐶𝐼 and 𝐸𝐷𝐼 indices below the allowed levels,
as depicted in Figure 5.2g-i. The ROC of the MG before implementing the proposed
PVFC and after that are presented in Figure 5.2j for the same period. It can be seen
from this figure that the proposed PVFC has also reduced the ROC of the MG in the
majority of that period. The above example illustrates the effectiveness of the PVFC
in retaining the voltage and frequency of the MG within the desired region at the least
cost.
To demonstrate the capability of the proposed PVFC in improving the MG’s
performance along with controlling the voltage and frequency, let us consider the
predicted event at t = 33 min in which the PVFC prevents a prospective undesired
voltage and frequency violation. To this end, it rearranges the dispatch of the DDGs
by increasing the contribution of the DDG-1 and DDG-3 (see Figure 5.3a), which are
closer to the load buses. At the same time, it also finds importing 5% of the demand
from the available neighbouring MG is required to support the MG since this power is
assumed cheaper than other supportive actions. The expensive diesel-based DDG-2
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supplies 9% less power according to the PVFC’s decision to reduce the operational
and emission costs while improving the MG’s spinning reserve (i.e., reducing the 𝑆𝑅𝐼).
Figure 5.3b illustrates the percentage of improvements of each objective function of
(3.30) and the MG’s ROC under the proposed PVFC versus the condition when PVFC
is not implemented. It can be seen from this figure that by applying the defined control
variables by the PVFC, 𝑂𝐹tech and 𝑂𝐹op reduce by 10% and, the MG’s emissions
reduces by almost 30% while 𝑂𝐹rel improves slightly, and the MG’s ROC reduces by
2%.

P1 NDDG
P2 NDDG
P1 BES
P2 BES
P NMG
P1 DDG
P2 DDG
P3 DDG

2% 2%
5%
35% 32%

2% 2%

32%
Without PVFC
With PVFC
35%

32%
21%

(b)
35
30
25
20
15
10
5
0

%

(a)

OFtech OFop OFsup

OFenv OFrel ROC

Figure 5.3 (a) Individual contribution of different elements of the MG to retain voltage
and frequency within the desired region, (b) Percentage improvements of objective
functions and ROC because of PVFC.

The MG is expected to operate standalone barring the emergency situations when
support is required if available. To demonstrate the impact of NMG on the PVFC
outcome let’s consider a scenario when the predicted demand is way too low (i.e. 0.142
pu) and the NDDGs are at their peak (0.095 pu), which will lead to an over frequency
condition. As seen in Figure 5.4a, without the NMG, the PVFC suggests an additional
future load of 0.009 pu under DR while charging the BESs at 0.0395 pu to maintain
the minimum loading of the DDGs as well as keep the VF within the Desired region.
On the other hand, when the NMG is available, the DR and BES charging is not
required, instead of those an export of 0332 pu power to the NMG can solve the VF
problem. Note that DDGs need to supply 0.01159 pu less power when the NMG is
available. These changes affect the objective functions of the MG as shown in Figure
5.4b. The 𝑂𝐹tech is almost 50% higher when NMG is utilized, mainly because of the
𝐸𝐷𝐼 in (3a). Supports from BESs and expensive DR are used in the absence of NMG,
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which results in very high 𝑂𝐹sup compare to the value with available NMG. Similarly,
DDG-3, has low availability (see Table 1), dispatches more power without NMG,
which leads to bit higher 𝑂𝐹rel .

(a)

0.15
Without NMG
With NMG

0.1
[pu]

0.05
0

∑ P BES

∑ P load

-0.05

∑P NDDG

P NMG
∑P DDG

-0.1
-0.15
(b)

OFrel
OFenv
OFsup
OFop
OF
tech
0

1

2

3

Figure 5.4 Impact of the availability of NMG, (a) Contribution of NDDGs, BESs,
NMG and DDGs, (b) Different objective function values.

5.3.

Performance under Prediction Errors

The proposed PVFC uses the data from forecasting tools. Even though 𝑒 is considered
in formulating the problem (see Table 3.2), the actual prediction error (𝑒) can be larger
or smaller than 𝑒. To visualize the impact of 𝑒 ≠ 𝑒, on the operation outcome of the
proposed PVFC, another study is conducted. In this study, it is assumed that the real
demand or generation by NDDGs has a small difference (below 15%) with those
predicted amounts, which is aligned with the accuracies reported in [36, 39]. Figure
5.5 illustrates 8 sample cases with a small 𝑒. Case-1 considers 4 instances where the
actual value of load/NDDG power is lower than the predicted values, while Case-2
considers another four instances in which the actual values are beyond the predicted
values. The predicted values and the observed actual values for these 8 cases are
summarised in Table 5.2.
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Table 5.2 The assumed prediction and actual amount of the total demand and
NDDGs’ generation change between t = 5 and 10 min.

Initial [pu]

1a

1d

2a

2b

0.62 0.57 0.62 0.57

–50

+46

–50

+46

Actual [%]

–35

+37

–50

+46

Initial [pu]

0.08

∑ 𝑃𝑖NDDG Prediction [%]
Actual [%]

2c

2d

0.62

0.57 0.62

–50

+46

–50

+46

–56

+50

–50

+46
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Figure 5.5 The actual and predicted demand, NDDGs’ generation and the resulting
frequency and 𝑉𝐷𝐼 under the proposed PVFC for the assumed study cases in Table
5.2.

In Case-1a, at t = 5 min, a demand decrease of 50% is predicted for t = 10 min, which
will lead to a frequency rise beyond the desired region. Thus, the PVFC is activated
and optimises the control variables. However, at t = 10 min, the observed actual
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demand is found to be 15% higher than the predicted demand (i.e., 𝑒 = 15%).
However, the voltage and frequency within the MG stay within the desired region (see
Figure 5.5-1a). In case-1b, an overloading was predicted, which indicated a
prospective voltage and frequency drop beyond the desired region; however, in reality,
the actual demand observed is found to be 9% lower than the predicted amount (i.e.,
𝑒 = –9%). Therefore, the MG’s frequency is slightly higher than the predicted amount
but still within the desired region while the voltage deviation is not affected much (see
Figure 5.5-1b). Similarly, Case-1c and d represent respectively instances in which an
𝑒 of 9 and 15% are observed in the generation amount of NDDGs. However, in both
cases, the voltage and frequency of the MG are hardly impacted by this prediction error
(see Figure 5.5-1c and Figure 5.5-1d).
Case-2a represents a scenario in which the actual demand drops 6% more than the
predicted amount (i.e., 𝑒 = 6%). However, the MG operates without any unacceptable
voltage and frequency deviation with the help of the proposed PVFC (see Figure 5.52a). Case-2b shows an instance in which the actual demand rises 4% more than the
predicted amount (i.e., 𝑒 = 4%); however, it is found that the inaccuracy has a minimal
effect on the MG’s voltage and frequency (see Figure 5.5-2b). Conversely, Case-2c
depicts a scenario in which the actual NDDG power is 4% much lower than the
predicted amount (i.e., 𝑒 = 4%). As a result, the frequency drops slightly, and the
voltage deviation increases but both are within the desired region (see Figure 5.5-2c).
In Case-2d, the actual NDDGs’ generation is 9% higher than the predicted amount
(i.e., 𝑒 = 9%). However, this inaccuracy does not result in any deviance in the voltage
and frequency (see Figure 5.5-2d).

5.4.

Comparative Analysis

As depicted in Table 2.2, there are limited works that can be numerically compared
with the proposed PVFC. The overloading event at t = 33 min of the example of
Section 5.2 is re-analysed by the methods of [24] and [50] to demonstrate a
comparative analysis against the proposed PVFC. The results are summarised in Table
5.3, which lists 𝑉𝐷𝐼, 𝐹𝐷𝐼, ROC, line losses along with the values of different objective
functions of (3.30). The study shows that the proposed PVFC has respectively 45 and
51% better 𝑉𝐷𝐼 than [24] and [50]. Likewise, a better outcome is seen for most of the

86

Chapter 5. Preventive control
parameters while for a few (i.e., ROC, 𝐹𝐷𝐼, 𝑂𝐹tech , 𝑂𝐹rel ), almost similar performance
is observed (as depicted in Table 5.3). It is to be added that, several other events were
also analysed as part of this study in which the existing techniques failed in
maintaining the voltage and frequency while the proposed PVFC was successful.

Table 5.3 Comparative analysis for the proposed PVFC against the methods
proposed in [24] and [50] for an overloaded event.
Parameters

[24]

[50]

Proposed PVFC

𝑉𝐷𝐼 (pu)

0.048 (+45%)

0.0498 (+51%)

0.033

𝐹𝐷𝐼 (Hz)

0.5 (0%)

0.5 (0%)

0.5

ROC [¢/min]

5.72 (–1.38%)

5.74 (–1%)

5.8

𝑃loss (kW)

0.94 (+9.3%)

0.94 (9.3%)

0.86

𝑂𝐹tech

0.93 (0%)

0.92 (–1%)

0.93

𝑂𝐹op

1.75 (+7.4%)

1.74 (+6.7%)

1.63

𝑂𝐹rel

16.78 (+2%)

16.75 (+1.8%)

16.46

𝑂𝐹env

3.32E-4 (+17.7%)

3.32E-4 (+17.7%)

2.82E-4

5.5.

Sensitivity Analysis

As seen from the previous section, 𝑒 can affect the objective functions and the MG’s
ROC. On the other hand, the considered 𝑒 and 𝜋 𝑆 , in Table 3.2, also affect the outcome
of the PVFC. Hence, this section discusses the sensitivity of PVFC on these
parameters.

5.5.1. Actual Prediction Error (𝒆)

Consider the predicted event at t =18 min of the example of Section 5.2. The PVFC
finds that the voltage and frequency of the MG can be retained within the desired
region by only rearranging the dispatch of the DDGs (through optimally adjusting the

Table 5.4 Correlation indices among the variety of different objective functions and
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MG’s ROC versus the variations in 𝑒, 𝑒 and 𝜋1 .
Parameters

𝑒

𝑒

𝜋1

𝑂𝐹tech

0.99

– 0.99

0.58

𝑂𝐹op

0.99

– 0.99

– 0.92

𝑂𝐹sup

0.99

0.99

– 0.62

𝑂𝐹rel

0.99

– 0.99

– 0.96

𝑂𝐹env

0.99

– 0.99

0.14

ROC

0.99

0.99

– 0.40

(a) Percentage change of OFs from the predicted values
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Figure 5.6 (a) Changes in the actual value of each objective function of (3) versus 𝑒,
(b) The value of each objective function and ROC for no error and the range of change
for −15% < 𝑒 < 15%, (c) The defined optimal control variables (i.e., the droop
coefficient of DDGs) for no prediction error and its variation by re-analysing the MG
for the actual loads.

droop coefficients of the DDGs). A sensitivity analysis is conducted in which the
actual demand is varied from –15 to +15% in steps of 5%, from the predicted value.
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The actual value of each of the objective functions in (3.30) is calculated using the
defined control variables by the PVFC (assuming 𝑒̅ = 0).
Figure 5.6a illustrates the percentage change of objective functions as 𝑒 increases from
–15 to +15% and shows this linear relationship. Figure 5.6b illustrates the expected
amount of each of these objective functions and the ROC along with the range of their
variation within the assumed error range while Figure 5.6c depicts the range of the
control variables (i.e., the droop coefficients of the DDGs) for each actual demand
level by re-analysing the MG for each actual demand. Figure 5.6b shows that the
predicted ROC is 2.6 ¢/min; however, it increases to 3 ¢/min when the actual demand
is 15% higher than the predicted amount (i.e., 𝑒 = +15%) while it drops to 2.2 ¢/min
when the actual demand is 15% below the prediction (i.e., 𝑒 = –15%). Table 5.4 lists
the correlation index of these objective functions and the MG’s ROC with 𝑒 and
demonstrates a positive and linear correlation for all parameters with an index of 0.99.

5.5.2. Prediction MAAPE (𝒆)

To illustrate the impact of 𝑒 within the assumed scenarios of Table 3.2, used in the
objective function of (3.29), another study is conducted in which 𝑒 changes from 0 to
15%. Figure 5.7a illustrates the range of variation for each objective function of (3.30)
versus the change in 𝑒 for a sample voltage and frequency violating event, for which
the proposed PVFC is activated to prevent the violation. The total demand and
NDDG’s outcome are predicted as 1.048 pu and 0.06 pu, respectively. Figure 5.7b
depicts the amount of supportive actions (by demand response and BES) decided by
the PVFC. It can be seen from this figure that the proposed PVFC has taken more
conservative measures and chooses more expensive supportive actions (such as
demand response and BES) with an increase in 𝑒 to guarantee that the voltage and
frequency of the MG will be retained within the desired region. It is also seen that the
ROC of the MG will be least if a very accurate forecasting tool (i.e., 𝑒 = 0) is used.
Table 5.4 also shows the correlation indices for the objective functions and the MG’s
ROC with 𝑒. As seen from this table, all parameters have a linear correlation; however,
some of them have a positive correlation (i.e., for 𝑂𝐹sup and ROC) while for the others
it is negative.
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Figure 5.7 Sensitivity analysis result for changing 𝑒 from 0 to 15% in Table 3.2: (a)
Changes in objective functions, (b) Changes in the contribution required from
supportive actions and the MG’s ROC.

Table 5.5 MG’s 𝑉𝐷𝐼 and 𝐹𝐷𝐼 under a few sample events assuming 𝑒 is 0 or 15%.
𝑒 [%]

0

15

Event

𝐹𝐷𝐼 [Hz]

𝑉𝐷𝐼 [pu]

𝐹𝐷𝐼 [Hz]

𝑉𝐷𝐼 [pu]

1

0.465

0.0475

0.355

0.0238

0.465

0.0306

0.245

0.0173

0.485

0.048

0.23

0.0167

0.475

0.0406

2
3

#
0.315

4
5

0.014
#

0.295

6

0.0135
#

7

0.305

0.0138

0.24

0.017

8

0.455

0.0392

0.35

0.0235

0.365

0.0241

9

#

# Unacceptable voltage and frequency deviation
Table 5.5 compares the 𝐹𝐷𝐼 and 𝑉𝐷𝐼 of the considered MG for an 𝑒 of 0 and 15%
under 9 sample events. These events consequently correspond to the scenarios given
in Table 3.2, in which it is assumed that 𝑒 = 15%. From this table, it can be seen that
if 𝑒 is ignored (i.e., 𝑒 = 0), the control variables defined by the PVFC cannot retain
the voltage and frequency within the desired region for some of these sample events.
However, the MG’s 𝐹𝐷𝐼 and 𝑉𝐷𝐼 are within the acceptable limit for all considered
sample events for 𝑒 = 15%.

90

Chapter 5. Preventive control
5.5.3. Scenario Probability (𝝅𝒔 )

In all the previous numerical analyses, the same probability was assumed for the
scenarios of Table 3.2 (𝜋1 = ⋯ = 𝜋 9 ). To illustrate the impact of 𝜋 𝑠 , another study is
conducted for the example of Section 5.3. In this study, the probability of scenario-1
(i.e., 𝜋1 ) is varied from 0.2 to 0.8 in steps of 0.2 while the rest of the scenarios in Table
3.2 have an equal probability. Figure 5.8 illustrates the result of this study for different
objective functions of (3.30), as well as the MG’s ROC, for each analysis. It can be
seen from this figure that the proposed PVFC is not affected by the variations in the
probability of the scenarios and 𝜋 𝑠 is less dominant than 𝑒, which is also evident from
the correlation indices of Table 5.4.

OFtech
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OFsup

16

OFenv

OFrel

ROC

12
8
4
0

π1 = 0.2

π1 = 0.4

π1 =0.6

π1 =0.8

Figure 5.8 Sensitivity analysis result for changes in 𝜋1 from 0.2 to 0.8.

5.6.

PVFC’s Performance in Large MGs

The proposed PVFC can be employed in standalone MGs regardless of the network’s
voltage level (i.e., low or medium voltage), the network’s topology (e.g., radial, loop,
mesh) or the number of load/generator buses. To demonstrate the application of the
proposed PVFC in a large MG, the 64-bus medium voltage system of Figure 5.9 is
considered, which is an expansion of the network in Figure 5.1. Table 5.6 presents the
considered technical parameters and coefficients for this network. The operation of the
considered MG is analysed for an assumed variation in its demand and NDDGs, over
a sample 60-minute period, as shown in Figure 5.10a. At t = 10 min, an undesired
frequency rise is predicted for t = 15 min (see Figure 5.10b). As such, the PVFC takes
action and adjusts the control variables accordingly to prevent
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Figure 5.9 Considered 64-bus MG.

Table 5.6 Considered technical parameters for the MG in Figure 5.9.
MG’s DDGs

DDG- DDG- DDG1,2

3,4

5,6

αDDG [%]

10

10

0

(𝑃DDG )max [MW]

1.5

1.5

(𝑇DDG )off [min]

10

(𝑇DDG )on [min]

MG’s DDGs

DDG- DDG- DDG1,2

3,4

0.8

1

1.5 𝐶 O&M [$/hr]

0.08

0.08

0.04

10

DG
0.5 𝐶cap
[$/kW]

400

500

700

15

15

0.5 𝑇 op [hr]

max up
(𝑅𝑅DDG
) [kW/s]

10

10

60

𝐸𝑚DG [kg/kWh]

0

0.014

0

max down
(𝑅𝑅DDG
)
[kW/s]

10

10

60

𝐶𝑜𝑠𝑡 ST [$]

10

10

0

𝑓𝑢𝑒𝑙 [L/kWh]

0.2

0.25

𝐶 fuel [$/L]

5,6

12,000 15,000

𝐴𝑣NDDG = 0.8; 𝐴𝑣BES = 0.9; 𝐴𝑣EE = 0.85; 𝐴𝑣DDG-1,2 = 0.9; 𝐴𝑣DDG-3,4 = 0.9; 𝐴𝑣DDG-5,6
= 0.8; 𝐸 life = 1,950 kWh; 𝐼 max = 35 A; 𝑆𝑅𝐼 max = 0.9; 𝑅𝐶𝐼 max = 0.6; 𝐸𝐷𝐼max = 0.1;
max
𝑃loss
= 10% of load; 𝜔1 = 0.1; 𝜔2 = 0.3; 𝜔3 = 0.3; 𝜔4 = 0.1; 𝜔5 = 0.2; 𝛼 RC = 50%;

𝛼 add = 30%; 𝛼 shed = 50%; 𝑉base = 𝑉nom =11 kV; 𝑆base=1.5 MVA; 𝑓base = 𝑓nom= 50
Hz;

the frequency violation. Likewise, at t = 34 min, another voltage and frequency
violating event is predicted for t = 39 min. Again, the PVFC successfully takes action
and prevents this prospective violation, as depicted in Figure 5.10b-c. As expected, the
PVFC satisfies all technical constraints (i.e., 𝑆𝑅𝐼, 𝑅𝐶𝐼, 𝐸𝐷𝐼) by keeping them below
the maximum acceptable limit in both events. This example can illustrate the

92

Chapter 5. Preventive control
successful operation of the proposed PVFC even for MGs with larger networks and a
large number of distributed loads.
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∑P load

8
6
4
2
0

1.6
1.2
0.8
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Figure 5.10 Performance of the proposed PVFC for the 64-bus MG.

5.7.

Summary

This chapter has presented numerical analyses of an effective preventive control
technique that uses the short-horizon prediction data of demand and the generation by
renewable sources. The studies illustrate that the proposed technique has determined
the most optimal control actions while preventing an unacceptable deviation in the
voltage and frequency of the MG. Furthermore, it has been demonstrated that the MG
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has been benefited by minimising the operation cost along with improving its
technical, environmental and reliability aspects. The studies show that the MG
operator can prioritise these aspects, according to their policies or performance indices.
The studies also show that by considering a substantial prediction error, the proposed
technique will take more conservative actions. Thus, using prediction tools that have
a smaller error will result in MG’s more optimal performance.
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Chapter 6

Control of Coupling Neighbouring

MGs

This chapter presents the numerical analyses used for demonstrating and validating the
performance of the proposed technique that aims to couple suitable neighbouring MGs
to maintain their voltage and frequency. Several case studies have been developed for
a sample multi-MG network under study. It has been demonstrated in this chapter that
the proposed and formulated controller can successfully decide on the most optimal
formation of the system of coupled MGs when internal resources of an MG were not
capable of retaining the voltage and frequency in that MG. The proper level of power
exchanged between the MGs have been also determined by the proposed technique.
The chapter also presents a comparison between forming several systems of coupled
MGs instead of one, if and when possible.

6.1.

Network Under Consideration

To test the capability of the proposed technique in handling the most complex scenario,
the multiple MG system of Figure 2.2d has been considered with 4 MGs, as depicted
in Figure 6.1 with six interconnecting lines (IL-1 to IL-6) between the MGs. Each MG
within the multiple MG system is assumed as a 10-bus system with the structure shown
in Figure 5.1. Even though in reality, each MG may have dissimilar configurations and
numbers of resources, for the sake of simplicity, all the MGs are assumed to have the
same number of resources and configuration in the studies of this chapter. This
assumption is valid as the main aim of this section is to demonstrate the performance
of the proposed technique, which is independent of the MG configuration and number
of resources. However, the nominal power demand of each MG, the generation
capacity of its DDGs and NDDGs are not assumed equal. Also, the cost of energy
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offered by each MG, when trading power within a coupled MG, as well as their
ownerships, are assumed to be different. In the study cases, the voltage and frequency’s
desired regions for the MGs are supposed as 1 ± 0.05 pu and 50 ± 0.5 Hz. Hence, an
MG would be considered as a PMG when its voltage and frequency fall outside of
these desired regions.
IL-1

MG-1

IL-2

MG-2

IL-5

IL-3
MG-4

IL-4
IL-6

MG-3

IL-1=IL-6=12a IL-2=IL-5=14a
IL-3=IL-4=6a a={0.1Ω ,0.35 mH}

Figure 6.1 Considered multiple MG system topology.

Table 6.1 Considered technical and cost parameters in numerical studies.

∑(𝑃𝑖DDG )

max

∑(𝑃𝑖NDDG )

[kW]

cap

[kW]

𝐴𝑣 HMG [%]
𝐸𝑚HMG [kg/kWh]

MG-1

MG-2

MG-3

MG-4

21

22

22

23

4

4

4

3

93

95

94

95

0.014

0.014

0.014

0.014

𝜔1c = 0.2; 𝜔2c = 0.2; 𝜔3c = 0.6; 𝜔1′ = 0.6; 𝜔2′ = 0.4;
Table 6.2 lists 5 sample cases in which either of 𝑉𝐷𝐼 or 𝐹𝐷𝐼 or both of them in at least
one of the MGs of Figure 6.1 becomes very large and the voltage and frequency fall
beyond the desired region. This table also lists the total demand of the MGs while the
offered energy transaction costs are presented in Table 6.3. In these case studies, it is
assumed that MG-1 and 3 have the same owner while MG-2 and 4 are their sister
concerns, which is reflected by the value of 𝛾𝑖𝑗MG in Table 6.3. It is also assumed that
the all the MGs are willing to support each other within the multiple MG system (i.e.,
𝛽𝑖HMG = 1, as given in Table 6.3). The other parameters of the multiple MG system
are provided in Table 6.1.
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Table 6.2 Demand and corresponding 𝑉𝐷𝐼 and 𝐹𝐷𝐼 in different case studies prior to
applying the proposed technique.
∑ 𝑃𝑖load [pu]

𝑉𝐷𝐼 [pu], 𝐹𝐷𝐼 [pu]

Case MG-1 MG-2 MG-3 MG-4

MG-1

MG-2

MG-3

MG-4

1

1.1

0.71

0.9

0.62 0.07, 0.013 0.03, 0.006 0.054, 0.014 0.02, 0.002

2

1.07

0.52

1.07

0.62 0.07, 0.013 0.03, 0.002 0.07, 0.013 0.02, 0.002

3

1.14

0.52

0.14

0.62 0.07, 0.013 0.03, 0.002 0.005,0.018 0.02, 0.002

4

1.14

0.52

0.14

0.62 0.07, 0.013 0.03, 0.002 0.005,0.018 0.02, 0.002

5

1.07

0.52

1.07

0.62 0.07, 0.013 0.03, 0.002 0.07, 0.013 0.02, 0.002

Table 6.3 Cost and relevant coefficients prior to applying the proposed technique.
𝐶𝑜𝑠𝑡𝑖HMG [$]

𝛾𝑖𝑗MG

𝛽𝑖HMG

Case

1

2

3

4

1

2

3

4

1, 2, 3

0.4

0.3

0.4

0.3

1

1

1

1

1

0

1

1

1

1

4, 5

0.4

0.3

0.4

0.6

1

1

1

1

1

0

1

1

1

1

6.2.

1-2 1-3 1-4 2-3 2-4 3-4

Performance in Some Exemplary Scenarios

MG-1 and MG-3 are assumed overloaded PMGs in Case-1 (denoted by PMGOL)
respectively with 1.1 and 0.9 pu, resulting in a voltage and frequency violation given
by the 𝑉𝐷𝐼 and 𝐹𝐷𝐼 shown in Table 6.2. The MGCC of each PMG optimises its
operation to prevent the voltage and frequency problem. It is found that MG-3 can be
converted to an HMG only by local actions (e.g., adjusting the droop coefficients of
its DDGs) while MG-1 needs to import 0.032 pu power from the HMGs on top of the
local actions. As soon as the MMSC receives the external power support request from
the MGCC of MG-1, it finds that MG-4 (i.e., the nearest HMG) is the optimum choice
to form a coupled MG with MG-1, by exporting the required power of 0.032 pu.
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(b) Case-2

(a) Case-1
MG-2
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PMG
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PMG
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MG-2

MG-1

IL-4

MG-2
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(c) Case-3

MG-4

MG-3

CMG

MG-3

Figure 6.2 The schematic representation of the multiple MG system and coupled MG.
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Figure 6.3 (a) VDI, (b) FDI of the MGs before and after applying the proposed
technique.
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(a) Case-1
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Figure 6.4 DDGs’ contributions in each HMG.

The MMSC then sends the signal to the LSCs of MG-1 and 4 to energise IL-3. At the
same time, the MGCC of the MG-4 optimises its operation to accommodate the power
export. The energised interconnecting lines and the formed coupled MG are
demonstrated schematically in Figure 6.2a while Figure 6.3a-b(i) depict that, the
voltage and frequency of MG-1 to 4 are within the desired regions with the proposed
technique. To accommodate the necessary support for the PMG, the dispatch of DDGs
of HMG (i.e., MG-4 in this case) within the coupled MG are adjusted while the
operation of the isolated HMG (i.e., MG-2) remains unchanged, as depicted in Figure
6.4a.
In Case-2, MG-1 and MG-3 are both overloaded equally (with 1.07 pu). Thus, each of
them requires an external power of 0.016 pu to overcome their voltage and frequency
problem. The MMSC finds it optimal to form two coupled MGs: the first coupled MG
consisting of MG-1 and MG-4, and the second one composed of MG-2 and MG-3.
Figure 6.2b, Figure 6.3a-b(ii) and Figure 6.4b demonstrate the outcome before and
after applying the proposed technique in Case-2, showing that all the MGs are within
the desired regions.
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In Case-3, MG-1 is again assumed overloaded while MG-3 is experiencing severe
excessive generation by the NDDGs and low demand (denoted by PMG EG) of only
0.14 pu. Hence, their MGCCs determine that MG-1 requires external power support
of 0.032 pu while MG-3 needs to export 0.022 pu. As soon as the MMSC receives
these support requests, it determines the most optimal solution as forming a coupled
MG consisting of MG-1, 3 and 4 in which MG-3 will supply 0.022 pu to MG-1 while
MG-4 will provide the remainder of the required power to MG-1 (i.e., 0.001 pu).
Hence, the coupled MG formation converts each PMG into an HMG, as depicted in
Figure 6.2c, Figure 6.3a-b(iii) and Figure 6.4c. The transaction cost of MG-2 and MG4 (i.e., HMGs), their reliability and emissions are exactly the same (see Table 6.3 and
Table 6.1); however, as MG-4 is closer to MG-1, the MMSC prefers MG-4 to be a
building component of the preferred coupled MG.

MG-1

MG-2

OL
PMG
EG
PMG
MG-4
MG-3

MG-1

IL-1 MG-2

(b)
MG-2
OL
PMG
OL
PMG
MG-4
MG-3

MG-1

CMG
MG-4

MG-3

MG-1

MG-4

IL-1
CMG

MG-2

IL-4

(a)

MG-3

Figure 6.5 Schematic of the multiple MG system and coupled MG for (a) Case-4 and
(b) Case-5.

Case-4 is exactly the same as Case-3 with a difference that the energy transaction cost
of MG-4 is twice higher than that of MG-2 (see Table 6.3). As such, as depicted in
Figure 6.5a, MG-2 has been selected instead of MG-4 to be included in the coupled
MG to support MG-1 and MG-3.
Now, let us consider Case-5 same as Case-2 but with a different energy transaction
cost for the HMGs (i.e., MG-4’s cost is assumed twice higher as that of MG-2) as seen
from Table 6.2 and Table 6.3. Thus, as MG-4 is more expensive, the MMSC prefers
to form one coupled MG consisting of MG-2 and the PMGs (see Figure 6.5b), instead
of two coupled MGs that were formed in Case-2. In this situation, each PMG imports
0.016 pu from MG-2.

6.3.

Demonstration Over A Sample Time Period

Now, let us consider the operation of the multiple MG system of Figure 6.1, over a
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period of 60 minutes, with the assumed variations in the MGs’ demand and NDDGs’
output powers, as shown in Figure 6.6a-b. The costs and relevant coefficients of Case1 are considered in this study. The variations of the MGs’ frequency and 𝑉𝐷𝐼, with
and without the proposed technique, are depicted in Figure 6.6c-d over this period.
During the study period, the multiple MG system has formed a coupled MG three
times, as seen from Figure 6.6e, which also shows the power exchanged between the
MGs in the formed coupled MGs. In this figure, a positive power depicts the exported
power while the imported powers are shown as negative quantities. The slight
difference between these two powers represents the power loss in the interconnecting
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0
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0

(e) Power exchanged by the MGs
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Figure 6.6 Performance of the proposed technique during a 60-min period.

As seen from Figure 6.6, at 𝑡 = 20 min, the frequency and 𝑉𝐷𝐼 of MG-1 and MG-3
fall outside of their desired regions as both the MGs are overloaded by 1.095 pu. The
MGCC of these PMGs, start to discharge their BES; however, similar to Case-2,

101

Chapter 6. Control of coupling neighbouring MGs
external power support is needed for both of them. As a result of which, two coupled
MGs are formed by the MMSC. As such, MG-4 transfers 0.016 pu power to MG-1 (in
the first coupled MG) while MG-2 exports 0.016 pu to MG-3 (in the second coupled
MG), as depicted in Figure 6.6e. As a result, both MG-1 and 3 recover from their
voltage and frequency problems (see Figure 6.6c-d). Again at 𝑡 = 34 min, MG-1 and
3 experience voltage and frequency problems. The proposed technique finds that the
local actions of each PMG are enough to address the voltage and frequency problem.
Thus, no external power support request is sent out to the MMSC. Then, at 𝑡 = 41
min, MG-1 is further overloaded while MG-4 starts to experience excessive generation
from the NDDGs and low demand (see the corresponding frequency and 𝑉𝐷𝐼 in Figure
6.6c-d). Since the MGCC of MG-1 and 4 cannot recover their voltage and frequency
problem through local resources, they send an external support request to the MMSC.
The MMSC determines the most optimal solution is forming a coupled MG consisting
of MG-1, 2 and 4 where MG-4 exports 0.016 pu power to MG-1 while MG-2 draws
0.005 pu from MG-4 (as depicted in Figure 6.6e). This helps the PMGs to recover their
voltage and frequency problems. Another voltage and frequency violation occurs at
𝑡 = 55 min where MG-2 starts experiencing excessive generation by its NDDGs (see
Figure 6.6a-b). As depicted in Figure 6.6e, the MMSC determines that forming a
coupled MG consisting of MG-2 and 4 is the most optimal solution in which MG-4
draws 0.021 pu power from MG-2, to remedy the over frequency problem in MG-4.

6.4.

Sensitivity analysis

An HMG’s willingness to support the PMGs and the relationships between the MG
operators (respectively denoted by 𝛽𝑖HMG and 𝛾𝑖𝑗MG in Section 3.4.3.1) can affect the
overall power exchange costs, which eventually has an impact on the numerical
outcomes of the proposed technique. Hence, this section analyses some scenarios when
these coefficients are varied.
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Table 6.4 Sensitivity analysis results for the multiple MG system of Figure 6.1 for
1 ≤ 𝛽2HMG ≤ 5.
𝛽2HMG 𝑂𝐹 CMG

CMG
𝑂𝐹tech

CMG
CMG
CMG
𝑂𝐹op
𝑂𝐹ex
𝑃loss

Energised
interconnecting lines

MGs in
coupled
MG

1

0.213

0.0194

0.4051 0.0174 0.00051

{1, 4}

{1, 2, 3}

2

0.213

0.0194

0.4034 0.0174 0.00034

{3, 4}

2

0.213

0.0194

0.4051 0.0174 0.00051

{3, 6}

{1, 3, 4}

3

0.213

0.0194

0.4051 0.0174 0.00051

{3, 6}

{1, 3, 4}

4

0.213

0.0194

0.4051 0.0174 0.00051

{3, 6}

{1, 3, 4}

5

0.213

0.0194

0.4051 0.0174 0.00051

{3, 6}

{1, 3, 4}

{1, 4} and
{2, 3}

6.4.1. HMG’s Willingness to Support

In the studies of Case-2 in Section 6.2, it was assumed that all the MGs are willing to
support each other (i.e., 𝛽𝑖HMG = 1) while MG-2 and 4 offered equal energy
transaction costs. It is to be noted that other aspects of the HMGs (e.g., 𝐴𝑣 HMG ,
𝐸𝑚HMG ) are assumed similar (see Table 6.1); hence, the energy transaction cost
dominates the decision making in these case studies. To observe the impact of 𝛽 HMG on
the outcome of the proposed technique, let us assume that 𝛽2HMG is varied from 1 to 5
in steps of 1 (denoting a reduction in this MG’s willingness to support the other MGs
within the MMS). Let us also consider 𝛽4HMG = 2. The changes in the coupled MG
formation and corresponding values of objective functions and line losses, with
varying 𝛽2HMG , are listed in Table 6.4. When 𝛽2HMG = 1 (i.e., 𝛽2HMG < 𝛽4HMG ), the
MMSC determines the most optimal solution as a coupled MG consisting of MG-2
and the PMGs (i.e., MG-{1, 2, 3}). However, with 𝛽2HMG = 2, as both of the HMGs’
costs become identical, two coupled MGs are formed, similar to the Case-2. Then, as
MG-2 keeps on increasing its reservation to support any PMG (i.e., with the increase
in 𝛽2HMG ), the MMSC determines the most optimal coupled MG consisting of MG-4
(which has a lower energy transaction costs versus MG-2), as depicted in Table 6.4. It
is noteworthy that, as seen from this table, since the MMSC optimally determines the
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formation of the coupled MG while 𝛽2HMG is varied, 𝑂𝐹

coupled MG

along with the cost

of power exchange within the coupled MGs remain unchanged because the same
coupled MG is formed for 3 ≤ 𝛽2HMG ≤ 5.
6.4.2. HMG’s Ownership

In the studies of Case-2 in Section 6.2, it was assumed that MG-1 and 3 have the same
owners while MG-2 and 4 are their sister concerns, as was reflected by 𝛾𝑖𝑗MG in Table
6.3. To demonstrate the impact of varying the ownership of the MGs, the relationship
between the owner of MG-4 with that of MG-1 and 3 (i.e., the PMGs in this case) is
MG
MG
MG
MG
varied, from same owner (i.e., 𝛾14
= 𝛾34
= 0) to competitor (i.e., 𝛾14
= 𝛾34
= 2).

The outcome of this study is shown in Table 6.5, and illustrates that as the ownership
of MG-4 changes, the formation of coupled MG changes accordingly. When MG-1, 3
and 4 have the same owner, the coupled MG is formed among them since such a
coupled MG yields in the least energy transaction cost. On the other hand, when all
MG
MG
MGs are sister concerns (i.e., 𝛾14
= 𝛾34
= 1), the cost of HMGs (i.e., MG-2 and 4)

are identical, and therefore, forming two coupled MGs is optimal, as shown in Table
6.5. However, to minimise the energy transaction cost, the MMSC selects the most
optimal coupled MG consisting of MG-2 and the PMGs when MG-4 is the competitor
of the PMGs. Hence, it is evident that the proposed technique seeks the optimal option
to result in the least cost.

Table 6.5 Sensitivity analysis results for the multiple MG system of Figure 6.1 for
MG
MG
0 ≤ 𝛾14
= 𝛾34
≤ 2.
MG
𝛾14
MG
= 𝛾34

Energised
CMG 𝑂𝐹 CMG
CMG
CMG
interconnecting
𝑂𝐹ex
𝑂𝐹 CMG 𝑂𝐹tech
𝑃loss
op

lines

MGs in coupled
MG

0

0.189 0.0192 0.4051 0.0087 0.00051

{3, 6}

{1, 3, 4}

1

0.213 0.0194 0.4034 0.0174 0.00034

{3, 4}

{1, 4} and {2, 3}

2

0.213 0.0194 0.4051 0.0174 0.00051

{1, 4}

{1, 2, 3}
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Table 6.6 Comparison between forming single coupled MG and multiple coupled
MGs
CMG 𝑂𝐹 CMG
CMG
CMG
CMG
CMG
𝑂𝐹tech
𝑂𝐹ex
𝑂𝐹rel
𝑂𝐹env
𝑃loss
op

1 coupled
MG
2 coupled
MGs

6.5.

0.0194 0.4051

0.0174

0.0435 1.93E-5 5.1E-4

0.0194 0.4034

0.0174

0.0436 1.93E-5 3.4E-4

MGs in coupled
MG
{1, 2, 3}

{1, 4} and {2, 3}

Comparative Analysis

As was discussed in the Introduction, the methods in the existing literature usually
form a single coupled MG to resolve the problem of all the PMGs, irrespective of the
multiple MG system topologies [53-54, 67-68]. The proposed technique has the
capability to form multiple coupled MGs, when expedient (e.g., in the case of Figure
2.2d), as forming multiple coupled MGs can result in more optimal solutions. To
demonstrate the benefit of forming multiple coupled MGs, let us consider Case-2 of
Section 6.2, where two coupled MGs were formed to remove the voltage and
frequency problem of the PMGs (i.e., MG-1 and 3). Now, if the option of forming
multiple coupled MGs is disabled, either MG-2 or 4 would form a coupled MG with
the PMGs (as both of them has similar features and costs). Table 6.6 shows the results
when single and multiple coupled MGs are formed. As depicted in this table, although
most of the objective functions are almost equal for both conditions (because most
parameters are assumed similar in both HMGs), there is a 34% reduction in power loss
when two coupled MGs are formed in this study case. For a very large multiple MG
system with complex network topology, this reduction in line loss can be very
significant. Thus, the proposed technique improves the overall efficiency of the system
by considering and allowing the formation of multiple coupled MGs, when practical
and optimal.
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6.6.

Summary

This chapter has presented the performance of a new technique to manage the MGs’
undesirable voltage and frequency deviation problem within a remote area multiple
MG system. The studies have shown the successful application of the proposed
technique in deciding the optimal formation of coupled MGs in different scenarios.
The sensitivity of the technique, over the ownership of an MG and the readiness of an
MG operator, are also demonstrated. The studies also revealed that forming multiple
coupled MGs can be an effective way to increase the flexibility and efficiency of the
system when the network topology allows that.
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Chapter 7

Control of Generation Dispatch

This chapter presents the numerical analyses used for demonstrating and validating the
performance of the proposed technique that aims to control the dispatch of the
generators within MGs following a demand variation. The proposed technique is a
peer-to-peer based approach which considers the generation cost by each generator,
the distance of each generator from the load, as well as the emission and availability
of the generators. The employed approach is based on the potential field concept which
significantly reduces the computation time. The proposed technique is then integrated
with a second controller that takes action when the level of demand variation is
significant. The chapter also presents a comparison between the performance of the
proposed technique against the situation in which the peer-to-peer-based technique is
not used.

7.1.

Network Under Consideration

The 9-bus system of Figure 4.1 is used here to evaluate the performance of the
proposed technique. The assumed value of the criterion 𝐶1,𝑖 to 𝐶4,𝑖 , and the maximum
and minimum allowable dispatch of each DDG are given in Table 7.1. The DPR of
energy from DDG-1 and DDG-2 are time-varying based on the spinning reserve. As
discussed in Section 3.5.1, a lower spinning reserve will result in a high price.
However, if the spinning reserve is above 0.3 pu, it does not affect the price. Therefore,
𝐶1,𝑖 in Table 7.1 will change for DDG-1 and 2 based on the available spinning reserve.
It is to be noted that all the criteria are normalised in order to make them comparable
to each other. The periodic optimisation takes place in 10-min intervals (i.e., 𝑇 = 10)
while the event-based optimisation occurs when changes in loads exceed 𝑑 = 10%.
The maximum allowed voltage and frequency deviation while optimising the MG are
±5% and ±1%, respectively.
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Table 7.1 Assumed normalised values of 𝐶1 to 𝐶4 , and dispatch limits of DDGs.
Criteria (normalised)

DDG
𝑃min,𝑖

DDG
𝑃max,𝑖

𝐶1,𝑖

𝑙𝑜𝑎𝑑1
𝐶2,𝑖

𝑙𝑜𝑎𝑑2
𝐶2,𝑖

𝐶3,𝑖

𝐶4,𝑖

[pu]

[pu]

DDG-1

0.75

0.125

1.0

0.5

0.5

0.05

0.7

DDG-2

1.0

0.75

0.375

1.0

0.25

0

0.8

DDG-3

0.5

1.0

0.125

0.25

1.0

0.05

0.7

7.2.

Sample Case Study

To demonstrate the performance of the proposed technique, let us analyse the
operation of the considered MG over a 60-min period with the considered variation in
the loads shown in Figure 7.1a. The changes in the load (in %) along the time is
depicted in Figure 7.1b. The first periodic optimisation takes place at 𝑡 = 10 min. Then
there are load change of –18.5 and +18% at 𝑡 = 20 and 24 min, respectively; hence,
event-based optimisation will take place, as indicated in Figure 7.1b. The remainder
of the load changes are addressed through a peer-to-peer load adjustment. In this case
study, the product function is used in (3.86) and (3.87) to calculate 𝒫ℱ of the DDGs.
Figure 7.1c shows the calculated 𝒫ℱ for each DDG while Figure 7.1d depicts the
change in the dispatch of the selected DDG. The requesting prices in $/kWh and the
dispatch of each DDGs are also portrayed in Figure 7.1e and Figure 7.1f, respectively.
A demand increase of 0.1 pu (9%) occurs for load-1 occurs at 𝑡 = 8 min. At this
instant, DDG-2 is the most expensive and polluting one (see Figure 7.1e and Table
7.1), while DDG-3 is the least expensive and polluting one; however, it is also the
farthest (from load-1, the increased load) and the most unreliable DDG. On the other
hand, DDG-1 is the closest DDG to load-1 and moderate in other criteria. Hence, as
calculated from (3.86), DDG-1 has the highest 𝒫ℱ att (maximum attraction by the load
change) and is selected by the load owner to supply the 0.1 pu demand increase (see
Figure 7.1c-f). Following the increase in the output of DDG-1, eventually, it’s spinning
reserve has been reduced, which in turn, increase its requesting price at 𝑡 = 9 min.
Similarly, DDG-1, for having the highest 𝒫ℱ att , supplies the increased demand at 𝑡 =
18, 27, 41 and 50 min.
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(a)
[pu]

0.9
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(b)

𝒫ℱ

(c)
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(d)

[$/kWh]

[pu]

0.15
0.1
0.05
0
-0.05
-0.1
-0.15
(e) 0.7

0.55
0.4
0.25
0.1

[pu]

(f) 0.8
0.6
0.4
0.2
0
0
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Event-based Optimization t [min]

DDG1

DDG2

40 45 50 55 60
Periodic Optimization

DDG3

Figure 7.1 (a) Load curve for the time period, (b) Percentage load variations in each
time-step, (c) Calculated 𝒫ℱ using product function for load changes below 10%, (d)
Change in power dispatch of selected DDGs, (e) DPR of DDGs, (f) Power Dispatch
of DDGs.

At 𝑡 = 33 min, load-1 exhibits a demand decrease of 0.025 pu from the previous time
step. By considering all the criteria for all the DDGs, from (3.87), it is found that DDG2 has the highest 𝒫ℱ rep (i.e., maximum repulsion by the load change) and it is selected
to reduce its generation to balance the load reduction. Likewise, at 𝑡 = 59 and 60 min,
DDG-2 is selected to reduce its generation, as shown in Figure 7.1f.
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At 𝑡 = 56 min, load-2 decreases its consumption by 0.1 pu (7%) when the price of
DDG-1 is quite higher than DDG-2 and incurs more loss for being the farthest DDG
from load-2. Therefore, considering all the criteria in (3.87), the load owner selects
DDG-1 as it has the highest 𝒫ℱ rep , and hence, it reduces its generation by 0.1 pu to
balance the load and generation.

7.3.

Impact of Different Aggregators

The above example is used to observe the differences when different aggregator
functions are used in (3.86) and (3.87) to calculate 𝒫ℱ and select the suitable DDG.
Figure 7.2 shows the change of dispatch of selected DDGs in peer-to-peer load
adjustments. It is evident that all the functions are selecting the same DDG. However,
it is observed through several analyses that the Max and Hurwitz functions often yield
equal 𝒫ℱ and then the suitable DDG is selected, based on their priority sequence,
determined by the load.

DDG1

DDG2

DDG3

Figure 7.2 Change in power dispatches of DDGs with different aggregators.

7.4.

Comparative Analysis

An analysis has been carried out to observe the outcome when the periodic
optimisations are omitted from the proposed technique, i.e., just the peer-to-peer
dispatch and the event-based optimisation are there. Figure 7.3 shows the dispatch of
the DDGs and generation costs for the proposed technique with and without periodic
optimisation. As evident from this figure, there are small changes in the power
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dispatches and costs for these two cases. The proposed technique without periodic
optimisation cost $245 over the period, and it is $236 with periodic optimisation.

(a) 0.8

DDG1

DDG2

DDG3

[pu]

0.6
0.4
0.2
0

[$/min]

(b)

6

5
4
3
2
0

Event-based Optimization
5

10

15

20

25

Proposed Technique

Periodic Optimization

30 35 40 45 50 55 60
t [min]
Without periodic optimization

Figure 7.3 Comparison between the proposed technique and without periodic
optimisation.
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DDG2

20
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t [min]

Proposed Technique

DDG3

40
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55
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Without P2P load dispatch

Figure 7.4 Comparison between the proposed technique and without peer-to-peer
dispatch.

Another analysis has been done to portray the advantages of the peer-to-peer load
adjustment along with the periodic optimisation. Figure 7.4 shows the dispatch of the
DDGs and generation cost when the peer-to-peer load dispatch is applied and when
only periodic optimisation is carried out. As seen from this figure, the proposed
technique with the peer-to-peer load dispatch performs better in terms of generation
cost. The total generation cost over the period, without the peer-to-peer load dispatch,
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is $273, which is 16% higher than the proposed technique with peer-to-peer dispatch.

7.5.

Sensitivity Analysis

In the case studies presented in the previous section, the periodic optimisation occurred
in every 10 minutes (i.e., 𝑇 = 10). To investigate the impact of the value of 𝑇 on the
total generation cost, a sensitivity analysis is carried out where 𝑇 is varied from 10 to
35 for the same period of the previous section. The trend of the total cost with
increasing 𝑇 is presented in Figure 7.5. The total cost does not change significantly as
𝑇 is changed (a small increasing trend with small slope). This phenomenon identifies
that the peer-to-peer load dispatch predominantly takes care of the cost-effective

250

4

245

2

240

0

235

-2

230 T=10

T=15

T=20

T=25

T=30

T=35

-4

Change in Cost [%]

Total cost [$]

operation of the MG.

Figure 7.5 Change in cost for different value of 𝑇.

7.6.

Summary

This chapter has demonstrated the successful and effective performance of the
proposed technique in managing the dispatch of the dispatchable generators in a
standalone MG. The corresponding decision-making process is instant and
complements the periodic optimisation of the MG to minimise the overall energy
expenditure of the MG’s customers. The results showed the advantage of including the
peer-to-peer dispatch between the periodic optimisations of the MG. It also has
demonstrated that increasing the interval between two optimisation does not
significantly hamper the cost of operation as long as peer-to-peer dispatch is in
operation.
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Chapter 8

Conclusions and recommendations

This chapter summarises the important findings of this thesis. Based on different
findings and observations, some recommendations are also made for future
researchers.

8.1.

Conclusions

MG is a prominent approach to incorporate indigenous energy-based DG units in the
vicinity of end-users. It can integrate various renewable-based distributed generators
and energy storages and coordinate them to supply its demand. In addition, the utility
companies are becoming more interested to accommodate DGs in their systems and
apparently, focusing on autonomous MG operations [131-133]. However, the
uncertainties of demand and the output power of renewable-based DGs complicate the
operation of a standalone remote area MG within the desirable range of voltage and
frequency. This thesis has developed techniques to optimally prevent and correct
voltage and frequency excursion to undesired ranges and effectively couple an MG in
problem to the other neighbouring MGs to seek support.

8.2.

Summary of Contribution

Through numerical analyses, the thesis has demonstrated that the proposed and
developed multilayer and event-triggered corrective controller can effectively manage
the operation of the various resources within the MG, to retain the voltage and
frequency. To this end, the thesis has shown that the proposed technique optimises the
power dispatch of the DDGs and charging/discharging of the BESs while controlling
the amount of demand response and renewable curtailment. The studies have shown
that proper decision making should be based on considering the operational cost of the

113

Chapter 8. Conclusions and recommendations
MG, along with other essential aspects, such as MG’s sustainability and dynamic
supply adequacy. The studies have demonstrated that the MG operator can determine
the equivalent costs of these actions based on its operational mechanism while it will
have flexibility in allocating a higher or lower priority for each of the considered
aspects.
The thesis has also verified the effective and successful operation of the preventive
control technique by using the short-horizon prediction data of demand and the
generation of renewable sources. The studies have illustrated that the proposed
technique can decide on the most optimal control actions while preventing
unacceptable voltage and frequency deviation. The studies have furthermore
demonstrated that the proposed technique can minimise the operational costs while
improving the technical, environmental and reliability aspects. The thesis has also
discussed the impact of the prediction error on the performance of the proposed
technique and has shown that considering a substantial error will result in more
conservative actions.
The thesis has also proved that the proposed and developed technique for managing
the coupling of the neighbouring MGs is possible to avoid unacceptable voltage and
frequency deviation within a multiple MG system. The studies have validated the
application of the proposed technique when deciding on the optimal formation of
coupled MGs in different scenarios. Furthermore, the studies have revealed that
forming multiple coupled MGs can effectively increase the flexibility and efficiency
of the system when the network topology allows that.
This thesis has also demonstrated the successful operation of an MG with the help of
the proposed technique that governs the dispatch of the various existing generators.
The studies have shown that the corresponding decision-making process is instant and
complements the periodic optimisation of the MG, which aims at minimising the
overall energy expenditure of the MG’s customers. Furthermore, the studies have
shown the advantage of including the peer-to-peer dispatch between the periodic
optimisations of the MG. It also has been demonstrated that increasing the interval
between two periodic optimisations does not significantly hamper the cost of operation
as long as the suggested peer-to-peer dispatch is in operation.
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8.3.

Recommendations

Based on the findings of this research and existing literature [11, 14, 24, 25, 32, 33,
47, 54, 55, 59, 71, 115, 134-138], the following points can be recommended as
potential future research avenues:


The failure of DGs and distribution lines in an MG can have a significant impact
on its optimal operation. Several interesting contingency analysis approaches for
MGs are available in the literature to address the contingency situations [134136]. The contingency considerations of the MG can be integrated into the
proposed corrective and preventive controllers to further enhance the operation
of the MG. This will further complicate and slow the decision-making process,
but the gained benefits for the MG operator are very attractive.



The uncertainties of the renewable generations and demand are incorporated in
this thesis considering probabilities of different scenarios based on the expected
error of the predicted data. In this regard, a more attractive option is developing
a robust optimisation-based approach to more precisely consider the impact of
the uncertainties in the predicted renewable generation and demand. Even
though robust optimisation techniques are more commonly used in electricity
market and finance applications, it is lately used for power system planning and
operation [137-138].



Employing the developed techniques in MGs with many decision variables
requires a faster processing capability, based on the size of the MG network and
the number of the control variables, as well as the type of the employed power
flow analysis technique. A simplified but accurate power flow analysis tool can
be developed and used to speed up the analysis process.



A peer-to-peer based power transaction mechanism can be developed and
formulated for the system of multiple MGs. Under such a condition, a problem
MG can itself decide on the level of transaction with a neighbouring MG without
the need of a central controller.



In addition to constraining the voltage and frequency variation, the step change
of voltage and rate of change of frequency can be considered, which can a very
critical issue for the operation of an MG.
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This appendix provides further information about the Hierarchical control approach,
MPSO and power flow analysis utilised in this thesis.

A.1.

Hierarchical Control Approach of MG

Hierarchical control has been in use extensively in conventional power systems for
decades. Nowadays, these concepts are starting to be applied to power electronic
converter-based MGs. The applications of hierarchical control and energy
management systems in MG are discussed in [1, 14, 17, 139-143].
Guerrero et al. [14] have classified the hierarchical control structure of MGs into four
control levels. Level 0 (inner control loops) is responsible for regulating the issues
within each DG unit. It manages the output power of DGs using inner current and
voltage control loops. The aim of Level 1 (primary control) is to adjust the frequency
and amplitude of the voltage references that feed the inner current and voltage control
loops. The droop control method is often used at this level to make the system more
damped and stable. To emulate physical output impedance, it can accommodate a
virtual impedance control loop. Level 2 (secondary control) is assigned to monitor the
system and adjust the voltage and frequency within the required values. Additionally,
it can consist of a synchronisation control loop to impeccably connect or disconnect
the MG to or from the utility grid. Moreover, lastly, the energy management and power
flow between the MG and the grid is controlled by Level 3 (tertiary control). However,
Estefania et al. [141] have described the hierarchical levels in a slightly different way
by keeping similar concepts.
Inner Control Loop: The electrical generation sources and the MG must be connected
through intelligent power interfaces. The final stage of the interfaces is typically a
DC/AC inverter. The inverters can be classified as current source inverters (CSIs) and
116

Appendix
voltage source inverters (VSIs). VSIs are needed in islanded operation to keep the
voltage stable and CSIs are commonly used in a grid-connected mode to inject current
to the grid [14]. The use of VSIs and CSIs in MG is comprehensively elaborated by
Guerrero et al. in [144]. VSIs do not need any external reference to stay synchronized
and have the ride-through capability and power quality enhancement to DGs.
However, VSIs and CSIs can be present together in an MG.
Primary Control: The target of primary control level is to adjust the frequency and
amplitude of the voltage references that feed the inner current and voltage control
loops. The primary control should have the fastest response to any variation in sources
or demand (on the order of milliseconds), which can be assisted to improve power
reliability. DG are classified into two general categories: grid-forming and gridfollowing. A comprehensive review of primary control in grid-forming strategies is
presented by Vandoorm et al. [1] and grid-following techniques are discussed by
Blaabjerg et al. [145]. However, typical droop control is widely used for primary
control. The main idea of this control level is to replicate the characteristics of the
synchronous generator, which decreases the frequency when the active power
increases [18]. Guerrero et al. [14] have pointed out the impact of the output
impedance of the converter-based systems. In the conventional droop method used in
the large power system, it is assumed that the output impedance of the synchronous
generator and the line impedance are mainly inductive. On the other hand, for using a
power electronic converter, the output impedance depends on the control strategy used
by the inner control loops. Moreover, in the case of a low voltage system, the line
impedance is almost purely resistive. To deal with the problem, along with modified
droop method, virtual output impedance loop can be included in primary control. The
concept of using virtual impedance is discussed elaborately in [14].
Secondary control: It appears on top of the primary control. It deals with power quality
control (voltage and frequency restoration), voltage unbalance and harmonic
compensation, synchronisation and electricity exchange with the utility grid or other
MGs. Indeed, the secondary control ensures that the frequency and voltage deviations
are regulated towards zero following each load or generation change in the MG [1819]. This control level serves power systems by correcting grid frequency deviations
within allowable limits—for example, by ±0.1Hz in Nordel (North of Europe) or ±0.2
Hz in UCTE (Continental Europe) [14]. The frequency and amplitude levels in the MG
are sensed and compared with the reference values; the errors are processed through
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compensators and sent to all the DG units to restore the output-voltage frequency and
amplitude. In practice, the secondary control has a slower dynamic response to
variation, as compared to the primary control level. This control level can be divided
into centralised and decentralised control. A comprehensive discussion on centralised
secondary controllers is presented in [21]. Moreover, a novel approach to secondary
control based on communications links is presented in [146]. In the secondary control
level, the requirements are different for grid-connected mode and islanded/standalone
mode. In the case of grid-connected mode, the secondary control acts as an interface
between the MG and the utility grid where the DGs can operate in grid forming or grid
following modes. On the other hand, in islanded mode, the secondary control produces
the reference value for the voltage and frequency, and some of the DGs must operate
in the grid forming mode. Figure. A1 graphically depicts the interaction between
different control levels in an MG.

Figure. A1. Interaction between the levels in a hierarchical control approach.

Tertiary Control: The purpose of this control level is to manage power flow by
regulating voltage amplitude and frequency when the MG is in grid-connected mode.
For islanded/ standalone MG, this control level is not applicable as there is no
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interaction with the utility grid [17, 70]. However, the operational strategy of large
islanded MG based on climatic forecasting, energy market prices, resource availability
can be addressed in the tertiary control level in conjunction with the secondary control
level.

A.2.

Utilised MPSO

Algorithm-A1 demonstrates the employed stages for the VFMT function of Figure 3.2,
which aims at finding the optimal decision variables to resolve the MG’s voltage and
frequency problem, at minimum 𝑂𝐹. A constriction factor-based MPSO is used in this
algorithm as the solver, which has a recognised competency, to solve non-linear and
mixed-integer problems, with adequate convergence and stability, within a
multidimensional space [147-148]. The algorithm first fetches the power generation of
the NDDGs and the consumption of loads. Then, it determines the boundaries of the
control variables in the particle of Figure 3.6 (i.e., the minimum and maximum
resources available within the MG). At this point, the MPSO starts to search for the
optimal set of decision variables. This includes initialisation of random particles and
finding individual best particle and global best particle, followed by updating the
velocity and position of particles until the termination conditions are reached. The
particles are evaluated by calculating 𝑂𝐹 of (3.5) to find the best local and global
particle positions for each iteration. The inertia weight is also updated in each iteration
of the MPSO.
It is to be noted that, as the MPSO is a metaheuristic approach, with random numbers
used as the inputs of the optimisation, it will not necessarily produce the same 𝑂𝐹 if it
re-runs multiple times for the same study. However, the outcome of each run will be
very close to the mean value of all these runs. To illustrate this, the MPSO is re-run
100 times in Example C.6 of Section 4.4.6. The probability density function and the
cumulative density function for 𝑂𝐹, of the best solution of these 100 runs, are
illustrated in Figure. A1a-b, which shows that, in 80% of the runs, the defined 𝑂𝐹 is
very close to the mean value. Also, the convergence behaviour of the MPSO for one
sample run is depicted in Figure. A1c.
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Algorithm-A1: The VFMT function
1

Fetch 𝑃𝑖NDDG , 𝑃𝑖load

2

Define the boundaries of 𝑚𝑖DDG , 𝑛𝑖DDG , 𝑓 max , 𝑉 max , 𝑃𝑖BES , 𝑄𝑖BES ∆𝑃𝑖RC , ∆𝑃𝑖DR

3

Generate the initial random particles in the form of Fig. 4 and their velocities

4

while iteration number  MPSO iteration size

5

while particle number  population size

6

Calculate the velocity of the particle, and update the position of the particle

7

Run the power flow analysis to acquire 𝑉𝑖 , 𝑓, 𝑃𝑖DDG and 𝑃loss in the MG

8

Calculate the 𝑂𝐹 of (3.5)

9

Update the individual best particle and the global best particle

10

end

11

Define the best particle in this iteration and update the inertia weight

12 end
13 Output: global best particle
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Figure. A2. (a) Probability Density Function and (b) Cumulative Density Function of
100 runs of MPSO for Example C.6, (c) Convergence of MPSO over iteration in one
of these 100 runs.

A.3.

Utilised Power Flow Analysis Technique

Due to the lack of a slack bus, unlike conventional power systems, the frequency in an
islanded MG is not constant and varies around the nominal value by the DDGs, based
on their droop equation of (3.1) and (3.2). Hence, conventional PFA techniques cannot
be employed for islanded MGs, and modified approaches, such as that proposed in
[116], are required, which can also calculate the frequency. In this research, the PFA
introduced in [116] has been used to determine the MG’s frequency, power loss, and
the voltage magnitudes at its buses at each stage of optimisation.
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Appendix
Table A1 provides a comparison between the time-domain results of analysing the
considered 6-bus network of [116] in PSCAD/EMTDC, with the results revealed by
MATLAB in this research. As seen from this table, a maximum deviation of 0.01 and
0.34% is observed in the magnitudes and angles of bus voltages respectively and a
maximum of 0.12% deviation in the powers, which validate the accuracy of the utilised
and coded power flow analysis function.
Table A1 Validation of the utilised power flow analysis.
|𝑉| [pu]
Bus This Thesis [116]

∠𝑉 []

Deviation (%)

This Thesis

[116]

Deviation (%)

1

0.9566

0.9565

0.01

0.0

0.0

0

2

0.9704

0.9703

0.01

–0.5598

–0.5604

0.10

3

0.9611

0.9610

0.01

–2.8680

–2.8719

0.13

4

0.9861

0.9861

0

–0.0875

–0.0878

0.34

5

0.9893

0.9893

0

–0.4771

–0.4778

0.14

6

0.9671

0.9670

0.01

–3.0660

–3.0702

0.13
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