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Abstract

Muhammad Baseer

Planning and Operation of Hybrid AC-DC Microgird with High Penetration of
Renewable Energy Sources

Keywords
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system

A hybrid ac/dc microgrid is a more complex but practical network that combines the
advantages of an AC and a DC system. The main advantage of this network is that
it connects both alternating current and direct current networks via an interlinking
converter (IC) to form a unified distribution grid. The hybrid microgrid (HMG) will
enable the direct integration of both alternating current (AC) and direct current (DC)
distributed generators (DGs), energy storage systems (ESS), and alternating
current and direct current (DC) loads into the grid. The alternating current and direct
current sources, loads, and ESS are separated and connected to their respective
subgrids primarily to reduce power conversion and thus increase overall system
efficiency. As a result, the HMG architecture improves power quality and system
reliability. Planning a hybrid microgrid entails estimating the capacities of DGs while
taking technical, economic, and environmental factors into account. The hybrid ac-
dc microgrid is regarded as the distribution network of the future, as it will benefit
from both ac and dc microgrids. This thesis presents a general architecture of a
hybrid ac-dc microgrid, which includes both planning and design. The goal of the
Hybrid ac-dc microgrid planning problem is to maximise social welfare while
minimising total planning costs such as investment, maintenance, and operation
costs. This configuration will assist Hybrid microgrid planners in estimating planning
costs while allowing them to consider any type of load ac/dc and DER type. Finally,
this thesis identifies the research questions and proposes a future research plan.
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Chapter 1 Background and Motivation

1.1 Patness and Novelty

The electricity demand has increased many folds during the last two decades
which necessitates more efficient power grid operation and the penetration of
more energy units that can be generated from the generating units. The increase
in population, good standards of living, decline in production from traditional
energy resources (natural gas, coal, petroleum etc.) are the main factors of
present energy crisis. There are also many disadvantages of using fossil fuel
e.g emission of hazardous gases which caused global warming and pollution.
The major disadvantage of centralized generating units is their inefficiency
because of line losses and poor waste heat recovery. Distributed renewable
energy resources (DERS) like wind, solar, hydro plants, tidal energy and fuel
cells are pollution free, environment friendly and are abundantly available in
nature, are the suitable resources for electrical power generation. The most
important benefit of DER is that it can be integrated at any point of microgrid
which reduces transmission losses if the point of connection is near to the load.
In case of rural or remote area where power transmission is itself a challenge,

the distributed generation is a viable solution.

It is clearly evident that the energy demand is increasing rapidly globally which
in return increases a huge dependency on fossil fuel energy resources, which
also leads to increase in global warming and pollution [1]. It has been analysed

1



that the global demand for energy in the upcoming 25 years is expected to grow
over 50 % given the economic development and population growth. According
to the report of International energy agency (IEA), the total energy consumption
has increased from 6.106 Mtoe in 1973 to 13.371 Mtoe in 2012, and this
increasing tendency is foreseen[2]. The fossil fuels shares 81% of the total
energy consumed in 2012. But the reduction in fossil fuel production, emission

of CO,, global warming and pollution have compelled researchers to find new

ways of energy generation.

The United Kingdom (UK) has become a world leader to force the climate
change act in 2008 and also introducing the reforms for electricity market for
participating renewables, particularly solar and wind power [3]. The government
of UK has set out priorities to meets the target and have also allocated five-
yearly carbon budgets. UK have also restricted the amount of greenhouse gas
it can legally emit in a five-year period. The UK is currently in the third carbon

budget period (2018 to 2022) [4].

The Paris Agreement builds upon the Convention and for the first time brings
all nations into a common cause to undertake ambitious efforts to combat
climate change and adapt to its effects, with enhanced support to assist
developing countries to do so. As such, it charts a new course in the global
climate effort [5]. The United Nations Framework Convention on Climate

Change (UNFCCC) has taken concrete steps towards the prevention of climate



change and to take control over global warming by ramping up the research
and development to increase the penetration of more renewable resources of

energy which has the capacity of replacing fossil fuels [6].

Conventionally, the centralized nature of the power supply systems in the world
and most of it's dependency is on fossil fuels. There have been many resources
for the production of power in big generation facilities that can provide low cost
energy generation in a highly populated area. Due to increasing cost of
operation, maintenance, and extension of existing power transmission
networks from centralised grids, many decentralised systems have now shifted
towards distributed generation for local power supply. Given the high cost of oil,
renewable energy resources are also very vital and important alternative for
such isolated systems. The cost to expand transmission, and the cost of
transportation for fuel, along with the target to reduce carbon emissions, the
renewable energy resources are the best alternative and solution of world’s

energy crises.

Renewable energy sources (RES) are considered to be most abundantly
available energy resources which are eco-friendly. Many national and
international organizations have carried out research to investigate the
integration of renewable energy resources with power grid in the fallowing

decade [7]. However, there are huge challenges needs to be addressed in the



near future. In this context it is clear that the renewable energy resources are

the best suitable and promising clean energy source.

Although it is evident that the energy cost from conventional resources is lesser
than from the renewables, an optimised mix of conventional resources with
renewables energy resources are capable of reducing the overall energy cost
for isolated systems, which are also referred as microgrids [8]. Distributed
generation in microgrid systems normally range from 5kW to 10MW in capacity,

near or at the end-user to supply the electric power required [8].

A very clear and precise definition regarding microgrid and it's functionality is
stated in [9]: A microgrid is defined as a cluster or formation of electricity
sources and electrical loads in one or many locations that either may be or may
not be connected to conventional power system or to the grid. The most
important and intriguing feature is that the microgrid has the ability to control
over its operation, allowing it to be operated more reliably as an island [10]. The
microgrid’s success will heavily depend on the availability of renewable energy

resource and the economics related to the distributed energy resources.

The Increasing oil prices and decrease in fossil fuel production, extreme
climatic conditions are the main contributors for the motivation to direct mankind

to fulfil our energy needs and requirements from renewable energy resources,



away from a conventional or centralized energy system to a decentralized and
more hybrid power system [11]. The work done so far in microgrid design has
used deterministic methods, but the majority of the referred work anticipate or
acknowledges the stochastic nature of renewable energy generation and
demand. It has been really very challenging to develop or propose joint
stochastic models to the design small microgrids with high renewable
penetration due to the involvement of multiple disciplines, as well as economic
and environmental factors [12]. Developing microgrid models that incorporates
planning and operation of microgrids by considering their inability to dispatch
power and uncertainties related to renewable energy resources and demands
is the prime and important goal. Planning models that incorporates a long time
period horizon with large time intervals while microgrid’s operation models that
incorporates a short time horizon with smaller time intervals and by considering

both concurrently is almost impossible in real world systems.

It is evident that the success of these clusters of these mixed technology
generation, grouped with possible storage, loads that can controlled and other
microgrid components will empower microgrid systems to success [13]. Long
term environmental, economic and utility systems benefits are evident,
strategies and policies are required to such microgrids to propel to a wider
audience. There are some technological, regulatory and economic issues

which restrains the spread and deployment and integration of renewable



systems in an existing power system [14]. The undispatchability and
uncontrollability of the renewable energy systems is the issue of significance
importance. Majority of the recent designs assume that renewable resources
are dispatchable. It is practically not feasible to consider the renewable energy
resources as dispatchable which in most cases regarding the recent microgrid

designs.

Electricity is the commodity that is consumed almost instantaneously once it is
generated. The electricity demands are fluctuating hence power system
planners may perform complex and multistage planning processes that will
enable the generators to deliver the required or agreed amount of energy and
vary their energy output promptly on a short notice [15]. To deal with this
problem of undispatchability and uncontrollability of renewables, it is
recommended to use RES in conjunction or combination with generators that
are controllable and use energy storage system. The combinations of RES with
storage systems and controllable generators ("Hybrid Microgrid”, HMG) are
considered to be more feasible and attractive alternatives only in areas such as
islands, villages and oases, where it is very expensive to expand power

transmission lines from the central grid to feed the loads in remote areas [16].

The consideration towards installation of HMG has been popular due to two

major reasons:



e Renewable systems and energy storage units are getting more bigger and
less expensive.
e Reliance on the central grid is shrinking, which in return enables higher

penetration of renewables and distributed energy generation.

The traditional power grid which normally had three layer architecture
generation, transmission and distribution is transforming into a modernised
decentralized system with many microgrids integrated together with distributed
generating units and smart communication to allow high penetration of
renewables [17]. In this context, an optimal strategy must be introduced which
has a choice of right mix of renewable energy resources which plays an critical
role in planning and operation of the HMG. Extensive research is been
performed in this area but the uncertainties related to renewable energy
resources and highly pricey energy storage solutions is making this process of

technology selection very challenging.

In HMG, a local grouping of energy generating sources and loads is formed,
which can feed its localised demand and thus improves grid efficiency [18]. The
HMG concept reduces the number of reverse connections in an individual AC
or DC grid while also allowing renewable AC and/or DC sources and loads to
connect to the power system. Although AC power systems have improved
significantly over the last few decades, advances in power electronics have
completely revolutionised the major domains of power systems and changed

the load profile for end users [18]. Modern appliances such as laptops, mobile



phones, electric vehicles, televisions, remote controls, and so on run on DC

power, which is typically supplied by an AC-DC converter.

Hybrid microgrids has benefits of both ac and dc microgrid types[19].
Furthermore, the number of required power converters would be drastically
reduced, improving microgrid efficiency and lowering investment and operation
costs. This report introduces hybrid ac/dc microgrid as a viable solution
compared to individual ac or dc microgrids and focuses on its planning. The
objective of the hybrid microgrid planning is to minimize the microgrid total cost,
including investment cost of distributed energy resources (DERs) and
converters, operation cost of DERS, the cost of energy exchange with the utility
grid, and the cost of unserved energy during the planning horizon[20]. The
economic viability of the microgrid planning is investigated in this report and it
is shown how the optimal DER generation mix, the type of feeders, as well as
the point of connection of DERs to feeders can be determined by updating the

traditional ac microgrid planning model.

1.2 Aim

The aim is to investigate and optimize the planning and design of Hybrid AC-

DC microgrid with integration of renewable energy resources.



1.3 Objectives

The main objectives of this research are as follows:

1) Model the uncertainties related to load demand, wind and solar power
through scenario tree approach.

2) Propose a novel approach for the planning and operation of Hybrid AC-DC
microgrid within a electricity market environment by maximising the net
social welfare by taking into consideration the impact of solar and wind
penetration.

3) Propose a new methodology for planning and operation of multi-carrier

energy systems with distributed injection of renewable energy resources.

1.4 Organization of the Thesis.

The thesis is composed of five chapters, the contents of chapters is summarized

as follows:

Chapter 2: This chapter gives overview of the microgrids, which includes details of
microgrids including the types and technologies, the challenges faced to increase
penetration of distributed generation. This chapter also discusses the planning
models which includes objectives, related constraints, uncertainties modelling

methods, and conclusion.

Chapter 3: This chapter includes the planning and operation of hybrid ac-dc

microgrid. This chapter aims to introduce a novel hybrid AC-DC microgrid planning



and design model within a microgrid market environment to maximize net social
welfare (NSW). Scenario Tree approach is used to model the uncertainties related
to load demand, wind speed and solar irradiation. A study on a real 28-bus real

hybrid AC-DC microgrid is caried out to check the validity of the proposed model.

Chapter 4: This chapter Includes the optimal energy flow study in proposed
MCEMGN operation framework. The prior study on multi energy systems which
includes microgrids, natural gas network and heat network is limited and in the best
of our knowledge, there is no literature so far regarding the planning and operation
modeling that considers the nexus of hybrid microgrid, NG network and heat
network while considering WTs, PV and dispatchable load uncertainties. This
chapter discusses a very novel approach for MINLP model for planning and
operation of multi-carrier energy systems by minimizing cost considering the
uncertainties that are associated with dispatchable load demand and DGs

subjected to network constraints.

Chapter 5: This chapter summarizes the conclusion and recommends the future

work.
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Chapter 2 Literature Review

2.1 Microgrid Introduction

In this chapter, a literature review of the research is presented. This review will
cover details of Microgrid, it’s types and technologies, applications and benefits, the
challenges faced when penetration of DGs increases, methods used for uncertainty
modelling, different optimization tools to optimize power flow, DGs location and
problem size.

The traditional electric grid structure works on the principle of centralized generation
mostly from the consumption of fossil fuels. The dependency on fossil fuels, aged
power network, increase in energy consumption and poor energy quality, are
among many reasons that have led to requirement of modification of this existing
system. According to the report of International energy agency (IEA), the total
energy consumption has increased from 6.106 Mtoe in 1973 to 13.371 Mtoe in
2012, and this increasing tendency is foreseen[1]. The fossil fuels shares 81% of
the total energy consumed in 2012. But the reduction in fossil fuel production,
emission of CO,, global warming and pollution have compelled researchers to find
new ways of energy generation. Renewable energy sources (RES) are considered
to be most abundantly available energy resources which are eco-friendly. Many
national and international organizations have carried out research to investigate the

integration of renewable energy resources with power grid in the fallowing decade

11



[3-7]. However there are huge challenges needs to be addressed in the near
future.

There are two main reasons of poor efficiency of utility grids (a) higher consumption
levels (b) ageing factor. According to IEA, in 2011 the world wide total power losses
in the transmission system were 8% approximately [8].

One of the attractive solutions of these problems is to integrate RES with the
existing system of power grid. But to integrate RES with power grid in a distributed,
reliable and in an efficient manner is a big challenge. The installed capacity of RES
will double in 2023 [8]. Smart grid is another most attractive solution proposed for
this problem [9][9-16]. It is expected that electric market will undergo same evolution
as internet did in twentieth century and this concept is named as Energy internet
[17] or Enernet [18].

A microgrid is a small-scale low voltage power grid on the distribution side is one
the best possible solution to improve power flow. It also reduces power losses at
transmission level through distributed generation interconnection, loads and energy
storage systems (ESS) in the same grid [19-25]. Microgrids can be operated in two
modes (1) It can be operated in islanded mode (2) It can be operated in conjunction
with the utility grid known as grid connected mode [58]. Fig. 2-1 demonstrates a
typical microgrid which involves DERSs, distribution network and loads. The point of
common coupling (PCC) is a point where microgrid can be connected or
disconnected from the utility grid. The evolution of multiple-microgrids is because

of limited capacity of microgrids. If several microgrids are interconnected then

12



multiple-microgrids can be formed which can operate in both isolated or grid

connected mode.
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Figure 2-1 Microgrid scheme

Microgrids offers many benefits and advantages including improved power
efficiency, reliability, reduction in cost, low transmission losses, less pollution, low
carbon emission and eco-friendly. However, there are many issues like control,
operation and protection of microgrids. There are many methods proposed in the
literature for the successful operation of microgrids. According to IEEE standard
1547, DGs are allowed to integrate with utility grid but in case of fault it has to isolate
from the utility grid. This approach is applicable to small scale microgrids which are
grid connected. But in case of very high penetration of DGs, it will be very difficult

and damaging for the utility grid if all DGs are disconnected instantly. There are
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several literatures available which have enlightened several aspects of this

network: control strategies [21,23,26-33,34-36,37-39], test beds [19,23,25,40]

techniques used for optimization and software used [41-46], devices used for

protection [32,37,39,47,48], etc.

There are many issues regarding control and protection of microgrids and their

possible solutions which includes:

1)

2)

3)

4)

5)

The conventional power grid works on the principle of unidirectional power
flow. But with the integration of DGs, the power flow will be bidirectional
which means the conventional control and protection schemes will be no
longer applicable [59].

In the case of fault current, it is limited to 2p.u for GDs with inverter, which is
impossible to sense for traditional overcurrent relays [59].

Microgrids operates at low voltage as compare to traditional utility grid so it
needs small transient stability and signal stability analysis for the smooth
operation of microgrids [60].

In case of conventional power generation where bulk of the power is
generated at the generation side with high inertia and then it is dispatched
to different load locations but in case of microgrids energy generation is at
different pockets so it will have low inertia. Hence in the case of microgrids,
a new special mechanism is required to control power flow [60].

A special and efficient form of communication is required between the GDs

and storage devices.
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2.2 Microgrids Classification

Microgrids can be divided into three groups according to their topologies namely,

ac microgrids, dc microgrids and hybrid ac/dc microgrids [23,39,40,49-56].

2.2.1 AC Microgrids

An AC microgrid facilitates the direct integration of DG units with the utility grid with
very minimum modifications. The structure of the AC microgrid is suitable to
facilitate any modification in voltage levels with the help of transformers operating
at low frequency and it has very efficient fault management protocols. But regarding
these benefits, there are some issues with AC microgrids out those two are of
significant importance. First, any incoming DG unit has to synchronize and secondly
the reactive power circulation contributes into the power losses. There are many
literatures available that has discussed the integration of AC microgrids [19, 24, 40,

50].

2.2.2 DC Microgrids

The renewable energy resources are found abundant in nature and are eco-friendly,
the penetration of dc-based DG units, loads and ESS units, are leading to new era
of DC distribution system. There are scores and scores of benefits of DC distribution
system, which includes more efficiency, less converters will be used, no
synchronization is required for DGs, there will be no reactive current circulation in
the network. But to gain benefits of DC distribution system, the existing system has

to be modified and the cost for cause will be very huge. There are many literatures
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available in which the benefits of DC distribution system are discussed over AC

distribution system [22,23,39,50,53,54].

2.2.3 Hybrid ac/dc microgrids

A Hybrid ac/dc microgrid is a more complex but practical network which pools up
the benefits of AC system and DC system [22,51,52,53,55]. The main advantage
of this network is that it combines both ac and dc networks together through an
interlinking converter (IC) to form a unified distribution grid. This hybrid microgrid
(HMG) will allow the direct integration of both ac-based DGs and dc-based DGs,
ESS and ac-based and dc-based loads into the grid. The ac and dc sources, loads
and ESS are separate out and connected to its respective subgrid mainly to reduce
the power conversion, thus overall efficiency of the system increases. The

architecture of HMG thus improves power quality and reliably of the system.

HMG has gained its importance where the reliability, availability and power quality
are the highest priorities e.g data centres [63], telecom towers etc. Beside these
advantages, the power rid-through ability can be improved through dc subgrid [64]
and voltage profile and be improved for ac subgrid [65]. HMG can serve as virtual
active power filter to improve power quality [66] or it can be used as reactive power
compensator [67]. The dc subgrid can be used a charging station for electric
vehicles [68, 69]. The most important fact which differentiate HMG from all other
distribution systems that it provides an appreciable amount of reliability to
customers’ nodes by appropriate DERs allocation according to the size, sight and

type [70].
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2.2.4 Hybrid ac/dc microgrid advantages and disadvantages

HMG is a very unigque and interesting idea for the implementation of smart grid
concept. A typical design of HMG is shown in Fig. 2-1, where both networks ac and

dc can easily distinguished.

The advantages of Hybrid ac/dc microgrids are:

1) Integration
The integration of ac-based for dc-based devices to HMG can be done at
any stage with the minimum number of converter stages. On both ac subgrid
and dc subgrid, the incoming units can be integrated at any time which

makes this system more flexible to load requirement.

2) Synchronization
The synchronization on ac side will follow the same conventional process to
integrate any incoming DG while there is no need for synchronization on the

dc side.

3) Voltage transformation

On the ac side of HMG, the voltage transformation is done through

transformers while on the dc side it will be done through dc-dc converters.
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4)

Economic feasibility
Although the cost of implementing the HMG concept is high as compare to
compare to traditional ac distribution system but the investment will repay

back more quickly as the total number of interface stages are reduced.

However, there are some disadvantages of Hybrid ac/dc microgrids which are:

1)

2)

3)

Protection

There is a lot of work has been done on the protection of ac distribution
system and this field is already developed but in the case of dc subgrid, there
is a lot of work needs to be done like fault detection system, over current
protection, voltage surges etc.

Uncertainty

The wind speed and solar irradiation are the two factors which are the main
concerns for this system and these factors forced the designer to think about
grid connectivity and stand by generating units to compensate any decrease

in power generation.

Control complexity

The control strategy for HMG is much more complicated and complex as
compare to ac grid and dc grid individually. As it combines the both grids so
the a robust mechanism is required to control ac devices and dc devices
especially in the presence of interlinking converter which makes this job

more difficult.
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2.3 Power Topologies

HMG consist of ac subgrid and dc subgrid interconnected by one or more
interlinking converters and ac subgrid is also connected with the utility grid at a point
known as point of common coupling (PCC). The power topologies can be divided
into three main categories (a) Conventional topologies (b) Multi-microgrid
topologies and (c) Solid state transformers Topologies. A brief introduction of each

category is explained below.

(a) Conventional topologies
In this type of HMG, a single IC with its filters is used to connect three phase
ac subgrid and dc subgrid. This type of topology is used for Greenfield
installation which is having single owner. The conventional or traditional
topology is shown in Fig 2-2, is mainly used in networks of low voltages, has
been used in [66,78-113]. The basic difference in these topologies is either
the IC used or the location of storage unit e.g storage unit can be used on

dc subgrid [80,81] or it can be used on the ac subgrid side [84].

Switch ACBus
ic |1\

F:‘?{:'ﬁi{' DC Bus
{

LY

H

Figure 2-2 General Architecture of Hybrid ac-dc microgrid
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(b) Multi-microgrid topologies
In Multi-microgrid topologies, ac subgrids and dc subgrids are owned by
different owners. These neighbouring microgrids are independently operated
and then integrated together for economic benefits and to synergized
technology. In this way the performance, reliability, backup, power quality
and economic optimization will further increased. This topology is best
described in [114] where a common ac bus is used to integrate different ac
and dc microgrids for islanded mode of operation shown in Fig 2-3. Each of

these microgrids is also capable to switch to grid connected mode as well.

Main
Utility

Utility Bus

IC1 IC2 ICN

Microgrid 1 Microgrid 2 - Microgrid N

QGI Controll@ @GZ Controlla UGN Controller
( Master Controller )

Figure 2-3 Hybrid Multi-microgrid

In [115], authors have used one ac subgrid but multiple dc subgrids, shown in Fig.
2-4 and also one multiple ac subgrids and single dc grid as shown in Fig 2-5 to

demonstrate HMG structure.
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Figure 2-4 Hybrid Multi-microgrid: Multiple dc subgrid

Main
Utility

PcC
|
| DC Microgrid | | AC Microgrid 1 | ————— AC Microgrid N

Figure 2-5 Hybrid Multi-microgrid: Multiple ac subgrid

(c) Solid state transformers (SST) topologies

The conventional and multi-microgrid uses single stage IC but separate

filters and isolation transformer. The SST acts as an IC that connects ac

subgrid, dc subgrid and the main utility grid but the basic difference between

this topology and above mentioned topologies is that it uses IC, filters and

isolation transform as a one compact device. SST has two tasks to do, first

it acts like an energy distributer secondly it has to act like an ordinary

transformer. In [60], an SST based HMG is discussed in which three

components are shown in FIG 2-6, rectifier, dc-dc converter and an inverter.

This SST will coordinate between different neighbouring ac and dc grids

[120,121] and also performs ancillary service to the grid [117].
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Figure 2-6 SST based three stages Hybrid microgrid

The SST based topology (single phase) is very useful to integrate smart houses
[119]. Table 2-1 includes the type of power topology used, voltage level and

references it covered.

Table 2-1 Hybrid Microgrid Power Topologies

Power Topologies Reported Voltages References
ac side-260/380/400/415V | [66],[78 - 113]

Conventional topology | - <iie 400/600/700/800V

L ) ac side-1.21/4.16kV [109],[114-116]
AC/DC multi-microgrid dc side-0.6KV
ac side-120/380/415V [117 - 122]

SST based topology ' 10 5001400V

ac side-0.2/0.4/0.48/3.5Kv | [65],[67],[68]

Other topologies dc side-0.3/0.8/3.5/10kV | [123] - [129]

2.4 Hybrid ac/dc microgrids Control Strategies

The control strategies for ac microgrids and dc microgrids have been thoroughly
studied for the last twenty years [73,74]. But the research regarding HMG really
picked up its pace from the last six years, for example, power management

strategies [77], control related strategies [75,76] and power related topologies [74].
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The control section of HMG is of significant importance hence it needs a very
comprehensive research effort. There are many sub areas of control which includes
modelling for network which includes its components and system, power quality,
coordinated control, protection strategies and stability analysis. There are number
of objectives associated with the control e.g power control, voltage control, energy
storage management, steady state and transient state stability improvement,
increase in stability margin, current control, improving power factor and fault

management etc.

2.4.1 Modelling

To test a control strategy, an accurate and precise test bed of HMG model is
required. The power management topologies have used aggregated model of HMG
[94,131]. But to study detailed aspects like power quality, power dispatch, planning

for distribution network modelling is required.

A generic algorithm for power flow is discussed in [148] for islanded HMG using
Newton trust region method. Most of the components such as DGs, bus bar, loads,
IC, distribution cables are being modelled. Admittance based model of HMG is
being proposed by the authors in [68]. Y-bus matrix and steady-state equations for
converters, inverters and IC are also included in this model. Newton-Raphson

method is applied to study the network that consists of ac section and dc section.
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2.4.2 Power Management

Power management basically constitute of active and reactive power control, ac

bus and dc bus voltage control and storage unit control.
a) Active Power Control

The amount of active power flow among the subgrids and IC has to be decided at
each instant. The frequency on the ac subgrid and voltage magnitude on the dc

subgrid expresses the loading condition of each subgrid [134].
b) Reactive Power Control

Reactive power flow is not a major concern for IC or dc subgrid as it is only
demanded on the ac subgrid side. The IC will only contribute in reactive power
when there is a supply of active power from dc side towards ac side [156]. IC can
also act as a static compensator when reactive power generation on ac side

becomes insufficient [108].
c) Storage Control

DGs like wind and solar are having intermittency in output. There is a need of
efficient energy management system (EMS) that will use energy storage units to
compensate any shortfall in energy supply [81, 87] to maintain energy balance
[93, 103, 107]. For that purpose batteries are the best option can be placed on the
dc side. Batteries are generally on the dc side to maintain the dc bus voltage level
in islanding mode [81, 87, 93,106]. But due to the existence of multiple-grid

forming units the batteries requirement has reduced significantly [160].
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d) Voltage Control

Voltage control in HMG can be classified into two categories (a) Islanded mode
and (b) Grid connected mode. In islanded mode, the voltage magnitude on the dc
side is controlled by storage units and on the ac side the droop based inverters
are responsible to maintain voltage level [83, 87]. In grid connected mode, the dc
side voltage level is maintained by IC. There are many literatures available for bus

control in islanded mode and grid connected mode [69, 92, 93, 128, 130, 135].

e) Parallel IC control

The basic aim for multiple IC is to allow bulk of power being exchange between ac
and dc subgrids. On ac side, due to unmatched line impedances, DGs are unable
to share their rated reactive power share [71]. Similar problem also occurs on dc
side because of unmatched line resistance [72, 73]. In [115], Author suggests that
power sharing problem also exist in an approach where multiple parallel ICs are
used. This is due to voltage sensing problem as multiple parallel ICs are sensing
unequal voltages. ICs are controlled by centrally to overcome these problems [84,

88, 138, 139].

2.4.3 Coordinated Control

The control function can be divided into three stages (1) primary level (2) secondary
level and (3) tertiary level [161]. The first level or primary level consists of faster

loops and their execution time is much less as compare to secondary or tertiary
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level control. According to [162], there is another classification which divides control

scheme into (1) Decentralized (2) distributed and (3) centralized control.

(1) Decentralized Control

This type of control is preferred to execute primary control tasks such as bus
voltage, power sharing and frequency regulation. In this method, the control task
will act on the information gathered locally. But the deviation from mean in steady

state in terms of frequency and voltage occurs due to decentralized control [94].

(2) Distributed Control

A consensus over global variables is a special characteristic of distribution control
[163]. In [80], a real time power management control algorithm was implemented

for both islanded mode and grid connected mode of HMG.

(3) Centralized control

In this approach, a centre based controller has bidirectional communication with
both sides of the system to collect information from the components and send
setpoint information back to the components. This type of topology is applied
where accurate power management is required [97, 151] and where optimal

energy exchange between the grids is required [84, 94].

2.4.4 Stability Studies

The instability of the HMG can occurs due to any change in system or control

parameters or any change in generation or loading. The instability in case of
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islanded mode can be caused due to change in parameters in load [82] or in line
inductance [89] or due to change in droop constant value [155] or hierarchical

control levels [88], etc.

2.4.5 Power Quality

The main objective of the HMG is to improve power quality for both subgrids. Most
power topologies which are being proposed considered balanced loading condition.
But unbalanced loading condition is very common and especially it has adverse
effects on dc subgrid in islanded mode. The unbalanced loading condition can
inject harmonics of 100HZ on dc subgrid side [92] and it also cause high order
current harmonics. In [156], authors have deployed control topology of multiple ICs

using unbalanced grid condition.

2.4.6 Protection Strategies

The only literature available so far that discusses the protection scheme for HMG
is in reference [132]. The authors have discussed different types of faults that can
occur on both subgrids of HMG operation and also have suggested their solutions.
On ac side, zero sequence currents are of critical importance and it is used to detect
faults. While on dc side, the magnitude of rate of change of capacitor current is

used to detect faults.

2.5 Planning of Hybrid ac-dc microgrid

Planning of hybrid microgrid means to estimate the capacities of DGs, taking into

account technical, economic and environmental consideration. Hybrid ac-dc
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microgrid is considered as the future of distribution network which will have benefits
of both ac and dc microgrids. Only few studies can be found on planning of hybrid
ac-dc microgrid. A comparative analysis of ac and dc microgrids has been
performed in [166] and it also reviewed the topologies used for the interaction of ac
and dc subgrids and with the utility grid. In the best of our knowledge, there is no
literature available in the planning and design of hybrid microgrid in grid connected

mode.

2.5.1 Objectives of Hybrid ac-dc microgrid Planning

1) Maximization of renewable DG penetration.

2) Maximization of DG capacity

3) Reduction in system losses

4) Minimization of investment, maintenance and operation cost

5) Maximization of social welfare

2.5.2 Constraints of Hybrid ac-dc microgrid Planning

There are two types of constraint involved in Hybrid ac-dc microgrid planning,

equality constraints and inequality constraints

a) Equality Constraints
These constraints are related to active and reactive power balance at each
bus of the system.
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b) Inequality Constraints
These constraints are related to voltage limits, line thermal limits, active
power and reactive power generation limits, phase angle limit, Power factor
limit, current limits, total line losses limits, battery charging and discharging

limits, Power exchange between ac and dc subgrids limits.

2.6 Uncertainty Modelling in Hybrid ac-dc microgrid.

Uncertainty in HMG cause due to high proportion of intermittent energy sources will
cause too much trouble to utility microgrid by affecting its stable operation and
safety. There are several approaches to model the uncertainties in distribution
system which includes probabilistic method, interval analysis, robust optimization,
hybrid probabilistic approach and information gap decision theory (IGDT)[167].
There is no literature so for that has discussed Uncertainty Modelling in Hybrid ac-
dc microgrid but I will try to use existing topologies to model uncertainties issue in

Hybrid ac-dc microgrid. These topologies are described as follows:

1) Robust optimization

Robust optimization topology was suggested by Soyster in 1973 [168]. In this
method, uncertainty related to input parameters is described by uncertainty
groups. The main advantage of this topology is that the decision still remains
optimal even in a worst-case where a specific parameter is being investigated

within a specified group.
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2) Interval analysis

This topology was introduced by Moor in 1966 assuming that uncertain
parameters are basically obtained values came from a recognized interval. This
topology is almost similar to the probabilistic modelling with a uniform probability

density function (PDF). This technique finds the bounds of output variables.

3) Probabilistic Approach

This topology was introduced by Dantzing in 1955 [169]. In this topology, it is
assumed that the PDF of input parameters variables are known. Probabilistic
approach can be subdivided into two categories, numerical and analytical
approaches. Monte Carlo Simulation (MCS) is the most common stochastic
approach which is basically characterize as numerical approach. MCS is further
divided into three types (1) Sequential Monte Carlo Simulation (SMCS) (2)
Pseudo-Sequential Monte Carlo Simulation (3) Non-Sequential Monte Carlo

Simulation.

4) Analytical Approach

The idea behind the analytic approach is to do arithmetic with PDF of stochastic
input variables [170]. This approach is further divided into two groups, based on
linearization and based on PDF approximation. Based on linearization, it is
further classified into convolution method, cumulants method, Taylor series
expansion and first order Second moment method (FOSMM). Similarly based
on PDF approximation is further classified into Point estimate method (PEM)
and Unscented Transformation (UT).
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5) Possibilistic Approach

Zadeh has introduced the idea of fuzzy arithmetic [171] in which membership
functions are used to explain input parameters. A fuzzy evaluation tool was
suggested for analysis of DGs effect on active power loss and the capability of

distribution system to supply its loads even in the presence of uncertainties.

6) Hybrid Possibilistic-probabilistic Approach

This approach is used to present how the random and Possibilistic parameters
can handle uncertain parameters [172]. The Fuzzy and Monte Carlo Simulation
have used Hybrid Possibilistic-probabilistic approach to analyse the uncertain

power production from DGs on active power loss in distribution networks.

7) Information gap decision theory (IGDT)

Yako Ben-Haim proposed IGDT in 1980 [173]. This technique measures the
difference between parameters value and their estimated value. In this

technique, PDF and membership function are not used for input parameters.

2.7 Optimization methods for Hybrid ac-dc microgrid Planning

The emergence of DGs with their application in distribution system has led to

establishment of Microgrids. Planning of hybrid microgrid means to estimate the

capacities of DGs, taking into account technical, economic and environmental

consideration. Various planning techniques were employed to optimize microgrids

characterized as conventional methods, intelligent search-based methods and the

31



prospective methods. Same techniques can also be used to optimize hybrid ac-dc

microgrids.

2.7.1 Conventional Methods

These are also called non-heuristic or classical methods. These methods includes
linear programming (LP), non-linear programming (NLP),mix integer non-linear
programming (MINLP), direct approach (DA), optimal power flow based approach
(OPFA), ordinary optimization (OD), analysis approach (AO) and continuous power

flow (CPF).

a) linear programming (LP)

Linear programming (LP) is defined as n method to optimize a linear objective
function subject to linear constraints [174]. LP technique was employed to
optimize a linear system in [175, 176] to gain maximum penetration of DGs.
There is no literature available so far that have investigated the linear objective

function in case of HMG.

b) Non-linear programming (NLP)

In NLP, a mathematical technique uses derivatives for computation. The first
step in this iterative method is to identify the search direction specified by first
derivatives of the equation. This is first order method which includes reduced
gradient topology [177]. The successive quadratic programming [178] and
Newton Raphson method [179] are known as second order methods, involves

the second order partial derivatives of power flow equations and constraints.
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c) Mix integer non-linear programming (MINLP)

In [180], an optimal planning of HMG is discussed. Numerical and probabilistic
techniques are used via software application. Authors in [181] investigated the
IEEE 9bus distribution system. An optimized planning via MINLP by using
GAMS software, is done by adding the solar unit into the traditional 9bus
distribution system. Load demand is fulfilled by solar energy. Beta PDF is used
to model uncertainties. This model cannot integrate other energy sources like

renewable and fossil fuel sources.
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Chapter 3 Planning and Operation of Hybrid ac-dc

Microgrid

3.1 Introduction

A hybrid AC-DC microgrid (HMG) integrates both AC and DC distributed generators
(DGs), as well as AC and DC loads, into the grid. The AC and DC sources and
loads are separated and connected to their respective subgrids primarily to reduce
power conversion and thus increase system efficiency. The purpose of this chapter
is to introduce a novel hybrid AC-DC microgrid planning and design model within a
microgrid market environment in order to maximise net social welfare (NSW). NSW
is defined as the present value of total demand payment minus the present value
of total planning cost, which includes the cost of distributed energy sources (DERS)
and converters, the cost of DER operation, and the cost of energy exchange with
the utility grid subject to network constraints. To model the uncertainties associated
with load demand, wind speed, and solar irradiation, the Scenario Tree approach
is used. The proposed model's effectiveness is validated through simulation studies

on a 28-bus real hybrid AC-DC microgrid.
3.2 Hybrid AC-DC Microgrid

Microgrids are thought to be the distribution network of the future. The proximity of
DERs to loads and the utilisation of DGs in microgrids distinguish microgrids from

the existing conventional power grid. Microgrids also promise to provide good
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power quality, improved reliability, lower power losses, less network congestion,
and an efficient and environmentally friendly energy system.

The current focus of microgrid development is primarily on ac microgrids, which are
standard conventional ac power systems. However, with current advancements in
dc loads (such as LED lights, data centres, computers, and communication centres)
and dc DERs (such as fuel cells, solar panels, and energy storage devices), hybrid
ac-dc microgrids are more advantageous. HMG combines the advantages of both
alternating current and direct current systems. There are ac and dc bus bars in
HMG, and the bus bar selected depends on the type of load and DER connected.
AC-based DERs and loads could be connected to alternating current buses, while
DC-based DERs and loads could be connected to direct current buses. As a result,
the required number of converters and inverters would be reduced, lowering
planning costs and improving system efficiency. Integration of DGs would be
facilitated by a simplified interface, which is a difficult task in ac microgrids. These
benefits of HMG can usher in a revolutionary and highly viable option for future
power grid development. A hybrid ac-dc microgrid is proposed to reduce the
number of power conversions and to make it easier to integrate DGs of alternating
current and direct current to their respective grids. The proposed model has two
sides of operation, as shown in the one-line diagram, ac subgrid and dc subgrid.
Interlinking converters connect the alternating current and direct current subgrids

(IC).
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This general architecture has the following advantages.

1) If the hybrid ac-dc microgrid's loads can be supplied from both ac and dc
subgrids, the reliability and efficiency can be improved due to the availability of
alternative resources. The integration of ac based DGs on ac subgrid and dc based
DGs on dc subgrid makes this system more flexible.

2) The integration of ac-based DGs on an ac subgrid and dc-based DGs on a
dc subgrid increases the system'’s flexibility.

3) In general, ac-based resources and loads have a larger share than dc-based
resources and loads. As a result, the ac link can be regarded as the system's
primary energy carrier.

4) The servicing capacity on the alternating current and direct current sides can

be adjusted to meet the system's needs.

3.2 Background, Motivation and Literature Review

Electricity demand is rising, necessitating greater penetration from generating units
and more efficient power grid operation [182]. The main contributors to the current
critical situation are population growth, improved living standards, pollution, and a
decrease in the production of traditional energy resources such as (natural gas,
petroleum, coal, and so on). There are numerous drawbacks to using fossil fuels,
such as the emission of gases that contribute to global warming and pollution [183].
With the passage of the Climate Change Act in 2008 and the subsequent
implementation of electricity market reforms, the United Kingdom (UK) established

itself as a global leader in renewables, particularly wind power [184]. To meet these
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targets, the UK government has established five-year carbon budgets that are
currently in effect until 2032. They limit the amount of glasshouse gases that the

United Kingdom can legally emit over a five-year period [185].

Microgrids are viewed as the distribution system of the future [186]. Microgrids form
a local grouping of energy generating sources and loads that can feed its localised
demand, improving grid efficiency. The microgrid concept reduces the number of
reverse connections in an individual AC or DC grid while also allowing renewable
AC-DC sources and loads to connect to the power system [187]. Although AC
power systems have improved significantly over the last few decades, advances in
power electronics have completely revolutionised the major domains of power
systems and changed the load profile for end users. Modern appliances such as
laptops, mobile phones, electric vehicles, televisions, remote controls, and so on
run on DC power, which is typically supplied by an AC-DC converter [188]. The
integration of DC technology into the existing system must be seamless. Hybrid AC-
DC microgrids, in particular, can make DC power integration into existing AC

systems easier [189].

Both AC and DC microgrids can benefit from hybrid microgrids. Furthermore, the
number of required power converters would be drastically reduced, improving
microgrid efficiency and lowering investment and operation costs [190]. So far, prior
research on hybrid AC-DC microgrid planning has been limited, with only a few
literatures available on modelling of individual DC or AC microgrid planning. [191]
discussed various aspects of ac and dc microgrids. A planning model was created

that determines the optimal DG generation mix as well as the type of microgrid, i.e.,
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ac or dc. Ref. [192] provides a comprehensive review of technologies used in AC
and DC microgrids, as well as different parameters, topographies, benefits, and
drawbacks of each technology. It is stated that DC microgrid has more advantages
than AC microgrid, particularly over longer distances. DC lines, for example, have
lower line losses and more transmittable power. In contrast, DC protection systems
are more expensive than AC protection systems. More research is needed into the
standardisation and islanding control techniques used in DC systems. Finally, it is
suggested that hybrid microgrids may be a more viable solution than DC microgrids.
Without taking uncertainties into account, Ref. [193] proposes a decentralised
multiagent-based real-time control model of a hybrid microgrid. The uncertainties in
microgrid are investigated in Ref. [194]. Ref. [195] investigates dynamic
assessment for hybrid microgrids. Different sources of uncertainty are investigated
in Ref. [196]. The microgrid planning solution is divided into two subproblems:
investment and operation. A coordinated real time control algorithm for hybrid AC-
DC microgrid sources is presented in Ref. [197], and simulation results are
validated with experimental results. The authors of Ref. [198] proposed energy
management and operational modelling of hybrid microgrids. They investigated the
time dependence impacts on the network over a 24-hour period to determine the
optimal operation of a hybrid microgrid. According to Ref. [199], a hybrid microgrid
can provide reliability to customer nodes by allocating appropriate DGs based on
their size, location, and type. In Ref. [200], the goal of microgrid planning is to
determine the optimal size and type of DG to be installed with a combination of heat

and power systems. The authors of Ref. [201] present a hybrid microgrid that can
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integrate various small-size DGs into an existing power system. A hybrid microgrid
decoupled control model is developed and its performance is evaluated. The
incorporation of DGs in a hybrid microgrids model is proposed in Ref. [202]. At the
DGs' connection point, an additional dc line is assumed. Ref. [203] discusses hybrid
AC-DC planning. A comprehensive review of control strategies is provided in Ref.
[204], with a focus on modelling, power management and control, stability,
protection strategies, and power quality. Finally, research gaps are identified, and

potential solutions are proposed.

3.3 Main Contributions of the Current work

The existing studies lack planning of hybrid AC-DC microgrid under uncertainties
as most of the research is mainly focused on operation of HMG. Authors in [192-
195] and [197-202] has discussed operation of microgrid while authors in [196]
discussed planning of AC microgrid. Authors in [194,196] discussed uncertainty
modeling in AC microgrids. Comparison of the existing studies and the proposed
model is shown in Table 1. To the best of Authors knowledge, there is no literature
available that considers the planning of HMG within the electricity market. This
chapter proposes a novel approach for planning of hybrid AC-DC microgrid within
a novel microgrid market environment by maximizing net social welfare (NSW)

considering uncertainties associated with DERs and dispatchable load demand.
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3.4 Aim and approach

It is evident that the prior work on microgrid planning is very limited and to the best
of authors’ knowledge there is no literature available regarding the planning and
design of hybrid AC-DC microgrid within a market environment considering
uncertainties and power flow of interlinking converters. This chapter proposes a
novel approach for planning of hybrid AC-DC microgrid within a novel microgrid
market environment by maximizing NSW considering uncertainties associated with
DGs and dispatchable load demand subject to network constraints and power flow
of interlinking converters. Scenario Tree approach is used to model the
uncertainties related to load demand, wind speed and solar irradiation. The method
evaluates the optimal amount of active power generated by WT and PV over the

planning horizon.

3.5 Uncertainty Modelling

The increased penetration of renewable resources in electrical networks
necessitates a novel approach to uncertainty modelling. The load levels
approximate the demand cure in long and medium term power system models. In
the case of high penetration of renewable resources, however, the accuracy of the
traditional method cannot be guaranteed, resulting in applicable distortions in
modelling results. Furthermore, the price-dependent resource penetration

necessitates a new methodology, i.e. an increase in the number of load blocks.

To accommodate the increase in renewable generation, a new approach to

modelling load levels with high PV and wind penetration has been considered,
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dividing the traditional load duration into manageable blocks. The following criteria
were considered when splitting the load, solar irradiation, and wind curves: quarter,
working or non-working day, and day or night. The criteria for quarters and working
or non-working days are fixed. The day or night criteria best fits the uncertainty
modelling for solar irradiation and has been considered as a suitable option in this

model.

The load, wind, and solar irradiation curves are used to model uncertainty in a
distribution system for each individual load block. Daily historical demand data is
arranged from higher to lower values while maintaining the correlation between
wind and PV production data from different days. Demand blocks are used to
approximate the load duration curve. The length of the demand blocks varies along
the load duration curve in order to accurately include peak demand in the model.
Wind and PV productions are arranged from higher to lower values for each
demand block in order to be represented alongside demand. All combinations of
demand, wind power factor, and PV power factor levels are considered for each
demand block. Within the demand block, each combination is assigned a probability
equal to the probability of the demand factor level multiplied by the probability of
the wind power factor and PV power factor levels. For the current scenario, 48
demand blocks, three demand factor levels, three wind power factor levels, and

three PV power levels have been considered.

The problem is formulated as a stochastic-programming-based model with the goal
of maximising nett social benefit. The associated scenario-based deterministic

equivalent is written as a mixed-integer non-linear programme with guaranteed
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finite convergence to optimality and efficient off-the-shelf software. The stochastic
programming model, as described below, can be mathematically formulated as a
scenario-based deterministic equivalent based on [205]. The probability tree
depicts the dynamics of the random parameters as well as the non-predictive nature

of the decisions.

3.5.1 Wind speed modeling

Weibull PDF is used to model wind speed variation [206-209]. The PDF function
that describes the relationship between wind speed and WT output power is given

in [210].

PDF(v)=(§)(§)“ exp{—(%)k} (3.1)

where v represents speed of wind, ¢ is the Weibull PDF scale index and k
represents the shape index. The WT’s generated power can be evaluated by using

its power curve as follows [211, 212]:

0, 0<v<y,
Ve V. <V<v
P= T (3.2)
P ated s vV, VLV,
0, v, <V

where Py is WTs generated power, Prated represents the rated power, vci represents
the cut-in speed, rated speed of WTs is represented by vr and v is cut-off speed.

The WTs Speed power curve is shown in Fig 1.
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Generated power of wind
turbine (P,) in KW

Wind speed (v)in (m/s)

Fig.3-1. WTs Speed power curve
At the bus i and for scenario s, the active wind power is calculated as follows:

w w w
0 S Pi,s S yi,s X I:)i,rated

(3.3)
where 5" represents the percentage of the WT’s generated active power
3.5.2 Modelling of Solar irradiance

The solar irradiance modelling is done by using Beta PDF which is described as

follows:

F(a+ﬂ)

a-1 p-1
PDE(s) = mxs x(1-s)", 0<s<10<a,p (3.4)

0 else

where s is the solar irradiance (kW/m?). « and g are the parameters of Beta PDF

which are derived as follows:

43



g 220 ) (3.5)

LY (3.6)

where 4 is the mean and o is the standard deviation of the random variable. The

output power of PV is calculated with the help of Egs. 7 and 8 respectively, the solar

irradiance and the cell temperature as follow [213, 214]:

G
=P X100 [1+5(T, —25) ] (3.7)
NOCT -20
T,=T, + ——— |G
cell amb [ 800 j (38)

where Ppvrepresents the PV output power in MW, Pstc represents the power under
standard test condition in MW, s represents the power-temperature coefficient in
(%/°C), T, represents the cell temperature in °C, T,, represents the ambient

temperature in °C, NocCT are the national operating cell temperature conditions in

°C, G is the solar irradiance in (W/m?).

3.5.3 Load demand uncertainty modeling

To model load demands at each bus, Normal PDF is used. The normal distribution

PDF for uncertain load | is [215-216]:
1 (I_ﬂl)z
PDF(l) = ——xexp| -——2
0] odon p( 52 (3.9)

O
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The genetic algorithm (GA) and support vector machine (SVM)-based load
forecasting use point forecasts, which do not estimate the full distribution of possible
future values, whereas probabilistic forecasts provide the full distribution of possible
future values and quantify the uncertainties in the forecasts. The two existing
techniques for DG system reliability assessment are Monte Carlo simulation and
analytical state enumeration. According to previous research, all uncertainties
associated with DGs can be expressed by random variables X, which are described

in terms of probability density functions (PDF), f(x) [205].

3.6 Modelling approach

To model the uncertainties associated with wind speed, solar irradiance, and load
demand, hourly data consisting of load demand, wind speed, solar irradiance, and
price must be available for one year (8760 h). The steps that follow describe the

methodology for modelling uncertainty.

Step-1: The data is divided into four seasons: summer (June-August), spring
(September-November), winter (December-February), and autumn (March-May),
with each season lasting 2190 hours. Data is factorised by dividing it into peak load

demand, wind speed, and solar irradiation.

Step 2: To construct the demand curve, arrange daily historical demand data for
8760 hours in descending order while maintaining the hourly correlation between
demand, wind, and PV production. The ordered demand curve depicts zones where

high values have a significant impact on NSW and, as a result, network investment.
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Step 3: The wind speed and solar irradiation curves are also constructed by
arranging data in each zone block from higher to lower values. For each time zone,
a cumulative distribution function is calculated, which is then divided into three
levels or segments: high, medium, and low. The level formulation is similar for load

demand, wind speed, and solar irradiation.

Step 4: For each demand block, all demand, wind power factor, and PV power
factor combinations are considered. Within the demand block, each combination is
assigned a probability equal to the probability of the demand factor level multiplied

by the probability of the wind power factor and the PV power factor levels.

Step 5: Scenarios are developed for time blocks by combining different levels of
data. Each load level Il is made up of a scenario s that includes the average demand
factor _(Il,s)d, the maximum wind power level _(Il,s)wind, and the PV power level
_(Il;s)pv. For the current case study, 108 scenarios were generated by multiplying
four demand blocks, three demand factor levels, three wind power factor levels,

and three solar power factor levels and 3 levels for PV power.
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Fig. 3-2. Load, wind & irradiation curves

Fig.3-3 shows scenario-tree associated to each single considered variable
(demand, wind and PV irradiation). The scenario tree depicts the dynamics of the

random parameters as well as the unpredictable nature of the decisions. In this
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modelling, it is assumed that there are n possible future scenarios, with each

scenario representing a different source of uncertainty.

I L
r—
I I
|
|
g
I
I I
I
| :
| |
I I I
Demand Wind Speed Solar Irradiation

Fig. 3-3 Scenario tree

3.7 Hybrid ac-dc Microgrid Model

In this chapter, a general architecture of HMG (as shown in Fig 3.1) is proposed to
reduce number of power conversions as in a traditional ac or dc grids and to
facilitate the integration of ac-based or dc-based sources and loads. Hybrid ac-dc
microgrids can also me termed as multiple-energy career system. The energy
management and control of HMG is more complex and complicated than traditional
ac or dc grids.

In ac/dc microgrids, only ac/dc buses are available, whereas in HMG, both ac bus
and dc bus exists. A point with a transformer where ac grid and dc grid is required

to connect with the utility grid is known as point of common coupling (PCC).The
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connection of ac bus with PCC is straight forward but a converter is required before
connecting dc bus with utility grid. The selection of DERs will depend on capacity,
location, cost and nature of operation required. Proper converters are required to
connect each DRE with its associated feeder. If dc based DER is required to
connect with ac feeder then dc-to-ac inverter will be used and if ac based DER is
required to with dc feeder then ac-to-dc converter is required. This is also true in
case of loads in which a proper converter is required to connect it with its opposite

feeder.

3.7.1 Planning and Operation of hybrid AC-DC microgrid

In this proposed hybrid AC-DC microgrid model, renewable-based distributed
generators (DGs), controllable DGs, DC and AC loads are connected through
separate DC and AC links. An operation model of hybrid microgrid is proposed in
which mixed integer nonlinear model is suggested to balance the generation and
load taking into account the interconnection of DC and AC subgrids for maximizing
the social welfare. The efficiency of the proposed model is established through the

simulation studies on a test hybrid AC-DC microgrid.

The objective of HMG planning problem is to maximize the net social welfare (NSW)
(20). It jointly maximises the consumers’ benefits and minimises the total planning
cost (13). The total planning cost consists of investment cost (IC) of all DGs and
converters, operation and maintenance cost (OMC) of all DGs as well as the power

exchange with utility grid. The cost for one planning year is the sum of IC and OMC.
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h=1 s=1 y=1 h=1 s=1 y=1 s=1 y=1 (310)
where CP= RR(IC + OMC) (3.11)

Note that capital recovery rate RR is present in cost function, calculated as

1

:W (3.12)

where t is the planning horizon and r is the discount rate and the planning horizon is

considered to be for ten years period.

NG NB NS NY VIAX NG NB NS NY WIND
IC :z;gziz;ccaphvs,y f. +CRZ}§Z}Z} P\ fad, +
a=1l n=1 s=1 y= a=1 h=1l s=1 y=
NG NB NS NY NB NS NY
Cl ZZZZ Pryy fra (1—dh)+ZZZ{C|PhL5§dh +
a=1 h=1 s=1 y=1 o h=1 s=1 y=1 o (313)
CRR2S (1-d,)}+CIP™™™W
NB NS NY NB NS NY
OMC = ZZZCostACh,s,y +ZZZc:ostDch,&y +
h=1 s=1 y=1 h=1 s=1 y=1
NB NS NY (314)
,0 . PFsexch
Where
CostAC =C,. xP®"™ and CostDC =C,. x P*" (3.15)
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3.7.2 Constraints:

The objective function is subjected to fallowing investment and operation constraints.

Constraints are of two types (a) Equality constraints and (b) Inequality constraints.

1) DER Connectivity: Each DER is connected to only one feeder.

> fa<1 (3.16)

2) Installed capacity: Installed capacity is greater than peak load demand is
shown in Eq. (3.17).
NB NG

RSN EIN Y GHRL LS 617

h=1 a=1

3) Power balance: Equation (3.18) represents the power balance equation which
has to be satisfied at each bus.

NG

Y Pt x((d, TE1)+(1-d,)) +ZPLDCd + (1-d.)/ER)

h,s,y
a=1

NG

= PP x(ERxd, +(1-d ))+ZF>;’SVy (3.18)

a=1 a=1

El(l-d,))+P™"(ERxd, +(1-d.))

h,s,y

AC Power generation limit: Power generated by AC based DGs is limited by

their installed capacity is shown in Eq. (3.19).

WIND MAX
0<R%, <R%, (3.19)
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4) DC Power generation limit: Power generated by DC based DGs is limited by

their installed capacity.

PV MAX
0<Ps, <Py (3.20)

5) Maximum Power: Total installed capacity of all DGs is equal to sum of total
generated power.
MAX - WIND PV
Ph,s,y = Z Ph,s,y + Ph,s,y (321)
a=1

6) Voltage limits: Voltage at each bus is limited by the boundary values.

V"<V, SV (3.22)

where h is the number of AC and DC buses, a is set of generators buses. It is
assumed that WTs are installed at buses 2, 3, 6 and 8 while PVs are installed at
buses 16, 17, 20 and 22. It should be noted that buses 1 to 14 belong to ac subgrid

and buses 15 to 28 to dc subgrid. . ¢%5 and ¢ are the bid prices for AC and DC

y

load demands, respectively at bus h, scenario s and year y. B¢ and P are the

active power for ac and dc load demand respectively at bus h, scenario s and year
y. The investment cost (3.13) comprises of DG investment cost (first term) and the
cost of converters (rest of the terms). The investment cost of DG is calculated as

installed power capacity B times the capital cost CCa of distributed energy
resources (DER). The RV will be determined at the time of planning. A binary

decision variable fna is also introduced in the investment cost of DG. The fha has two
functionalities, first it gives information that DG is installed and secondly it also gives

information about the bus to which DG is connected. If fna is 1 in planning, this
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means DG a will be installed and will be connected to bus h. The next four terms in
the investment cost are modelled using binary decision variable dn that determine
the type of bus, i.e. AC or DC. If dn is 1 in planning it means it is dc feeder and for
ac feeder dh is set to zero. If dn is zero it means feeder is ac and an additional cost
of inverter (CI) will be added if dc-based DG is to be used in planning to connect
with ac grid. Similarly if dyn is set to 1 in the planning problem then feeder is said to
be dc and an additional cost of rectifier (CR) will be added if AC DG is to be used
to connect with dc feeder. The second and third terms in (3.13) represents the cost
of converter and inverter on the generation side, respectively. While fourth and fifth
terms in (13) represent the cost of converter and inverter on the load side. The last
term in (3.13) represents the cost of inverter required to connect dc feeder with
utility grid. A binary decision variable W is also introduced in last term. If W is set to
zero it means there is no dc feeder but if W is set to 1 it means at least one feeder

is dc. Ptimitis the flow limit between the microgrid and the utility grid.

The operation and maintenance cost (3.14) includes three parts, the first and
second terms represents the generation cost of DGs while third term represents the
cost of energy purchased from the grid. The generation cost of DGs is the sum of
amount of energy produced by each DG (CostAC/CostDC) times the price of its
generation Chsy. The third term in (3.14) represents the total energy exchange with
the grid times the market price at the time of exchange of power. The total energy
exchange with the grid (Pwm) is equal to the sum of energy exchange at each feeder

( P Fexch .

h,sy
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3.7.3 Hybrid microgrid electricity market model

A hybrid AC-DC microgrid electricity market model is proposed in this section.
The hybrid microgrid market operator (HMMO) is a platform that enables market
activities for end user customers, controls the operational facilities and it buys active
power from bilateral contracts or through the pool. Dispatchable loads (DLs), WTs
and PVs sends offers and bids prices of active power in form of blocks to the hybrid
microgrid market (HMM) every hour. To maximize the NSW, the HMMO combines
offers and bids prices. Fig 3-4 shows the proposed hybrid AC-DC microgrid

electricity market model.

Hybrid Microgrid Market
Operator(HNM MO)

Hybrid Microgrid Market(HNMM)

Sellei Buxei

AC/DC AC/DC
Renwable loads
D Gs

Fig. 3-4 Proposed Hybrid Microgrid Electricity Market Structure

Two major responsibilities of the HMMO within this structure are:

1) To receive demand bids from HMM and offer an aggregated bid to the wholesale
energy market.

2) From the wholesale energy market, it will receive schedule of WTs, PVs and DLs
according to the market prices one day ahead. WTs, PVs and DLs will provide
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offer and bid prices and active power quantity information for every 24-hour

trading period one day ahead.

HMM would submit their bids to the HMMO and later be notified by HMMO on the
amount of awarded power. The amount of power exchange with distribution network
is assigned by HMMO, hence it is known to the HMMO in advance which minimizes
uncertainties caused by the HMM. Once the power exchange with the utility grid
and HMM is known in advance for the 24 hours of the next day, the HMM would
solve a market-based scheduling problem to optimize the scheduling of its DGs and

loads.

3.8 Case study and Simulation Results

The effectiveness of the proposed method is verified through the simulation studies
on a 28-bus real hybrid AC-DC microgrid based [217]. The single-line diagram of a

28-bus real hybrid AC-DC microgrid is shown in Fig. 3-5.
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Figure 3-5 Single-line diagram of Hybrid ac-dc microgrid

It constitutes of an AC subgrid with conventional DG sources, DC subgrid with DC
sources and an interlinking converter (IC) which links the two subgrids together.
Each of the subgrids includes their individual loads. The hybrid AC-DC microgrid is
connected to the utility grid during normal grid operation. The proposed hybrid AC-
DC microgrid reduces multiple power conversion processes in an individual AC or

DC grid.

The branch data for ac and dc branches is represented in tables 3-1 and 3-2

respectively.
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Table 3-1 AC branch data

Branches R(p.u) X(p.u)
1-2 0.01938 0.05917
1-5 0.05403 0.22304
2-3 0.04699 0.19797
2-4 0.05811 0.17632
2-5 0.05695 0.17388
3-4 0.06701 0.17103
4-5 0.01335 0.04211
4-7 0 0.20912
4-9 0 0.55618
5-6 0 0.25202
6-11 0.09498 0.1989

6-12 0.12291 0.25581
6-13 0.06615 0.13027
7-8 0 0.17615
7-9 0 0.11001
9-10 0.03181 0.0845

9-14 0.12711 0.27038
10-11 0.08205 0.19207

12-13 0.22092 0.19988

13-14 0.17093 0.34802
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Table 3-2 DC branch data

Branches | R(p.u) X(p.u)
15-16 0.028101 0
15-19 0.0783435 0
16-17 0.0681355 0
16-18 0.0842595 0
16-19 0.0825775 0
17-18 0.0971645 0
18-19 0.0193575 0
18-21 0 0
18-23 0 0
19-20 0 0
20-25 0.137721 0
20-26 0.1782195 0
20-27 0.0959175 0
21-22 0 0
21-23 0 0
23-24 0.0461245 0
23-28 0.1843095 0
24-25 0.1189725 0
26-27 0.320334 0
27-28 0.2478485 0

58




Active and reactive load values including V,,, and V, are shown Table 3-3 for ac

buses while in Table3-4 active load value, V., and V_ are represented for dc

n

buses. The voltage limits are assumed to be between V,_,, =0.94p.u and V,, =1.06 p.u

for ac side and V,;,, =0.99p.u andV,, =1.16 p.u for dc side

Table 3-3 AC bus data

o | Py () | Qug(P) | Vi (pU) | Vi ()
1 0.0 0.0 1.06 0.94
2 0.017 0.027 1.06 0.94
3 0.055 0.895 1.06 0.94
4 0.012 0.039 1.06 0.94
5 0.076 0.016 1.06 0.94
6 0.022 0.075 1.06 0.94
7 0.0 0.015 1.06 0.94
8 0.0 0.08 1.06 0.94
9 0.055 0.166 1.06 0.94
10 0.068 0.058 1.06 0.94
11 0.015 0.018 1.06 0.94
12 0.011 0.016 1.06 0.94
13 0.028 0.058 1.06 0.94
14 0.019 0.05 1.06 0.94
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Table 3-4 DC bus data

Bus No. Pioag (P-U) Vinax (P-U) Vinin (P-U)
15 0.0 1.16 0.99
16 0.0057 1.16 0.99
17 0.0042 1.16 0.99
18 0.0080 1.16 0.99
19 0.0276 1.16 0.99
20 0.0012 1.16 0.99
21 0.0 1.16 0.99
22 0.0 1.16 0.99
23 0.0195 1.16 0.99
24 0.009 1.16 0.99
25 0.035 1.16 0.99
26 0.061 1.16 0.99
27 0.038 1.16 0.99
28 0.0049 1.16 0.99

The market-based optimal power flow is used to maximize the NSW in order to find
the optimal capacity of WTs and PVs. The load increment is assumed to be 3%
yearly over the planning horizon. In this chapter, it is assumed that buses 2, 3, 6
and 8 are four possible locations for WTs to be installed at AC subgrid and 8, 15,
16, 17, 20 and 22 are five possible locations for PVs to be installed at DC subgrid,
respectively. It is notable that the selection of possible locations of WTs and PVs
relies on non-technical factors such as legal requirements, space/land availability

and other amenities. It is assumed that four 660kW WTs at buses 2, 3, 6 and 8
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while five 440kW PVs at buses 15, 16, 17 18 and 20 are installed. WTs and PVs
can be allocated at AC and DC buses, respectively. For each scenario, this is
represented by three blocks in the WT’s and PV’s offer with the following price

presented in Tables2and3respectively.

Table 3-5 Active power bid prices for the WT’s

Active power bid price list for WT’s
Bus No. Blocks (MW@£/MWh)

b1 b, b3
2 2.51@280 1.90@270 1.46@250
3 1.10@270 0.70@260 0.15@250
4 0.02@260 0.03@250 0.01@240
5 1.18@250 1.12@240 1.15@230
6 01.9@240 0.61@240 0.32@230
7 0.91@250 0.59@230 0.49@230
9 0.21@240 0.52@220 0.29@220
10 1.41@240 0.89@210 0.42@220
11 1.50@230 0.90@210 0.49@210
12 0.45@220 0.21@200 0.34@190
13 0.69@220 0.21@190 0.22@180
14 0.35@190 0.15@180 0.17@170
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Table 3-6 Active power bid prices for the PV’s

Active power bid price list for PV’s
Bus No. | Blocks (MW@£/MWh)

b1l b2 b3
15 0.81@240 1.60@230 1.16@220
16 1.13@240 0.70@230 0.15@210
17 0.92@230 0.03@220 0.01@210
18 0.78@220 6.12@220 3.15@200
19 1.90@220 0.61@220 0.26@200
20 0.91@210 0.59@220 0.51@190
21 0.21@200 0.20@210 0.19@190
22 1.41@200 0.89@210 0.52@180
23 1.50@190 0.90@200 0.49@180
24 0.45@190 0.21@200 0.14@170
25 0.69@190 0.21@190 0.31@170
26 0.35@190 0.15@180 0.09@160
27 0.35@180 0.35@170 0.39@160
28 0.35@180 0.35@170 0.35@160

Assuming a load growth of 3% for each year of the planning horizon, the dispatched
wind active power increases proportionally to the load demand growth. This is
mainly due to the proportional relation between wind generation and the size of the
blocks in the WT’s offer and to the assumption of a proportional load increase at all
buses that alleviates voltage and thermal constraints as shown in Fig. 6, 7, 8 and 9
respectively. The total yearly active power dispatched by WTs at all candidate

buses is shown in Fig. 10. The dispatched PV active power at each candidate bus
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also increases proportionally to the load demand growth as the 3% load growth for
each year is also assumed for each year of the planning horizon as shown in Fig.
11. As expected, due to the WTs and PVs installations, the NSW also increases
proportionally to load demand wind and solar generation during each year of the
planning horizon, as shown in Fig. 12. In Fig.13, the comparison of the social
welfare for first twenty scenarios for year 1 and year 10 is shown. It can be seen in

that social welfare increases in each scenario in the last year compared to one in
the first year.
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The proposed method has been implemented in GAMS environment and the
non-linear program solver MINLP is used on a PC with Core i7 CPU and 16
GB of RAM. Market based active optimal power flow is used to maximize the

social welfare subject to network constraints.

3.9 Conclusion

In this chapter, a novel stochastic approach for planning and design of hybrid
microgrids within a market environment was proposed. The method evaluates
the amount of active power generated by WT and PV that can deliver to the load
and the amount of active power injected or absorbed from the grid. Scenario
based approach is used to model the uncertainty related to the wind speed, solar

irradiation and load demand.

The proposed model numerical simulation proves the viability of hybrid AC-
DC microgrid in supplying loads. The objective of hybrid AC-DC microgrid
planning problem is to maximize NSW to simultaneously maximise consumers’

payments and reduce total planning cost.

The proposed configuration will help hybrid AC-DC microgrid planners to
estimate planning cost with flexibility to consider any type of load ac/dc and the
type of DERSs. Different components of hybrid AC-DC microgrid were explained,
followed by developing the hybrid AC-DC microgrid planning model with the
objective of determining the optimal DERs generation mix and reduced planning

cost.
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In this chapter, for the sake of simplicity, AC based conventional DG sources
are placed on AC subgrid and DC sources are placed on DC subgrid. However,
we aim to develop the proposed formulation to be able to accommodate AC
based conventional DG sources and DC sources on both AC and DC subgrids
and in optimal locations. Authors are also working on active network
management (ANM) schemes that includes coordinated voltage control (CVC)
of on-load tap changers (OLTCs) and adaptive power factor control (PFC) which
will offer a feasible solution for HMMO for optimal active management and

optimal planning and operation of the HMG.
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Chapter 4 Planning and operation of multi-carrier energy
systems with distributed injection of renewable
energy resources.

4.1 Introduction

The advancements in economical energy systems and the interdependency of
different energy infrastructures have compelled many countries to modify their
energy polices. The interaction between Natural Gas Network (NGN), electricity
system and heat distribution network is increasing day by day due to the use of
natural gas-based generators which uses natural gas (NG) to produce electricity
and heat. The integration of different energy systems has increased the energy
systems flexibility and reliability. In this chapter, a novel Mixed-Integer Non-Linear
Programming (MINLP) model is proposed for the planning and operation of Multi-
carrier energy microgrid network (MCEMGN) which integrates Electricity-NG-heat
system which includes NGN, Hybrid AC-DC microgrid and heat distribution network.
The proposed framework optimized the planning and operational cost of the
MCEMGN system by considering the nodal and the energy flow constraints of all
networks. The proposed Hybrid AC-DC microgrid (HMG) allows integration of both
AC and DC distributed generators (DGs), AC and DC loads into the grid directly.
The proposed MCEMGN includes various energy independent gears e.g combine
heat and power (CHP) units, Boiler and DG’s. Uncertainties related of Wind, Solar
power generation and load demand have been considered in this model as these

factors affect the operation of the integrated Gas-Heat-Electricity system. The
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effectiveness of the proposed model is validated through the simulation studies on
a 28-bus real hybrid AC-DC microgrid, 15-node gas network and 14-node heat

distribution network.

4.2 Background and Related research:

The rising fuel prices and energy crisis have compelled many counties to look for
more flexible and reliable energy production and consumption sources. In response
to improve the energy production and consumption, multi-carrier energy system is
the most attractive and economical option. The reduction in fossil fuel production,
the dependency of humans on different forms of energy resources and efforts by
the different countries to reduce the greenhouse gas emission has elevated the
importance of natural gas (NG) as a fuel for the production of electricity [218]. The
usage of NG for the production of electricity has increased the interdependency of
the NG and electricity network [219]. The good living standard, high fuel prices,
central generation capital cost, pollution increase, decrease in energy production
form traditional energy resources are the main causes of current critical situation
[220]. The use of NG for electricity production the efficient DG’s has changed the
energy sector dramatically as well as the electricity network enforcement planning
[221]. The integrated energy systems are more economical and advantageous then
independent energy systems [222]. By adding gas-fired generators into the
electrical system, the capacity of the system also increases and system becomes
more eco-efficient as the gas-fired units have less capital investment cost, offers
more operational flexibility and low carbon emission then other thermal generators
[223].
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By considering the benefits of the integrated system mentioned above, many
research works have gained attention on coordination between electricity network
and NG network. In [224], an hourly demand response model of electrical power
network and NG transmission constraints are studied. In [225], planning in NG
network and electric system is studied by considering the uncertainties and has
maximized social welfare. In [226], a short-term optimal operation of both NG
network and electricity network is studied by considering the constraints regarding
pipelines, extraction and storage. In [227], the steady-state model of NG network
and electricity system is analyzed by taking into consideration the effect of heat on
the flow of NG. In [228], the operation cost minimization of considered by evaluating
the short-term unit commitment with NG system. In [229], the effect of penetration
of wind turbines on multi energy system is studied and the ramp-up time of gas
generators, storage and compression facilities of gas are also studied. In [230], the
incorporation of hydro and NG systems under the penetration of WT’s is studied.
In [231], the optimal size, location and output power of DGs is located in a muti-
carrier energy system. In [232], the problems cased in electrical system economic
operation due to gas flow, security, supply and storage are discussed. In[233], the
gas-fired generating units are considered as the power injectors into the electricity
network. The factors such as pressure fluctuation, storage and security are not
considered in the planning which might affect the economical operation of the
electricity network. In [234], the planning and operation model of hybrid ac-dc
microgrid is proposed considering the uncertainties related to wind and PV. In

[235], a non-convex programming problem have developed for hybrid electricity
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system. In [236], Newton’s method is applied to analyze the integration of electrical
system with NG network by considering some constraints such as temperature and
gas supply fluctuation. In [237], a study based on nexus of British gas network and
electricity system is carried out considering the uncertainties related to wind. In
[238], an optimization topology is proposed for the nexus of gas and electricity
network by taking into the consideration the uncertainties related to wind and
demand response. In [239], a steady-state formulation is studied for the nexus of
NG and electricity network by taking into the consideration the electricity market
price. In [240], a MINLP model for multi-carrier energy systems proposed by using
linearization method to obtain the global optimal solution. Different Energy carriers
can be integrated to the systems such as CHP, boiler, power to gas (P2G) units,
gas compressors and heat pumps etc [241-242]. The advancement of MCE
systems has been studied in several recent publications. An optimization model has
been studied for multi generation microgrid which considers renewable energy
resources, thermal energy and electrical energy storage [243]. A real time energy
optimization for muti generation that includes internal combustion engines, cooling

units, chillers and boilers was studied [244].

In order to achieve efficient and reliable MCE system, smart grids is an ideal area
to employ the MCE system concept. Hybrid microgrid offers more benefits than AC
or DC microgrid types. There will be a reduction in power converters required for
power conversion which will increase the microgrid’s efficiency and will lower

investment cost and operational costs [245]. The studies so far on the planning of
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hybrid AC-DC microgrid is very limited and only few literatures discuss the modeling

of hybrid microgrid planning.

To the best of our knowledge, this study is considered the first study to focus on
multi-carrier energy systems, which involves planning and operation of hybrid AC-
DC microgrid with NG network and heat network, by considering the uncertainties
related to solar, wind and NG supply. This chapter proposes a novel MINLP multi-
carrier energy systems model which involves hybrid AC-DC microgrid and NG
network and heat network by minimizing the planning and operational cost by
considering the uncertainties that are associated with WTs, PV, gas-fired

generating units and dispatchable load demand.

4.3 Contribution to present work

The prior study on multi energy systems which includes microgrids, NG network
and heat network is limited and in the best of our knowledge, there is no literature
so far regarding the planning and operation modeling that considers the nexus of
hybrid microgrid, NG network and heat network while considering WTs, PV and
dispatchable load uncertainties. This chapter discusses a very novel approach for
MINLP model for planning and operation of multi-carrier energy systems by
minimizing cost considering the uncertainties that are associated with dispatchable
load demand and DGs subjected to network constraints. In this work, the optimal

energy flow is studied in proposed MCEMGN operation framework.
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4.4 Structure of integrated planning:

Historically, the energy demands for the end-users are met through different energy
vectors e.g the electricity demand is met with the grid supply and a different system
will be used to fulfil the heating and gas demand. For sustainability and affordability
point of view, the cost price for gas, heat and electricity is of vital importance. The
end-user can save a lot of capital by investing into more reliable and efficient
devices [246]. The power systems flexibility in traditional decoupled energy system
can be added by integrating these systems together in the form of multi energy

system (MES) [247].

The proposed MCEMGN systems schematic diagram is shown in Fig. 4-1. The
MCEMGN consists of electricity network, gas network and heat network, and
different types of energy consumers, and energy equipment which are
interdependent. The HMG is connected to gas network through CHP. The CHP is
the coupling equipment between gas, electricity and heat networks. The boiler unit
interlinks gas and heat networks. The traditional MG only supplies to the electrical
loads, in the case of MCEMGN the heat, gas and electrical loads can be supplied.
The MCEMGN can provide heat, gas and electricity energies to it's customers in a
secure and economical way. The MCEMGN can operate in grid connected manner

or in islanded manner.
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Figure 4-1 MCEMGN general structure

4.5 Planning and operation methodology of multi-carrier energy systems:

The objective of this planning and operation problem is to jointly minimize the total
planning cost in the Multi-carrier energy microgrid network (MCEMGN). The net
Investment cost comprises of different costs such as electrical energy cost
exchange between MCEMGN and upstream Electrical distribution network, gas
energy cost exchange between MCEMGN and upstream gas distribution network
and heat energy cost exchange between MCEMGN and upstream heat distribution

network.

min COSt:Z(¢Erid.PEGrid gN.PGGN +¢|:|N.PHHN) @)
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The minimization must satisfy the energy flow of each network. Hence the equality
an in-equality constraints about each network must be satisfied. The following
section will discuss the energy flow analysis in integrated electricity-gas-heat

system.

4.5.1 Hybrid AC-DC microgrid network model

The hybrid AC-DC microgrid network of MCEMGN includes DG’s, converters,
inverters, DER’s and electrical loads. The electrical network must satisfy the power

balance in each node. The modeling of hybrid AC-DC microgrid network is
discussed in detail in the chapter No. 3. The planning cost Cost®is the sum of

OMCF and CCF times capital recovery rate (CRR).

Cost® = CRR(CCF + OMCF)
(4.2)

where CRR is determined as
CRR=1/(1+d)"* (4.3)

where y is planning period and d is the discount rate.

4.5.2 CHP model

The combine heat and power units (CHP) are used to generate heat and power
simultaneously to reduce the curtailment of PV and wind power. The CHP units also
has environmental and economic benefits for microgrid. The CHP can provide heat

and power continuously for longer period hence provides more stability to the multi-
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energy system. The CHP unit cost comprises of annualized investment cost (CCChp

), fuel cost ( Fuel®™) and Operation and maintenance cost (OMC™) [248].
IC™™ = [CC™ + OMC*™ + Fuel "] (4.4)

where

. __chp
Cap.Price
CC™ = (Cap™)x 2
(Cap™) life"™
(4.5)
where Cap"is the capacity of the CHP and Cap.Price® is the price of the CHP

“Pis the life of the CHP in years.

capacity in (E/kw) and life
The CHP model is subjected to following investment and operation constraints

a) Hourly energy delivered:

The hourly power (Electricity + thermal) delivered to the load must be less

than the installed capacity of the CHP (Cap®™).
Power®” + Heat™ <> Cap™ (4.6)

b) Fuel Constraint:

The amount of fuel (gas) which CHP uses depends upon the natural gas

price (PriceNG ), amount of heat and electricity produced and its efficiency.
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Fuel™ = Price" x[(5e; x Power) + (17.e x Heat)] 4.7)

c¢) Ramp-up and Ramp-down time:

The following equations shows the ramp-up and ramp-down constraints

Power, —Power, ; <R

n

Power , —Power. <R (*.8)

down

4 .5.3 Boiler model

The boiler uses natural gas as a fuel to produce heat. The boiler with the CHP must

attend the heat load requirement of the MCEMGN. The boiler cost comprises of

| boiler

annualized investment cost (CC™"™"), fuel cost (Fuel™™) and Operation and

maintenance cost (OMC™"") [248].

ICboiIer — Z[choiler +OMCboiIer + Fuelboiler] (4.9)
Where
. boiler
. : Cap.Price
CCbolIer = (CapbOIler) xl:z Ifreboiler ] (410)

boiler ;

where Cap™" is the capacity of the boiler and Cap.Price™"" is the price of the

boiler .

boiler's capacity in (£/kw) and life™™™ is the life of the boiler in years.

The total hourly heat produced by the boiler is shown by the following equation
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Hboiler — Z(NG % nBoiIer) (4.11)

The boiler model is subjected to following investment and operation constraints

a) Hourly Heat delivered:

The heat Heat™™ delivered to the load must be less than the installed

capacity of the boiler Cap™"".

Heatboiler < anpboiler (4.12)

b) Fuel Constraint:

The amount of fuel (gas) which boiler uses depends upon the natural gas

price (PriceNG ), amount of heat produced and its efficiency.

Fuel ™" = Z Price™® x[(77"" x Heat)] (4.13)

Heat

c) Ramp-up and Ramp-down time:

The following equations shows the ramp-up and ramp-down constraints

Heat, — Heat, , <x,,

(4.14)
Heat, , —Heat, <x,,,,

4.5.4 Gas network model
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The gas network includes gas station, pipelines, boilers, CHP and gas loads. The

P.line

Gas network cost comprises of annualized investment cost for pipeline CC cost

gas

for gas station CC®**""and operation and maintenance for gas network Cost°"°

[247].

P.line

Cost™ =CC,,, +CCesn + Cost™™® (4.15)

The Gas network model is subjected to following investment and operation

constraints

a) Nodal gas flow:

The nodal gas flow equation has to be satisfied at each node.

Fl Load Boil pipeline
Y NG =% NG™ + ) NG + > NG™* + > NG, (4.16)
where flow through each pipeline is calculated as

Nanli)peline — Sign(Nanki)peline) X ﬂ:ﬁ _ 7Z_bZ _ H Sk 0.5 (417)

0.0375(H, —H,)x (P¥)°®
Z.T*

my =2{(ﬂn—ﬂb)—(”"_”b ﬂ (4.19)
3 7T, 7T,

HY = (4.18)
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1.14x10° xT,(DE")* x E,

l//nb

(L%0,2T,0,,)°°
(4.20)
1 & 215 1
oL _ZIOQ(S 7lGDGL + RC- (GGL o.s] (4.21)
nb ' nb nb nb

b) Nodal gas pressure:

The pressure at each gas node must satisfy the following equation

™ < o< g
j j j (4.22)

c) Boiler gas consumption:

The amount of gas consumed by the boiler is given by the following equation.
This constraint also models the interaction between gas and heat network in

terms of operation for planning model.

Boiler 3.412 elboiler + aboilerelt_)ioiler.max
Gt - Boiler
GHV b

(4.23)

d) CHP gas consumption:

The amount of gas consumed by the CHP is given by the following equation

NGtCHP — GHV

3.412 { PECHP n gtCHP.max :|

CHP
h (4.24)

where
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CHP __ __CHP CHP
P o =mn" %6,

(4.25)
e) Gas flow limits:

The gas flow limits of each pipeline has to be satisfied through following

equation

‘NGIim‘ _ ‘ NGIim.max

(4.26)
f) Gas-electricity linkage:

The following constraint will explain the linkage between gas network and

electricity network.
NG, =Z(a)l><SDG)+(a)l><S§G)><XDG (4.27)

455 Heat network model

The heat network includes pipelines, heat sources and thermal loads. The electric

pumps circulate the heated water in the MCEMGN. The Heat network cost

H .source

comprises of annualized investment cost for heat sources CC,. , cost for

P.line

pipelines CC,.,, and operation and maintenance for gas network CostoM® [247].

Cost™ =CC, " +CC, =" + CostoM° (4.28)

heat heat heat

The Heat network model is subjected to following investment and operation

constraints
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a) Nodal Heat flow:

Heat network must satisfy the following nodal heat flow equation

H,, =my, X C, X (Tartn —

(4.29)

where

Ix7t
m,, xC

Tend = (Tstart - Tg ) exp (_

b) Pressure loss equation:

]+Tg
p

Tend ,h)

The pressure loss (PL) in the pipeline due to the friction is expressed

through Darcy-weishach equation
H,L H,L
(PL)g =Ky~ [sign, (m,

where

VTGO

&, 251

) =sign, (-

L =-2log +
(g (o&F)°s 3.71D;* Ry~
And Reynolds Number is given as

G,K
Uy X Dy

R hl;| —
g ,UW
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m 1% (-my,)? (4.31)
(4.32)
+ (0' L )OSJ (4.33)
(4.34)



4mgk

_ _ (4.35)
P (Dg ")’

c) Thermal energy balance equation:

The thermal energy balance equation but be satisfied at all nodes in the

MCEMGN

Ng
TSS CHP Boiler
H g,load +H g,load — Zcp (mgk + mH + mH ) X (Tstart _Tend,load) (4-36)
g=1

d) Supply temperature balance equation:

The supply temperature balance equation must be satisfied at all nodes in

the MCEMGN

CHP Boiler TSS
my (TStart,CHP _Tg ) +my (TStart,BoiIer _Tg ) +my (TStart,TSS _Tg) +

G I xu
ZSIgnm (mgk) ><|:mg|< (TStart —Tg)exp[—]} = (437)
g;l m C

gk X Cp

Ng
CHP Boiler TSS :
(Tstar _Tg){mH +my +my +ZS|gnm(mgk)Xmgk:|
o-1

e) Return temperature balance equation:
The return temperature balance equation must be satisfied at all nodes in
the MCEMGN

I xu

« XC ] B
g " (4.38)

Ng
m||__|oad (Tend,load _Tg)+ZS|gnm (mgk)|:mgk end _Tg)exp[
1

= m

Ng
(rend _Tg ) |:mll-c1)ad + Z Signm (mgk) x mgki|

g=1

84



f)

9)

h)

Start and end nodal temperature:

Start and end temperature at each node must be between min and max

allowable temperature

Tsmin STS STSmaX
Trmln STr STrmaX (4.39)

Heat generation limits:

Heat generation limits of Boiler & CHP are express as follows

HCHP,min < H CHP < H CHP,max

H Boiler,min <H Boiler <H Boiler,max (4_40)

Start temperature:

Start temperature of Boiler & CHP are express as follows
T CHP,min < T CHP < T CHP,max

-I-Boiler,min S-I-Boiler S-I-Boiler,max (4_41)

Transmission heat limits:

Transmission heat limits of each heat pipeline are express as follows

line
H

_ line,max
=H/

(4.42)
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4.6 Case study:

The proposed MCEMGN model is studies on an integrated 28 bus real hybrid AC-
DC microgrid, 15 node gas network and 14 node heat network as shown in Fig. 4-
2,4-3 & 4-4 respectively. This 28 bus real hybrid AC-DC microgrid involves different

types of customers each having different gas, heat and electricity patterns.
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Fig 4-2. Hybrid AC-DC microgrid
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The proposed MCEMGN systems consists of electricity network, gas network and
heat network, and different types of energy consumers, and energy equipment
which are interdependent. The hybrid AC-DC midrogrid is connected to gas network
through CHP. The CHP is the coupling equipment between gas, electricity and heat
networks. There are two CHP units and their configuration in the proposed
MCEMGN systems is given in Table 4.1. The boiler unit interlinks gas and heat
networks. There is only one Boiler unit for the sake of simplicity and it's
configuration in the proposed MCEMGN systems is given in Table 4.2. The
configuration of CHP units in MCEMGN systems is given in Table 4.1. There is
only one Boiler unit for the sake of simplicity and it's configuration in the proposed

MCEMGN systems is given in Table 4.2.

Table 4-1 Configuration of CHP on the sub-networks

Unit Electrical bus Gas Node Heat node
CHP 1 8 15 2
CHP 2 12 9 11

Table 4-2 Configuration of Boiler on the sub-networks

Unit Gas Node Heat node

Boiler 14 1

The objective is to minimise the planning, operational and maintenance cost and to

find the optimal capacity of PVs, WTs ,CHP units and boiler. The increment of 3%

88



in load for gas, heat and electricity networks is considered yearly over the planning
period. The assumed best possible location selection of WTs, PVs, CHP units and
boiler depends on the non-technical factors such as space/land availability, legal
requirements and other amenities. PVs and WTs can also be allocated at both

subgrids AC and DC.

Assuming load growth of 3% for both gas and electricity systems each year of the
planning horizon, the active power dispatched is increasing proportionally with the
increase in load demand. The entire year is divided into four seasons summer,

spring, winter and autumn. Each season is being represented by one single day.

4.7 Results and discussions

In this work, the optimal energy flow is studied in proposed MCEMGN operation
framework. The planning horizon is 10 years. The present study aims to present an
efficient solution in integrated systems and their effect on each other. The planning

problem of the microgrid has been divided into two operation modes.

1) Independent mode:

In this mode all the networks (gas, heat and electricity networks) are studied

independently under their respective network constraints presented in section 4.5.
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2) Integrated mode:

In this mode the proposed MCEMGN operation framework is tested to validate the
effectiveness of the proposed MCEMGN operation framework. The proposed
MCEMGN operation framework has been implemented in GAMS environment and
the non-linear program solver MINLP is used on a PC with Core i7 CPU and 16 GB

of RAM.

The test MCEMGN system contains three energy carriers, containing 28 bus real
hybrid AC-DC microgrid, 15 node gas network and 14 node heat networks. The real
hybrid AC-DC microgrid in MCEMGN system consist of 30 branches, 15 node gas
network contains 14 gas pipelines and heat network contains 13 pipelines. The
schematics of MCEMGN systems is shown in Fig 2-4. It is clear from the figures
that MCEMGN system consists of various energy sources such as renewables,
CHP’s and gas-fired boiler. For the sake of simplicity, thermal storage and battery

storage is not considered in this study.

The results of the two modes are compared with respect to total planning cost which
comprises of investment, operation and maintenance costs. In the mode 1, the
planning cost of individual networks were calculated separately without interlinking
them together which includes the planning cost for Hybrid AC-DC microgrid, gas
network and heating network. In the mode 2, the total planning cost for the
MCEMGN systems was calculated. As it is expected, the integrated planning has
less total planning cost as compared to the interdependent planning cost as shown

the Fig. 4-5.
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Fig 4-5. Planning cost

The mode 2 illustrates the MCEMGN systems in which the total dispatched power

by WT’s and PV’s have been increased as compare to the model as shown in the

Fig. 4-6 & 4-7.
Total PV output power
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Fig 4-6. Total PV output power over the Planning period
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Fig 4-7. Total WT output power over the Planning period

Th Fig 4-6- & 4-7 clearly indicateds that output power dispatched by the PV’s and
WT’s have increased in MCEMGN systems as compared to the mode 1 which

shows more renewable penetration.

The Fig. 4-8 shows that as the load increases yearly, the dispatched electrical
power output of the CHP units also increase. The dispatched power increment is
in line with the 3% yearly load increment. For the sake of simplicity, the thermal
energy storage and battery storage is not considered in this study. Although the
presence of the thermal energy storage and battery storage will immensely

contribute in to the flexibility and reliability of the MCEMGN systems.
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Fig 4-8. Total CHP’s output power over the Planning period

Another very interesting result is shown in Fig. 4-9. The total Electrical energy sold
to the grid in mode 2 is higher than in mode 1. This shows that the proposed

MCEMGN systems is more economical than independent planning.

Energy slod to Electrical Grid
16
14
12

10

MW
5 o ©

N

Mode 1 Mode 2

Fig 4-8. Total Electrical energy sold over the Planning period
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4.8 Conclusion

This study demonstrates the optimal planning and operation of MCEMGN
systems. In this study, different energy systems were integrated to propose a
MCEMGN systems. The proposed MCEMGN systems constitutes of electricity
network, gas network and heat network. The planning and operation of MCEMGN
is carried out by considering the constraints of each energy system. The objective
function of MCEMGN system is to minimize the planning and operation costs of the
proposed MCEMGN systems. The novelty of this work is the consideration of
MCEMGN systems energy flow networks which is very critical for the efficient and
economical operation of MCEMGN systems. The proposed MCEMGN systems has
hybrid AC-DC microgrid and this study is done on distribution level which is not

been done before in regard to MCEMGN systems.

The numerical tests were performed on uniqgue MCEMGN systems. The key and
important findings are: (1) the integration of various energy systems makes the
MCEMGN systems more reliable and flexible for customers. (2) It is very important
to simultaneously consider all the constraints of the all energy system to get an
optimal solution without violating any system constraint. (3) The cost effectiveness
is demonstrated when network reinforcement is done though MCEMGN systems.
The integrated mode network reinforcement costs far lesser than independent
mode network reinforcement. (4) The penetration of renewable energy resources
is studied in this research work. (5) The uncertainties related to renewable energy

resources is also studied in this research work.
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In future study, an electricity market will be investigated for the proposed MCEMGN
systems. Further the linearization techniques will be applied on the MCEMGN

systems model to make the solution as global optimum solution.
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Chapter 5 Conclusions and Recommendations for

Further Work

5.1 Conclusion

The thesis starts with the literature review and it covers the planning of AC grids
and planning of DC grids and the penetration of DG’s to minimize the cost. The
literature review in chapter 2 shows that most of the research focuses on increasing
the penetration of DGs to minimize the cost, improve voltage profile, minimize the
losses, etc. The prior research on hybrid microgrid planning is limited and only few
studies can be found on modelling or roadmap on individual ac or dc microgrid
planning. None of them considers the Hybrid ac-dc microgrid planning. In addition,
there is no method to access the uncertainties related to wind speed and solar
irradiation in case of Hybrid ac-dc microgrid. There is no literature regarding the

power market for Hybrid ac-dc microgrid.

The proposed novel stochastic approach for planning and design of hybrid
microgrids within a market environment was proposed. The method evaluates the
amount of active power generated by WT and PV that can deliver to the load and
the amount of active power injected or absorbed from the grid. Scenario based
approach is used to model the uncertainty related to the wind speed, solar

irradiation and load demand.

In the next phase of the research, the optimal planning and operation of MCEMGN

systems was studied. In this study, different energy systems were integrated to

96



propose a MCEMGN systems. The proposed MCEMGN systems constitutes of
electricity network, gas network and heat network. The planning and operation of
MCEMGN is carried out by considering the constraints of each energy system. The
objective function of MCEMGN system is to minimize the planning and operation
costs of the proposed MCEMGN systems. The novelty of this work is the
consideration of MCEMGN systems energy flow networks which is very critical for
the efficient and economical operation of MCEMGN systems. The proposed
MCEMGN systems has hybrid AC-DC microgrid and this study is done on

distribution level which is not been done before in regard to MCEMGN systems.

The outcomes of this thesis can be used as tool for distribution network operators
to plan an operate a MCEMGN systems that has hybrid AC-DC microgrid and the

impact of wind and solar power generation penetration in MCEMGN systems.

5.2 Future work recommendations

The proposed model could be easily considered and extended for further work to
include new research areas, such as:
e Linearization techniques will be used to linearize the nonlinear
objective function and constraints to find the global optimal solution.
e Network reinforcement roadmap will be discussed to modify any
existing system in MCEMGN systems with Hybrid ac-dc microgrid.
e In future study, an electricity market will be investigated for the

proposed MCEMGN systems.
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