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Abstract

The present thesis deals with various aspects related to the integrated planning and
management strategies for hybrid AC/DC Microgrids, comprising Self-Healing Capability
Evaluation, Short-circuit Calculations, and Hierarchical Power Flow Optimization. For this

reason, five different focus areas can be identified in the thesis.

The first area of focus of the present thesis is to implement a resilience assessment in AC/DC
hybrid microgrids using a stochastic simulation approach. The focus is on simulating self-
healing measures such as load shedding, distributed generation control, and utilization of
flexible devices like Battery Energy Storage Systems (BESS) and Electrical Vehicles (EVs) to
ensure the supply of critical loads in islanded mode following a disconnection from the main
AC grid due to a fault. The analysis follows a two-stage process: first, employing a Monte
Carlo simulation-based stochastic approach to generate samples simulating intermittent loads,
renewable energy generation, and grid faults; second, for each sample indicating islanded
mode, formulating a grid-connected daily Optimal Power Flow (OPF) in Mixed-Integer Linear
Programming (MILP) form. This aims to minimize operation costs by optimizing the
withdrawal of the State of Charge (SoC) of stationery and traction batteries and electrical
vehicles before microgrids transition to islanded mode. The resilience of islanded microgrids
is evaluated through various indices. Additionally, different strategies are explored for
modelling the behaviour of two types of electrical vehicles, V1G and V2G. Simulation results
indicate that distributed generation and flexible devices may enhance resilience in islanded
microgrids, although optimal daily planning in grid-connected mode could have adverse effects

due to the limited energy availability of flexible devices at the moment of islanding.

In the second area, a planning framework for active buildings as an Energy Nano-Grid
(ENQ) is presented, focusing on determining the optimal size and generation mix of distributed
energy resources (DERs) and BESS. The framework considers whether the ENG should be AC
or DC based on economic factors, given the increasing penetration of battery energy storage
devices, EVs, and DC loads. DC ENGs are deemed potentially more useful due to their ability
to reduce the number of converters, simplify interfaces for various distributed energy resources
and loads, and mitigate losses associated with AC/DC energy conversion. The selection of the
ENG type becomes an economic issue, encompassing investment, operation, and maintenance
costs of energy resources, as well as costs and revenues for energy transactions with the
upstream grid or neighbouring ENGs. This approach aims to achieve optimal load sharing.

However, optimal results may be influenced by system specifications such as the ratio of DC
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load at the ENG, the maximum permissible installation capacity of BESSs, and the maximum

discharge power of EVs.

Furthermore, in this thesis, the growth of small-scale microgrids with diverse distributed
generations has prompted a focus on their effective energy management. Herein, an energy
management system is adopted to minimize the energy purchased by a hybrid AC/DC
microgrid from the upstream grid, particularly during high peak-hour energy prices. The system
also aims to maximize generation from renewable sources while adjusting optimal
charge/discharge control strategies for flexible loads like electric vehicles and storage systems,
as well as managing the supply of non-controllable loads. Additionally, peak shaving is
implemented within this model without considering minimum power deviation as an objective
function. Simulation of this methodology on a real-world solar-vehicle park lot at the

University of Palermo demonstrates its effectiveness and practicality for microgrid operators.

In the fourth area of this thesis the focus shifts to the challenges associated with short-circuit
calculations in hybrid AC/DC microgrids. The current reference standard for short-current
calculations in DC systems, IEC 61660, addresses the issue by providing a mathematical
formulation. However, this standard primarily considers radial DC grids and does not account
for more complex systems such as meshed DC systems or hybrid AC/DC microgrids. To
address this gap, a generalized approach is proposed in this thesis, which can be applied
independently of the characteristics of the hybrid system. This approach is then tested on four
microgrids with varying distributed sources and numbers of nodes. The results obtained from
this approach are compared with those obtained by simulating the same grids using Neplan

360.

Finally, To achieve stable and reliable load flow control amid varying load, generation, and
charging/discharging strategies for BESS and EVs parking facilities, a hierarchical control
scheme is proposed. Specifically, the thesis introduces an hourly power flow (PF) analysis
within an Energy Management System (EMS) designed for AC/DC Hybrid Microgrids
interconnected via an Interlinking Converter (IC) in grid-connected and islanded modes. This
framework operates within a two-level hierarchically controlled platform. At the top level,
tertiary control optimizes DGs' reference power for generation and consumption, thereby
minimizing power purchase costs and load shedding in grid-connected and islanded modes,
respectively. DG converters employ current control mode to share their power references as

the primary controller. While no secondary controller is adopted, the battery energy storage



system in islanded mode utilizes P/Q droop control to maintain voltage and frequency in the
AC subsystem. Power sharing between AC and DC sub-grids through IC is determined by the
difference between AC grid frequency and DC link voltage. The integration of controlled
converters' buses into PF equations enables solving the unified system using the traditional
Newton-Raphson (NR) method. A segment of a real distribution grid planned for installation
in Italy under the HYPERRIDE project serves as a case study. Comparison with
MATLAB/Simulink results confirm the effectiveness, precision, and convergence speed of the
proposed model and control schemes, thereby demonstrating efficient load distribution and

voltage/frequency restoration in islanded mode.
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Chapter 1 Introduction

In recent decades, international decarburization goals, infrastructure development, demand
side management, socioeconomic issues, and the advent of new technologies such as
renewable-based energy sources, battery energy storage systems (BESSs) as well as electrical
vehicles (EVs), have increased interests to rebuilt traditional power systems. Microgrids, which
are self-controlled networks that can operate in both grid-connected and isolated modes, are a

practical approach to handle this challenge [1, 2].

Although the traditional AC power system has been the most developed system in the past
few decades and many of our existing loads are of AC in nature, the appearance of power
electronics and RESs with DC power generation, such as solar and fuel cells, has led to DC
supply implementation in modern grids. Today, the modern appliances — laptops, mobiles,
remote controllers, EVs, etc. are operating on DC supply that facilitates easy control without
power factor, phase sequence, power angle and frequency issues [3]. AC/DC microgrids offer
a promising solution for enhancing the resilience, efficiency, and flexibility of power
distribution systems. By combining both alternating current (AC) and direct current (DC)
technologies, these microgrids can integrate various distributed energy resources (DERs),
storage systems, and electric vehicles parking facilities to create a more robust and adaptable

energy infrastructure.

Over the past decade, the concepts of DC and hybrid AC/DC microgrids have become a
popular topic among engineers, fuelling the debate on pros and cons of transforming an AC
distribution system into a DC. This matter has been examined from different perspectives and
by considering structural, design, and operational concerns. As an example, in [4] and [5], the
authors present a comprehensive review of power architectures, applications, and
standardization issues, control strategies and stabilization techniques for DC microgrids. The
voltage control issue is discussed in [6], where the authors propose an energy management
strategy of active distribution systems with a grid-connected DC microgrid, as well as for an
isolated DC microgrid with hybrid energy resources. In [7], a power architecture for residential
buildings consisting in a multilevel DC microgrid is presented, together with a method for
maximizing the energy efficiency of parallel DC/DC converters. In [8], a microgrid based on

solar PV-battery energy storage with a multifunctional voltage source converter is presented.
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In [9], a new and more flexible architecture for hybrid AC/DC microgrids with a multi-port
interconnected converter is proposed. Finally, in [10] and [11] a simulation analysis for
assessing the reliability of AC/DC hybrid microgrids is performed on four test grids and some
system’s indicators are assessed.

One of the key benefits of AC/DC microgrids is their ability to optimize energy distribution
and management. With the capability to support both AC and DC loads, these microgrids can
effectively balance supply and demand, utilize renewable energy sources more efficiently, and

mitigate grid instability issues [12, 13].

Additionally, AC/DC microgrids offer improved energy conversion efficiency and reduced
power losses compared to traditional AC-only grids. By allowing for direct integration of DC
sources such as solar panels and batteries, these microgrids can minimize the need for multiple

conversions between AC and DC, thereby improving overall system efficiency [12-14].

Furthermore, AC/DC microgrids enable greater flexibility and resilience in power
distribution. With the ability to operate in both grid-connected and islanded modes, these
microgrids can continue supplying power to critical loads even during grid outages or
emergencies. This resilience is further enhanced by the decentralized nature of microgrids,

which reduces reliance on centralized power generation and distribution infrastructure [15].

Despite these benefits, AC/DC microgrids also face several challenges that need to be
addressed for widespread adoption. These challenges include interoperability issues between
AC and DC systems, standardization of equipment and communication protocols, and the
development of advanced control and energy management strategies to optimize microgrid

operation [13-16].

Each subsequent subsection deals with the challenges and significance addressed in the
papers published during the three-year PhD programme. These study areas include self-healing
capability analysis, within the context of resilience, in AC/DC hybrid microgrids, planning and
optimizing energy management in small-scale AC/DC microgrids, known as nano-grids, short
circuit calculation, and hierarchically controlled power-flow-based energy management in

AC/DC hybrid microgrids.
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1.1 Self-healing capability analysis
1.1.1 Challenges

With the advent of modern AC/DC hybrid microgrids, new challenges have arisen especially
in term of sustainable power supply. Self-healing capability assessment is one of the most
significant issues. In particular, it is fundamental to find out to what extent a smart hybrid
microgrid in island mode is capable to provide customers with safe electrical energy in
emergencies and in different energy scenarios. Self-healing capability is one of the main
features of smart distribution systems and an effective way to increase the network reliability
by having recourse to the control of flexible loads, renewable energy sources (RESs), energy
storage systems and electrical vehicles in an emergency due to a fault causing the interruption
of supply from the main grid. So, it appears to be critical to define some resilience indices for
assessing the effects of the self-healing measures mentioned above. In this context, an
important challenge is posed by the intermitted behaviour of RESs generation, loads, and the
changing state of charge (SoC) of ESSs and EVs which must be considered to obtain a more

realistic result from the analysis.

1.1.2 Literature review

For better understanding the importance of the present analysis, it must be analysed the state
of the art. In [17], authors try to implement a new networked microgrids formation which aims
to minimize unused generation capacity in islanded mode through a nested restoration decision
system. Energy exchange in this paper is based on a layered control strategy from outer layers
to inner ones. In [18], a new self-healing and operation strategy analysis of distribution
networks are performed using a stochastic rolling-horizon optimization in grid-connected mode
to make an optimal decision for sectionalizing isolated sections into self-adequate microgrids.
In [19-21], the authors present self-healing measures such as generation re-dispatch, load
shedding and network reconfiguration. This problem is optimized and solved using mixed-
integer quadratic/linear programming to obtain an optimal island switching. In [22], the authors
propose an operational plan for performing an optimum self-healing actions including load
shedding, system reconfiguration and Distributed Generation (DG) output control, considering
self-adequacy, total energy losses, and total supplied loads based on their priority. Both
planning and real-time phase’s restoration as self-healing actions are combined into one
optimization problem to respond to contingency situations in [23]. The works [24, 25] propose
self-healing capabilities by coordination strategy of wind and pumped-storage hydro units in

restoration phase and speeding up the recovery process using partitioning islanded power grid

12



and considering technical limits, respectively. A two-layer metaheuristic algorithm is proposed
in [26] for the optimal operation of smart distribution networks in self-healing mode
considering wind turbines and energy storage systems. In the first layer, a graph theory finds
an optimal formation, while the second one aims to find the optimal energy management. The
works [27, 28] propose a Fuzzy multi-agent system applied in distribution networks to restore
the maximum loads and minimize the number of switching time intervals. The works [29, 30]
implement a decentralized two-layer Energy Management System (EMS) for a networked
microgrid which operates independently. In emergency analysis, EMSs in both layers make the
optimal decision to supply the on-emergency microgrid through an average consensus
algorithm and a bi-level stochastic optimization algorithm, respectively. A heuristic algorithm
has been proposed in [31], which presents self-healing strategy to mitigate cyberattacks. The
work [32] employs a four-layer multiagent concept including different energy management and
control strategies as self-healing capabilities to improve dynamic performance of microgrids.
Finally, in [10, 11] a simulation analysis is presented, and some reliability indices are defined
for three different hybrid AC/DC microgrids showing the behavior of the microgrids in islanded
modes in different energy scenarios. Table 1-1 represents comparison between some of these

works indicating their methods, advantages, and disadvantages.

1.2 Optimal Nano-grid planning
1.2.1 Aims and scopes

With the advent of new technologies such as renewable-based micro-energy sources, energy
storage systems and small-scale co-generations in the building sector, there is a need for a
systemic approach to the planning of building energy systems. The whole systems approach
involves evaluating the various components of the system and rethinking the relationships
between each of them and even redesigning the system. Confidently, such a complex energy
system, faces conflicting challenges of security, equity, and sustainability, which are often

referred to as the energy trilemma (see Error! Reference source not found.) [33-35].

Table 1-1. Previous works comparison.

Ref. No. Method Advantages Disadvantages
e Apply to complex networked e Not consider intermittent nature of
Nested Restoration microgrids RESs and loads
Decision System | e Increase resilience in island mode e Not apply to whole a day, so not
[17] | (minimizing  unused | e  Facilitate frequency and voltage analysis the effect of different
DGs output in restoration in island mode consumption cases
microgrids) ¢ Not consider RESs and EVs
e Applicable only to AC grids
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Using dispatchable DGs and

Not consider EVs

Stochastic rolling- controlling them in islanded mode Applicable only to AC grids
[18] horizon optimization to Apply to networked microgrids Not evaluate how different DGs
sectionalize Self-healing assessment for capacity may affect the goals.
multiple faults
re-dispatch, load Apply to active multi microgrids Not consider intermittent nature of
shedding and network enabling buying/selling energy RESs and loads
[19] reconfiguration  using from/to the main grid Not consider RESs and EVs
mixed-integer quadratic To assess different generation and Applicable only to AC grids
programming load scenarios
re-dispatch, load Multi-objective optimization Not consider RESs, ESS and EVs
shedding and network Comparison of different methods Not considering the intermittent
[20, 21] reconfiguration  using Control of technical parameters like nature of loads
’ mixed-integer linear voltage and frequency Applicable only to AC grids
programming
re-dispatch, load Probabilistic generation and load Not consider EVs
shedding and network model Applicable only to AC grids
[22] reconfiguration  using Different control strategies
daily optimal power
flow
Fast and reliable self-healing Just consider wind farm and hydro
process pump storage system
Two-stage robust Cover comprehensive restoration Not evaluate uncertainty for load
[25, 26] e process Applicable only to AC grids
optimization . .
To address uncertainty for wind
generation
Voltage stability assessment
Taking into account network Not to take into account EVs
. . constraint Use flexible sources discharge only
[27] mg;g;:]rﬁggr for Implement RESs and storage in off_-grid mode _
network partitioning system _ Applicable only to AC grids
Load, fault and generation
estimation
Two-layered To handle techn_ical tasks like Not consider RESs and flexible
metaheuristic algorithm fgeder_s' conge_stlon, voltage_z sources
[28,29] | for optimal formation V|olat|ons,_act|ve and_ reactive Not add_ress load and fault
: . power devices coordination uncertainty
and optimal DERs . . . .
allocation To analy§|s t.he importance of a Not implementing energy
communication protocol system management
To control in both normal and self- Evaluating self-healing mode only
Two-layered  optimal healing modes for a few times slots
[30, 32] power flow Application of multiple faults Not including EVs
Different energy scenario Applicable only to AC grids
assessment
Real-time monitoring Self-healing mode is evaluated only
[31] Four-layered agent- Dynamic performance assessment for a few hours

based control scheme

Control scheme for all component

EVs are not included
Applicable only to AC grids
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ENVIRONMENTAL EMERGY
SUSTAINABILITY EQUITY

Figure 1-1. The energy trilemma triangle [33].

Nowadays, buildings are responsible for about 40% of carbon emissions and any solution to
the energy crisis will have to address the issue of energy use in buildings [36]. Recent
developments in smart building technologies clearly show that the buildings of the future have
the potential to be active and energy self-sufficient entities which, when connected with other
active buildings or to the upstream electricity grid, could have the ability to trade energy [37,
38]. To enable energy resilient communities that are powered by solar and wind plants and are
able to share energy with neighbours and transport systems, a comprehensive techno-economic
framework for the optimal planning and load sharing in energy management system (as a
tertiary level controller) is proposed for the buildings as an Energy Nano-Grids (ENG) that can

actively participate in the two-vector energy and transport system.

1.2.2 Challenges

The main point of the challenge is to decide on the optimal type of the building-based nano-
grid, either AC or DC, based on system specifications such as the DC load ratio at the ENG,
the maximum capacity of the installed BESs devices and the maximum energy that EVs can
deliver to the ENG or the upstream network; thus, determining the optimal mix of solar and

wind power (S and WP) generators and BESs as generation portfolio.

1.2.3 Literature review

Table 1-2 presents a taxonomy of existing approaches where previous research is reviewed
and compared. In [39], a networked nanogrid and a battery swapping station (BSS) are
considered where nanogrids can share their energy surplus or store it at the BSS to supply
power to electric vehicles during peak hours. One of the challenging issues in this study is that

energy must be transmitted to the BSS by the delivery system with an increase in the operation
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and investment costs. The study in [40] presents a planning model for microgrids connected to
the upstream grid to measure the optimal size, generation mix of distributed energy resources
(DERs) and type of the microgrid. The work evaluates how various factors, such as the entity
of the DC and of the critical load and converter efficiency, determine whether microgrids
should be DC or AC. In [41], authors developed the proposed model in [40] and show that in
some cases, hybrid AC/DC microgrids can be more economical than other types by reducing
the number of converters. In ref. [42], power and voltage control of a hybrid building nanogrid
with two AC and DC buses are performed in both grid-connected and off-grid states. In [43],
residential units are represented as energy hubs, so, in addition to electrical components, the
optimal structural dimensioning of the cogeneration unit, gas boiler and heat storage systems
must be considered. Some residential DC nanogrids connected to each other and to the main
grid are illustrated in [44]. The import and export of electricity is controlled by an online cyber-
physical approach, emulated by Lyapunov optimization. The market-based advantages of
nanogrids with photovoltaic energy storage systems are discussed in [45]. In [46], different
types of renewable and non-renewable resources like wind turbines, photovoltaic (PV) systems,
and fuel cells are taken into consideration in grid-connected nanogrids. In contrast to other
studies, the costs of environmental damage from pollutant gases and battery power losses are
taken into account in the optimization of the operation management process. A new multi-
objective optimization model for energy management in microgrid/nanogrid is proposed in [47]
to determine the time of buying or selling electricity to or from the main grid. Ref [48] aims to
gain optimal daily power schedule for energy storage systems in microgrids, while the
uncertainties associated with load and RESs’ available power as well as the time and duration
of unscheduled islanding events are considered. In [49] a robust planning is depicted to
determine the optimal expansion of distribution networks with electric vehicle penetration,
where the objectives are the expansion/construction of substations and/ or charging stations for
electric vehicles and the determination of the capacity of renewable resources. The main feature
of this study is that the uncertainty of the load and EV demand, the level of which changes in
various time intervals, is modelled through a normal distribution variable, so a scenario-based
model such as Monte Carlo simulation is required to solve the program. Ref [50] presents a
dynamic programming (DP) technique to optimize load sharing in solar-based DC nanogrids
in presence of battery storage. In addition to an optimal load sharing, that paper achieves
maximum availability of the solar energy system, minimum fuel consumption and an increase
in the battery life cycle. Kumar.J. et al. have published some recent research regarding energy

management in DC and hybrid microgrids [51-54]. In references [51] and [52], a control based
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energy management is implemented for a mini and vast DC microgrid respectively, where
Maximum Power Point Tracking (MPPT) algorithm is applied to PV system to provide high
utilization, and charging/discharging of battery storage system and super capacitors are
controlled to respond to dc voltage regulation/load changing and fluctuation, respectively.
These works consider only DC nanogrid, where lower control level (usually is called secondary
level) is conducted as energy management system, and upper level that includes planning,
generations’ size and mix are not modeled. However, in [53], authors have proposed a new
configuration for DC microgrids in isolated communities like a village, where the system aims
to utilize unused stored water to generate electricity through solar pumping units. The same
controllers as those in [51, 52] are characterized, and numerical analysis is done for designing
the size of water tank, pumps, PV arrays, and small batteries, whereas economic study has been
ignored. Ref. [54], however, provides a more comprehensive approach to determine the most
optimized combination of AC and DC mini grids in hilly districts in India, so that minimizes
the total costs. The objective function incorporates environmental and reliability-based

constraints, and the program is solved using Genetic algorithm.

Table 1-2. Taxonomy of planning and energy management of Nanogrids

References Network Planning result Bus BES EVs Mathematical
level type penetration  penetration modeling
analysis
Energy Optimal  Generation
management  sizing mix

[39] nanogrid v v v MILP
[40] microgrid v v v v MILP
[41] microgrid v v v v MILP
[42] nanogrid v v
[43] nanogrid v v NLP
[44] nanogrid v
[45] nanogrid v v LO
[46] nanogrid v v MO
[47] nanogrid v v LP
[48] microgrid v v MILP
[49] EDS v v 4 MILP
[50] nanogrid v v DP
[51] nanogrid v v
[52] microgrid v v
[53] microgrid v v v
[54] nanogrid v v v GA

This thesis nanogrid v v v v v v MILP

LO= Lyapunov Optimization MO= Multi-Objective EDS= Electrical Distribution Systems DP= Dynamic Programming GA=Genetic
Algorithm
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1.3 Energy management in AC/DC nanogrids
1.3.1 Challenges

In recent years, new technologies such as flexible and controllable electrical vehicles (EVs),
battery energy storage systems (BESSs), distributed generations (DGs) and renewable sources
(RS) like solar and wind sources, have made traditional electricity grids smaller and smaller on
the microgrid (MG) scale [55]. Such grids can operate in both grid-connected and islanding
modes. Components mentioned above can supply load demand, deliver energy to the main grid,
and save energy to use at peak hours to shave load profile and reduce the cost of purchasing
energy from the upstream network. Anyway, due to intermitted behaviour of these sources,
especially EVs demand profile, loads, and power generation of photovoltaic (PV) systems, the

challenges in energy management have increased, in addition to other technical challenges [6].

1.3.2 Literature review

Many researchers have been working on energy management in different scales of
microgrids such as small scales and home area ones. In [56], a home area energy management
has been applied to a home to allocate day-ahead electrical and thermal energy sources to both
controllable and non-controllable loads, considering minimum energy cost. This study
considers user behaviour and preferences, weather conditions and social factors as constraints,
modelled by probabilistic and random factors. The study in [57] proposes a model for
maximizing social welfare of customers in a microgrid by defining controllable and
uncontrollable appliances. A two-stage energy management system for multi grid-connected
microgrids is carried out in [58], in which all MGs are controlled by their own controller and
then by the central controller as the first stage to gain a day-ahead economical dispatch. After
that, in a second stage, a real time optimal dispatch is done considering the results of the first
stage to minimize the imbalance cost between day-ahead and real time models. The authors of
[59] allocate an intelligent agent for each component like EVs, renewable sources, and loads.
The aim is to manage charging and discharging rate/time for EVs so that they should be
charging from the renewable energy resources. The study in [60] provides a review of home
energy management systems focusing on their challenges and complexities such as uncertainty,
multiobjective scheduling, and computational considerations. In [61], flexible loads and
renewable sources in a smart home are all managed for a minimum energy cost, in the first
stage, and then to shave peak load in the second stage. Battery energy storage is adopted in
[62] to shave peak load and mitigate unbalanced voltage in microgrids due to renewable energy

resources. In [63], three control strategies, including noncontrollable, controllable, and
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intelligent, were evaluated for electric vehicle charging, and a modified harmonic search
algorithm was used to address optimization with uncertainties in loads, generations, and energy
prices. Energy management system in [64] applies a rapid control scheme that control
functional parameters of power electronic converters connecting wind and solar system to a

small-scale microgrid.

1.4 Short-circuit calculations
1.4.1 Motivation of the Research and Research Gap

In this context, the topic of calculating short-circuit currents in DC networks is of interest.
The standard IEC 61660 [65] proposes a short-circuit current calculation methodology but
given the age of this document the most recent developments in technology and, among other
things, the simultaneous presence of AC and DC sources, are not considered. The methodology
proposed in this thesis tries to fill this research gaps due to the increasing importance that hybrid

AC/DC systems are gaining in modern distribution grids.

1.4.2 Background and Related Works

With the aid of a power grid simulation software, some authors have tried to overcome the
limitations of [65] and have proposed improvements based on simulation results. In [66], the
authors develop an original package of programs used for the analysis and rating of DC
protective devices in power systems. In [67, 68], two different modeling approaches to evaluate
DC-side short-circuit currents in DC distribution systems fed by rectifiers are presented and
validated by a time-domain simulation. The above-cited works present useful formulae that
could be integrated in the IEC 61660 approach when DC distribution systems are applied to
microgrids operating in island mode. Reference [69] presents an algebraic model to
approximate the DC short-circuit current contribution of converters without DC fault ride-
through capability. In [70], the authors analyze the limits in the application of the IEC 61660
standard to HVDC systems. In [71], the author shows that the equations of the IEC 61660
standard, originally for low-voltage (LV) systems, can also be applied to medium voltage (MV)
DC networks and discusses some limitations of the standard. In [72], HVDC systems in short-
circuit conditions are studied in the case of dual inverters with dual DC-link; however, the
authors, although providing an interesting description of the control system, do not consider
these devices in a more general methodology for calculating DC short-circuit currents. The
research work in [73] proposes a fault current calculation method for DC railways. The paper
presents a method to model in Matlab/Simulink railway substations, trackside paralleling huts,

wayside energy storage devices, track feeders (positive and negative), overhead contact
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systems, running rails, and rail-to-earth resistance. The results of the short-circuit calculation
are compared with those obtained from the simplified formulas of the international standard
EN 50123-1 standard for DC railway systems [74]. In [75], the authors propose the wavelet
transform to extract high-frequency components of fault currents to identify internal and
external faults in VSC-HVDC grids. In addition, to design a protection circuit breaker in DC
side, authors use the instantaneous voltage polarity difference of the current limiting reactor to

determine the fault direction.

Some further steps in the simulations of DC short-circuits are done in [76] and [77]. In the
first paper, the authors present an approach and some formulae for short-circuit calculation in
a DC system in the case of line-to-line and line-to-ground faults and validate the results with
Matlab/Simulink. In the second paper, a mathematical model and the related experimental
validation are presented for short-circuit calculations in DC grids supplied by hybrid AC/DC
power supply generators. The research work in [78] tries to distinguish steady-state, transient
and fault operation in low voltage DC microgrids supplied by PV and battery storage systems.
The proposed algorithm calculates residual current in voltage source converters and load
branches, while not consider the effect of generation units. The models proposed in [70], [79]
are compared to simulation results. The prior adopted a mathematic model to calculate short-
circuit current in multiterminal DC grid using simplified converters and overhead line circuits,
and the second one calculates short circuit current in HVDC systems considering IEC 61660.
In [80], the authors model a DC-side bipolar fault current in steady-state stage for modular
multilevel converters connected to AC system. Finally, in [81], an approach to extend the IEC

61660 standard to meshed systems is proposed.

All the above-mentioned works deals with the modelling of specific components of the DC
system, with the dynamic behaviour of the system during the fault or propose methods that are

used for DC grids with a single source.

1.5 Hierarchically controlled power-flow-based energy management
1.5.1 Challenges

Obviously, power flow (PF) analysis, as the elementary tool in power systems, plays a
significant role for other important assessments such as control, protection, design, planning,
and energy management, among others. Unlike the conventional power systems, where power
flow is characterized using known bus types, in AC/DC hybrid microgrids, particularly in

islanded mode, due to the limit and non-robust generation source as a slack bus to keep the
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voltage and frequency of the network at the rated values, the corresponding buses are not
categorized into traditional ones. Additionally, interconnection and power sharing between AC
and DC subgrids needs to adopt a proper control scheme, preventing buses to fall into PQ or
PV buses [82-84]. Therefore, a comprehensive control framework is integrated to power flow
analysis in coupled AC/DC microgrids. Since solving control-integrated PF in power
management prospective, it is crucial to implement hierarchical control scheme, and to adopt
a proper power flow calculation technique. Therefore, literature below discusses different inner
control layers as primary and secondary controllers, top layer playing the role of power
management, and PF analysis techniques respectively, in various AC/DC hybrid networks

topologies.

1.5.2 Literature review

Power flow analysis in controlled hybrid microgrids has increased researchers’ interests in
the last decade. They mainly have focused on the islanded operation mode. To PF assessment
in AC/DC hybrid microgrids, authors in [85-93] have tried to define new controlled buses for
both AC and DC buses in islanded mode, applying well-known droop control. In [85], authors
integrated a two-level, primary, and secondary, well-known drooped-based control schemes
into traditional Newton-Raphson (NR) power mismatch formulations for islanded AC/DC
microgrid to manage power sharing among DGs and restore AC/DC voltages and frequency at
point of common coupling (PCC) bus; in addition, a voltage-frequency droop controller is
characterized for IC to control power sharing between both subgrids. The same droop based
primary controller has been suggested in [86-88] for DG’s converters and IC in PF analysis,
where [86] tries to evaluate different hybrid microgrid structures, where the model is also
applicable for grid-connected mode, and [87] implements the addressed controlled power flow
analysis for multiple AC-DC hybrid structures. Different droop characteristics, based on the
output impedance of DGs, have been included in PF mismatch equations [89], where change
the Jacobian and variable matrices. In [90], popular P-w/Q-V droops in AC grid and P-V droop
in DC one are adopted in a backward-forward sweep (BFS) algorithm for calculating load flow
sequentially. This approach is developed for decomposed AC and DC subgrids which are
coupled using normalized V- droop [85, 94] for IC. Unlike works above, [91] consider
Renewable Energy Sources (RESs) and storage systems in AC and DC subgrids as well. The
most significant point in this work is to control charging/discharging status of storage systems
in AC and DC grids through frequency and DC terminal voltage respectively. Droop

characteristics and voltage reference of DG units in [92] are extracted from Optimal Power
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Flow (OPF), which play as reference roles for voltage source control converters in islanded AC
microgrid. A new idea is developed in [93] to control power exchange between AC and DC
subgrids in grid-connected mode, where a modified unified interphase power controller is
implemented, including one line power converter and one bus power converter regulating dc

link voltage.

Regarding top control level, including tertiary control in the EMS framework, some authors
have addressed power management [95-100]. Ref. [95] provides a comprehensive review of
power management strategies in AC/DC hybrid microgrids including different system
structures, different operation modes in both steady-state and transient conditions. A
hierarchical energy management for storage-photovoltaic based hybrid microgrids is applied
in [96], where it comprises a centralized supervisory system to decide the control scheme and
power reference sets, for both islanded and grid-connected modes, to the converters’ local
controllers. However, [97] and [98] adopted energy management only in tertiary level, which
calculates hourly optimal charging/discharging strategies for storage systems [97], and a
stochastic optimal load flow is adopted in [98] to measure power sharing among DGs and RESs
considering uncertainty of variables. Authors in [99] and [100] suggested hierarchically power
management, where it is divided into two system-level and devise-level perspectives [99], at
which the former is implemented by mixed-integer optimization program, then power reference
control mode is applied to converters as the latter level. Meanwhile, [100] includes only
autonomous primary and centralized secondary controllers. In addition, small-signal stability
analysis is conducted to investigate the influence of the communication delays on the system

stability.

In general, power flow calculations in AC/DC hybrid grids are solved using two
methodologies: sequential and unified. In the former [88, 90], and [101], parameters in one
system (usually in DC one) are estimated, then power flow for another one is solved, and finally
estimated parameters are updated till convergence is reached. However, in the latter approach
[85-87, 91], AC and DC power flow equations are solved simultaneously. Since convergence
problem in sequential method might rise [102], and to have better convergence characteristics

in unified one [103], power flow equations are solved as a unified system.

Almost all the works mentioned above have only considered islanded mode. Modern
microgrids consist of RESs, storage systems, and modern loads such as Electrical Vehicles

(EVs), where they can operate in grid-tied or islanded modes. On the one hand, the steady-state
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dynamics in each operation mode require specific decision making taken by the top control
(tertiary level in this thesis) and might change the control scheme of some sources. On the other
hand, the intermittent dynamics of RESs and EVs during a day cause changes in load supply,
charging/ discharging states for BESS and EV parking lots. Therefore, a top control layer is
needed for daily power flow analysis in both operating modes. A few works have studied
controlled-power-flow analysis in both grid-connected and islanded operating modes [101],
and [104]. These articles do not address the research gaps mentioned above, as authors propose
constant power DGs in hybrid microgrids, incorporating them into power flow formulation

using droop control.
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Chapter 2 Self-healing capability evaluation in active islanded
AC/DC hybrid microgrids

Abstract

In this chapter, the aim is to implement a resilience assessment within AC/DC hybrid
microgrids using a stochastic simulation approach. Self-healing measures including load
shedding, control of distributed generation, and flexible devices such as Energy Storage
Systems (ESS) and Electrical Vehicles (EVs) are simulated to enable AC/DC hybrid microgrids
to supply critical loads in islanded mode, assuming a disconnection of these microgrids from
the main AC grid due to a fault. To perform this analysis, a two-stage process is proposed: first,
a Monte-Carlo simulation-based stochastic approach is adopted to generate samples to simulate
intermittent loads, power generation from Renewable Energy Sources (RESs), and fault
occurrences in the upstream grid; second, for each sample indicating islanded mode, a grid-
connected daily Optimal Power Flow (OPF) is formulated in Mixed-Integer Linear
Programming (MILP) form based on minimizing operational costs to manage the State of
Charge (SoC) of stationary and traction batteries and electric vehicles before microgrids may
go to islanded mode. Finally, the resilience of islanded microgrids is evaluated through various
indices. Additionally, different strategies are considered for modelling the behaviour of both
types of electrical vehicles V1G and V2G. Simulation results show that distributed generation
and flexible devices might improve resilience in islanded microgrids; however, optimal daily
planning in grid-connected mode could affect it adversely due to the low energy available from
flexible devices at the islanding moment.

With the emergence of modern AC/DC hybrid microgrids, there have been new challenges,
particularly regarding sustainable power provision. An essential aspect is assessing the self-
healing capability, especially concerning the ability of smart hybrid microgrids in island mode
to deliver safe electrical energy to customers during emergencies and various energy scenarios.
Self-healing capability stands out as a key feature of smart distribution systems, offering an
effective means to enhance network reliability through the management of flexible loads,
renewable energy sources (RESs), energy storage systems, and electric vehicles in the event of
a fault disrupting supply from the main grid. Consequently, it is imperative to establish

resilience indices for evaluating the impact of the aforementioned self-healing measures.
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Within this context, a significant challenge arises from the intermittent nature of RESs
generation, fluctuating loads, and the dynamic state of charge (SoC) of energy storage systems
and electric vehicles, all of which must be accounted for to attain a more accurate analysis
result.

In this framework, according to Table 1-1, some research gaps are discussed that have been
addressed in this chapter to show the importance of applying the proposed methodology.
Firstly, previous works did not take into account AC/DC microgrids self-healing capability and
the impact of various energy scenarios, whereas this chapter presents a methodology for
performing a comprehensive self-healing assessment for AC/DC MV/LV hybrid microgrids
considering the specific characteristics of the distributed flexible resources and the impact of
the energy scenario. The methodology is applied to three microgrids: an underground station,
a car park, and a residential area where five energy scenarios characterized by different energy
consumption, RES production, number of EVs and controllable loads are defined for assessing
the self-healing capability in presence of different shares of flexible devices. The diversity of
the load profiles, of the entity of the critical loads and of the flexible resources considered in
the study, contribute to the novelty of the research. The scenarios refer to the years 2022, 2030
and 2040 and have been defined according to the most recent technical reports on the energy

transition in Europe and Italy [105-110].

In addition, an optimal power flow (OPF) using Mixed-Integer Linear Programming
(MILP), considering the connection of the main AC upstream network and proper stochastic
approaches for variable parameters, is carried out to determine the SoC of ESSs and EVs before
an interruption of the main MV AC grid due to a fault event by which we can recognize how
optimal energy management in normal condition may affect self-healing in off-grid mode;
however, other works do not calculate the SoC of flexible sources in an microgrids in this
chapter are fully-equipped with all RESs and flexible sources, especially EVs that not taken

account in above-mentioned works.

It is assumed that the microgrids can operate independently in islanded mode supplying with
their local resources the critical loads. Furthermore, a Monte-Carlo simulation is implemented
to calculate a set of resilience indices representing the capability of the islanded hybrid
microgrids of supporting customer’s power supply in the different energy scenarios. These
indices can be categorized into customer- energy- and microgrid-oriented groups. In brief, the

main contributions of this chapter can be resumed as it follows:
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e proposing a study that considers different energy scenarios for assessing the impact of
the increase in the flexible energy resources on the self-healing capability;

e calculation of the SoC of ESSs and EVs as flexible units through a pre-fault daily OPF
with MILP formulation, and non-critical load shedding in self-healing mode;

e defining different valuable resilience indices to show to what extent microgrids are
capable of providing a reliable supply to their critical loads;

e Implementing a stochastic approach to handle intermitted nature of variables such as
load and renewable energy output, and Monte-Carlo simulation to calculate the set of

resilience indices.

2.1 Methodology
The methodology employed to evaluate self-healing in hybrid AC/DC microgrids comprises
the steps outlined in Figure 2-1. Broadly speaking, the steps depicted in Figure 2-1 can be

categorized to delineate two distinct stages of the proposed methodology.

In the first stage, a failure is assumed to occur in the main AC grid, which is simulated through
random value samples called Monte-Carlo samples. Comparing the random samples to the rate
of microgrid (failure rate of AC main grid [111]), island and grid-connected modes can be
found out, so that if random value is less than the failure rate, it is assumed there is an islanded
mode and failure in the main grid has accrued, and if it is greater than the failure rate, network
operates in normal or grid-connected mode. Referring to the database from ARERA, the Italian
Regulatory Authority for Energy, Networks and the Environment, the average duration of the
fault is assumed 45 min for MV and LV AC distribution grids [112].

It is worth underlying that, the installed local generating capacity of each microgrid is not
enough to supply all loads; therefore, when a microgrid is in islanded mode due to a failure of
the main grid, the non-critical loads with high consumption are disconnected. Since the aim of
this study is to evaluate the capability of hybrid microgrids of supplying critical loads during
off-grid operation through RESs, load shedding, and flexible generations such as ESS and
smart EVs, it is significant to identify the operation state of these resources.

Renewable energy sources’ power output is completely independent from the operation

modes of the network, since it depends on environment conditions, such as wind speed or solar
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Figure 2-1. Overall process of the proposed methodology.

irradiation. Flexible resources charging/discharging states, instead, vary according to the

consumption and operation mode (grid-connected or islanding) of the microgrid. Therefore,
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the SoC of ESSs and EVs must be calculated before the fault event occurs in the main grid. For
performing this calculation, an OPF-based energy management is implemented. The OPF is
formulated based on minimizing the operation cost for each time interval and random sample.
There are several works addressing stochastic energy management in microgrids that one
comprehensive is [113] which here simpler version is used. So, the objective function for each

microgrid is:
Cop = Lt CgPy(s, t) Ye,m,s (2-1)

All symbols explanation is reported in Appendix 1.

Equations and inequalities ( 2-2) to ( 2-4) represent generation-related constraints. Equation
( 2-2) is the daily power balance for a generic microgrid; equations ( 2-3) and ( 2-4) represent
the output power limit for PV and wind generators. Because the installed capacity of RES-base
generators is constant and this chapter projects to analysis resilience in off-grid mode, power
purchased from the AC main grid in not restricted to its limit, meaning, in grid-connected mode,
microgrids’ loads are surely going to be supplied, so there is no restriction in power importing

from the main grid.

Py(s,t) + By(s,t) + Py(s,t) + PAS(s,t) + PES(s,0)

(2-2)

=P (s,t) + (s, ) + PF(s,t)  Vs,tme
P,y (s, t) < n. P54 (m) Vs, t,m,e (2-3)
P,(s,t) < n.P***(m) Vs, t,m,e (2-4)

Constraints ( 2-5) to ( 2-11) express ESS’s operation limits. Inequalities ( 2-5) and ( 2-6)
indicate that charge and discharge powers of the EES must not exceed their bounds, and ( 2-7)
expresses the non-simultaneity of battery charging and discharging operations. Equations ( 2-8)
and ( 2-9) express the hourly available energy of the ESS, while ( 2-10) restricts this energy to
its upper and lower limits. Furthermore, equation ( 2-11) is introduced to ensure that the energy

stored at the end of a day is equal to the energy available at the beginning of the same day.
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I (s, 0). P < P (s, ) < IE"(s,0). P Vs, t,m,e (2-5)

135 (s,t). PJHN < P3is(s, ) < I8(s, ). PJI&X Vs,t,m,e (2-6)
ISh(s,t) +I135(s,t) < 1 Vs, t,m,e (2-7)

E,(s,t) = Es(s,t — 1) + P (s, t) — P25 (s, t) Vs, t >1,m,e (2-8)
E (s, t) = Us(0) + P (s, t) — PAS (s, t) Vs, t<2,me (2-9)
EM(m) < Eq(s,t) < EM%(m) Vs, t,m,e (2-10)

Us(0) — AU < Ei(s,t) < Ug(0) + AU Vs, t > 23, m,e (2-11)

The following equations represent the constraints for EVs. They are formulated only for
V2G EVs because they are the only EVs that can be managed by the network operator with an
intelligent charge/discharge strategy. It means the SoC of V2G is variable unlike V1G whose
charging is imposed as an input of the problem. Equations ( 2-12) to ( 2-18) have the same
definition as those for ESS above. When V2G EVs are out of the zone, there is no charge and
discharge operation for their batteries, which is expressed by ( 2-19) and ( 2-20). Finally,
equation ( 2-21) implies that V2G must have a minimum energy at their battery when they
leave the parking lot.

I (s, 0). P, < PSR (s, t) < ISh (s, £). P Vs, t,m,e (2-12)
I55°(s,0). Piish, < Ps*(s,0) S I°(s,6). PRy, Vs,tmye (2-13)
IB(s,t) +1%S(s,t) <1 Vs, t,m,e (2-14)

E,5(s,t) = E (s, t — 1) + PSR (s, t) — PES (s, t) Vs,t > 1,m,e (2-15)
E (s, t) = Uy, (0) + PSR (s, t) — PUS(s,t) Vs, t < 2,m,e (2-16)
EM™(m) < E,,(s,t) < EM%(m) Vs,t,m,e (2-17)

U,,(0) —AU,, < E,,(s,t) < U, (0) + AU, Vs, t > 23,m,e (2-18)
P(s,t) =0  Vs,qm,e (2-19)

PEs(s,t) =0 Vs,q,m,e (2-20)
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E,,(s,t) > N.A.D Vs, T, m, e (2-21)

In this chapter a mixed-integer linear programming (MILP) formulation is considered to
solve 24-hourly optimal power flow in GAMS/Cplex tool. GAMS/Cplex is a GAMS solver
that allows users to combine the high level modeling capabilities of GAMS with the power of
Cplex optimizers. Cplex optimizers are designed to solve large, difficult problems quickly and
with minimal user intervention [114]. In the OPF problem with the contribution of flexible
sources, there are integer variables such as charge/discharge of these units which cannot be
done simultaneously. Therefore, mixed-integer solver is implemented to address this dilemma.
In islanded mode, it is assumed that the technical parameters such as voltage and frequency are
controlled by the microgrid operator. So, this chapter only analyses the microgrid capability of
providing power supply to the critical loads.

In the second stage of the methodology, the SoC of ESSs and smart EVs calculated from the
first stage is referred as input for the resilience assessment. A stochastic Monte-Carlo
simulation generates random samples to distinguish grid-connected and islanded modes. In off-
grid mode, it is proposed to find out whether available generation can supply critical loads or
not. To evaluate this aspect, in island mode, it is necessary to evaluate some indicators,
distinguishing between two sets. The first set consists of factors showing the resilience rate of

microgrids, formulated as follows:

e The Resilience Frequency Rate (RFR) factor indicates how flexible microgrids are in

supplying critical loads in island mode in a year:

total number of resilient samples
RFR = . . (2-22)
total number of islanding samples

The Loss of Load Expectation (LOLE) index shows the number of days in which
microgrids are not capable to provide enough power to supply critical loads in a year in
islanded mode in a microgrid:

LOLE = (1 — RFR).365 (2-23)

The Resilience Duration Rate (RDR) represents the rate between the time T; the
microgrids are able to self-heal in islanded mode and the failure time in a year T¢:

Rir =1 (2-21)

f

The second set includes energy-oriented factors that imply generation status of RESs and
flexible sources comparing to the energy consumed by the critical loads. These factors are
defined below:
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e The Renewable Energy Rate (RER) index shows the percentage of renewable sources
energy available E} . compared to the total energy consumed by critical load in a year

Ef in islanded mode in a microgrid:

_ Eggs )
RER = X (2-25)
El

e The Flexible Energy Rate (FER) index shows the percentage of energy from flexible
sources like EVs and ESSs E: compared to the total energy consumed by critical load

in a year Ef in islanded mode in a microgrid:

Ef
FER = —; (2-26)
E;
e Energy not Supplied (ENS) factor which calculates the amount of energy not supplied

by RESs and flexible resources in non-resilient cases during a year:

ENS = Z(l — RDR).Pf (2-27)

2.2 Application to a Hybrid AC/DC Microgrids

Figure 2-2 shows a MV/LV hybrid AC/DC distribution network defined for resilience studies
like those presented in [10, 11] and called “city area network™. This network is supplied by a
MV 20 kV AC upstream network through transformers. AC/DC converters are installed to
support DC loads power and connect photovoltaic systems and ESSs to the DC buses. As it is
clear from Figure 2-2, three zones can be identified within the city area network: an
underground station, a car park, and a residential area, which can be operated as three

independent microgrids when they are isolated from the main grid.

31



Supply

CITYAREA |
20kv
'
- : - o : > :
2kV—p— 3L o 0.4kV -
1.5kV- -+ 0.4KV —s—o- . e 2kV
H . 0.4kV * 1 1 H
Loads Lvoads Critical
load
15kV : : 0.4kv D
;E: T:;T'i Loads ] D @
Critical : WIND
loads P S : p AP 3 : 0.6kv 5 5.
L 0.75kV s 0.6kV ¢ 2
A == = & &
133 : ; i3
PV ESS ESS PV ESS PV

Underground station Residential area

Figure 2-2. City Area Network.

The underground station includes a DC system to provide electrical energy to the traction
system and its relative services like lighting, air conditioning, commercial loads, etc.
furthermore, there is a 400 V AC bus to supply surface station services. The car park microgrid
comprises two buses: an AC bus supplying road services such as security point, video
surveillance, lighting, etc, and a DC bus connecting PV, ESS, slow and fast EVs charging
stations. As regards the residential zone, a 400 kVA substation provides power to the customers
and there is a DC node connecting PV, ESS, and DC load [111]. Finally, in the same zone, a

wind park provides energy to the loads.

When a fault at the AC main grid occurs, if permanent, microgrids switch to off-grid
operation and maintain it until service is restored or until local resources are able to supply
critical loads. Assuming microgrid operators control the technical parameters like voltage and
frequency, microgrids could be able to continue supplying loads through RESs, flexible
resources like ESS and EVs, and load shedding. Therefore, these elements are modeled as

follows to implement a simulation-based analysis.

2.2.1 Load
Daily consumption is one of the most significant uncertain variables in distribution systems.

Therefore, it is vital for microgrid operators to manage this challenge in order to achieve a more
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realistic analysis. Probability analysis is a practical technique for obtaining a reliable estimate
of these variables. According to the studies in the literature and looking at the trend of the daily
consumption of the loads in the LV microgrids in Figure 2-2, a normal Probability Density
Function (PDF) is the best choice to refer to load uncertainty. The PDF for the load is expressed

as follows:

Np (1) =

ex I (1202 (2-28)

where the mean of the load () and the standard deviation (o ) can be extracted from the

historical data reported in [111]. The above function is used for a Monte-Carlo simulation: it is
assumed to generate a random probability number indication Cumulative Distribution Function

(CDF) and return load variable at any given time using CDF inverse function.

2.2.2 Renewable Energy Sources

Photovoltaic and wind generation are other important elements which need to be modeled.
In order to incorporate the RESs behavior in the microgrids’ analysis, data regarding wind
speed and solar irradiation are needed. Different PDFs for these types of variables have been
proposed, anyway, Weibull and normal probability density function are used in this chapter for
the wind speed and PV power output, respectively, as follows:

wh-1
Ww) =

exp [-5)"] (2-29)

NPy, [ G — 1) ] (2-30)

Then, for any given wind speed which is calculated from the same Monte-Carlo simulation

mentioned for the load above, the corresponding wind power output can be calculated as [115]:

0 forw<w;andw >w,

P, =< Py (\:}v V:V‘) for w, <w <w, (2-31)
T L
By for w, <w<w,

Figure 2-3 shows the normalized daily PV generation for each month of a year assumed in

the present study, which proves why normal PDF matches PV power output.
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Figure 2-3. Daily PV generation at LV network.

2.2.3 Electrical Vehicles

EVs are playing an important role in demand side management issue. They are considered
as flexible load and resources which can be supplied during normal operation mode or can
compensate power shortage for critical loads during islanded operation mode. In this study,
two types of EVs with different charge/discharge characteristics are considered:

e VI1G EVs with dump charging strategy in which vehicles owners are completely free
to connect and charge their vehicles whenever they want. The charging starts
automatically when an EV plugs-in. Figure 2-4 shows a daily average VIG EVs
consumption for different seasons in the car park microgrid;

e V2G EVs with smart charging strategy. When this strategy is adopted, owners have to
accept a commitment at which they share EVs’ battery when the network needs this

resource at both on-grid and islanded operation modes in technical and economical

perspectives.
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Figure 2-4. Daily V1G consumption in Car Park area.

2.2.4 Energy Scenarios

As explained in this chapter earlier, the microgrid is studied considering different energy
scenarios since it is interesting to assess to what extent the increase in RES production,
available flexible resources such as controllable loads, ESSs and smart EVs is able to influence

the self-healing capacity of the network.

The energy scenarios have been defined by analyzing the most recent technical report on the
European and Italian energy transition [105-110] and are synthetized in Table 2-1. The data in
Table 2-1 are reported in p.u. so that they can be adapted to the characteristics of any microgrid.
In fact, it is not so much the absolute values of the quantities involved that characterize a
scenario as the ratios between the sizes of the flexible resources and the energy/power
requirements of each specific microgrid. Scenario 2020 is the base scenario representing the
current situation, while scenario 2030 and 2040 represents the energy scenario in the next two
decades. The suffixes BC and DEC indicates two different possibilities considered for the
Italian energy transaction in the PNIEC (Italian Plan for Energy and Climate [116]). In
particular, BC indicates the scenario Business-as-Usual, which inertially projects current trends
and is characterized by technological development based on economic merit alone, and DEC
indicates the scenario Decentralized, which achieves the decarburization, RES share and
energy efficiency targets and the non-binding long-term CO> emission targets using a logic of

minimizing decarburization costs and alternative technological developments. In the following,
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defined the rated power of the generators, the load power, the energy consumption, and the
characteristics of the flexible resources for the Scenario 2020 and for each microgrid,

automatically, applying the coefficient in Table 2-1, the same data for the other scenarios will

be defined.

Table 2-1. Energy scenarios.

2020 2030BC 2030DEC 2040BC 2040DEC
Final energy consumption 1p.u. 1.08 p.u. 1.14 p.u. 1.16 p.u. 1.26 p.u.
Energy production from RES
with respect to total energy 0.178 p.u. 0.212 p.u. 0.283 p.u. 0.287 p.u. 0.369 p.u.
consumption
Total RES generators rated
power with respect to the total 0.47 p.u. 0.56 p.u. 0.70 p.u. 0.70 p.u. 0.83 p.u.
load power
Total stationary EES rated
power with respect to the total 8.7e-4p.u. | 1.23e-2p.u. | 1.16e-2p.u. | 8.70e-2 p.u. | 8.10e-2 p.u.
load power
Stationary storage capacity with i i i i i
respect to the load le-6 p.u. 1.12e-5p.u. | 1.07e-5p.u. | 8.03e-5p.u. | 7.42e-5p.u.
Number of EVs 1p.u. 83 p.u. 180 p.u. 180 p.u. 233 p.u.
Number of users participating
in Demand Response programs 1p.u. 1.000 p.u. 1000 p.u. 2500 p.u. 2500p.u.

2.3 Numerical Results

In the simulations, it is assumed the failure rate of the MV network is 0.48 per year. All data
for simulating total and critical load, electrical vehicles and battery energy storage system
characteristics, PV and wind generation are taken from [112] and [111]. Referring these data,
V2G vehicles with smart charge/discharge strategy leave the parking lot at 7 a.m. and arrive
there at 7 p.m., with a 40 km average journey a day. V1G EVs are considered detachable load
during off-grid operation. Table 2-2 shows the load, RESs and flexible resources data for the
various energy scenarios in the three microgrids, calculated according to Table 2-1. In the
stochastic Monte-Carlo simulation 1000 random samples are considered. Since the islanding
mode takes 45 minutes, time horizon is 15-minute intervals in the OPF simulation. Therefore,

there are 1000x96 samples in the proposed Mont-Carlo simulation.

Table 2-2. City Area Energy Scenarios

Energy Scenarios for Underground Microgrid

2020 2030 BC 2030 DEC 2040 BC 2040 DEC
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Daily energy consumption [KWh] 3694 3694 3694 3694 3694
PV systems rated power [kW] 109 130 170 175 175
ESS maximum capacity [kWh] 500 500 500 500 500

Energy Scenarios for Car Park Microgrid
2020 2030 BC 2030 DEC 2040 BC 2040 DEC

Daily energy consumption [KWh] 653.5 9735 9735 1993 1993
PV systems rated power [kW] 20 35 45 90 120
ESS maximum capacity [kWh] 50 50 50 50 50

VIGEV [n] 5 10 10 25 25
V2G EV [n] 5 10 10 25 25
Energy Scenarios for Residential area Microgrid
2020 2030 BC 2030 DEC 2040 BC 2040 DEC

Daily energy consumption [kKWh] 3696 3991.68 4213.44 4287.36 4656.96
PV systems rated power [kW] 33 43 60 62 87

Wind system rated power [kKW] 33 43 60 62 87
ESS maximum capacity [kWh] 540 600 580 580 620

Table 2-3 to Table 2-5 report the indices defined in section 2.1 and calculated for the various

energy scenarios and for the three microgrids.

Table 2-3. Resilience indices for Underground area.

Underground Area
Scenarios RFR LOLE [day] RDR RER FER ENS [GW]
2020 0.59 149.1 0.65 0.2 0.23 7.6
2030 BC 0.74 93.6 0.79 0.24 0.36 2.6
2030 DEC 0.8 70.3 0.84 0.31 0.46 1.19
2040 BC 0.86 50 0.88 0.31 0.48 0.6
2040 DEC 0.86 50 0.88 0.31 0.48 0.6
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Table 2-4. Resilience indices for Car Park area.

Car Park Area
Scenarios RFR LOLE [day] RDR RER FER ENS [GW]
2020 0.5 183.6 0.62 0.43 0.5 0.5
2030 BC 0.66 122.5 0.8 0.68 0.47 0.1
2030 DEC 0.56 158.9 0.77 0.9 0.25 0.12
2040 BC 0.81 66.3 0.92 1.4 0.36 0.05
2040 DEC 0.92 22.3 0.97 1.9 0.32 0.01

Table 2-5. Resilience indices for Residential area.

Residential Area

Scenarios RFR LOLE [day] RDR RER FER ENS [GW]
2020 0.9 36 0.93 0.11 0.47 0.13
2030 BC 0.82 64.5 0.87 0.14 0.42 0.78
2030 DEC 0.87 447 0.91 0.18 0.42 0.27
2040 BC 0.82 63.2 0.87 0.18 0.4 0.8
2040 DEC 0.65 1275 0.72 0.25 0.33 3.9

According to the data in Table 2-3, in the underground area it can be observed that a 37%
increase in the installed PV power from the 2020 to the 2040DEC scenario results in an increase
in RFR and RDR of 33% and 26%, respectively, indicating an increase in the self-healing
capacity of the microgrid due to more availability of local generation from RESs in islanded
mode. For the same reason the Loss of Load Expectation (LOLE) and the Energy not Supplied
(ENS) indices decrease considerably in off-grid mode.

Figure 2-5 and Figure 2-6 show the average available PV power output, the critical load, and
the average ESS energy for each month for the operation of the underground microgrid in
islanded mode. A significant note here is the sharp drop in ESSs available energy in the summer
months. As the load increases in the three summer months, and in all scenarios the PV power
is less than the critical load in both on- and off-grid modes (Figure 2-5), the OPF algorithm
optimally determines the contribution of the ESS to supply the critical load. In fact, equation
(6) implies that it is necessary to have a greater contribution from the ESS (Figure 2-6) in the

energy balance in order to purchase less energy from the main grid, resulting in lower operating
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costs. This situation is more evident in scenarios with low PV capacity and where the PV
systems may not provide enough energy to charge the ESS in grid-on mode. On the other hand,
the OPF causes the ESS to be fully discharged in daily operation. Therefore, during a failure
(islanded mode), the average amount of energy of the ESS is not significant in July, August,

and September for 2020 and in August for 2030 BC.

—@=2020 =@=2030BC =@=2030DEC =@=2040BC ==@=2040DEC ==@==CriticalLoad

250

S 200
i
S
o

3 150
<)
o
a2

o 100
)
1)
©
o

Z 50

0

Q;\\\ fb@' ,\C\f\ Q@‘ “\rzﬁ \)QQ) \\;ﬁ oé\' ‘Oé ‘OQ} ‘OQ} ‘OQ}
O O 9 e N & o
S o N > & & & &
g % A < o 3 o
139 < Q
Months

Figure 2-5. Average available PV generation and critical load in islanded mode in the underground station
microgrid.

Looking at Figure 2-7, it can be seen that in the car park microgrid the average PV energy
production available for the 2020, 2030 BC and 2030 DEC scenarios is just below the average
critical load, while in both 2040 scenarios PV energy production far exceeds this load.
Therefore, it is obvious that the increase in PV power leads to an increase in the island resilience
of this microgrid, which results in an increase in the RFR, RDR, LOLE and ENS indices, so
that, in the 2040 DEC scenario, we are faced with a highly resilient microgrid in which the
RFR index takes on a value of 92%, as is shown in Table 2-4. Ultimately, since there is a
significant difference between the available PV generation and the critical load in the last
scenarios, this system can charge the ESSs and V2G EVs. Figure 2-8 and Figure 2-9 show the

average available energy in isolated mode for all seasons.
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Figure 2-6. Average available energy from ESS in islanded mode in the underground station microgrid.
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Figure 2-7. Average available PV generation and critical load in islanded mode in the car park microgrid.
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Figure 2-8. Average available ESS energy in islanded mode in the car park microgrid.
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Figure 2-9. Average energy available of V2G in island mode in car park microgrid.

These figures imply that, in first two scenarios with lower PV capacity, flexible resources
do not contribute in daily OPF, because it is not optimal to charge these resources frequently
during a day. Consequently, their average available energy in islanded mode is quite high.
Whereas, in the 2030 DEC, 2040 BC, and 2040 DEC scenarios, the figures show a greater
fluctuation in the available energy of flexible resources in isolated mode. In the 2030 DEC

scenario, the OPF algorithm uses a lot of this energy to minimize operating costs, so that in the
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three months of April, August, and October there is no energy available in island operation.
Thus, this case is the worst from the resilience point of view (Table 2-4). For both 2040
scenarios, higher values of the available energy and thus of the SoC of the flexible resource
batteries can be seen, as the sizes of the PV generators are significantly higher. Although these
plants cannot provide enough energy in October, overall, the scenarios show higher energy
availability in island operation than in other scenarios, especially in December. These
fluctuations in last three scenarios determinates a drop in the flexible contribution (FER), as

shown in Table 2-4.

Considering Table 2-5, it is worth mentioning that from the 2020 to 2040 DEC scenario,
even if the size of PV and wind installations increases, the resilience of the residential microgrid
worsens, as indicated by the decrease in the RFR and RDR indices, and the increase in LOLE
and ENS indices. Indeed, by increasing consumption and RES capacity by 20 and 62%
respectively, the RFR index decreases by 31%. Therefore, the microgrid in islanded mode
might be more resilient in the former scenarios than in the latter. Observing Figure 2-10, it can
be seen that there is a significant difference between the average power output of RES and the
critical load in off-grid mode, the consumption decreases in spring, summer, and autumn, while
the generation of PV and wind systems increases. Therefore, the average ESS energy in
different months extracted from the OPF execution could influence the resilience of the

microgrid.

Figure 2-11 represents this situation. The energy available in the ESS during the islanded
operation for the most resilient energy scenarios (2020 and 2030 DEC) has a straight line in a
year, while for other scenarios, especially those with more power from renewables, the average
energy of ESS is reduced in some months of the year because the optimization of the daily
operation causes storage systems to share their energy to reduce the energy purchased from the
main grid. Therefore, in these scenarios, the contribution of ESSs in islanded operation
decreases (RES factor) and due to the large difference between the critical load and the
generation from RES, a large increase in non-supplied energy is expected. Consequently, in
the residential area, increased power flow from renewable sources, which is one of the most
significant self-healing techniques, does not necessarily lead to increased resilience, given the

role that OPF plays in the management of the ESSs.
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Figure 2-10. Average available RESs generation and critical load in islanded mode in Residential area.
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Figure 2-11. Average BSS energy available in island mode in Residential area.

2.4 Key findings and conclusion
In this chapter, a stochastic simulation-based approach has been proposed to evaluate self-

healing capacity in hybrid AC/DC microgrids with flexible distributed resources in various
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energy scenarios. Microgrids operates in islanded mode when a fault occurs in the main AC
grid and the goal of the simulations is to determine how likely these microgrids are able to
supply their critical loads during island operation, using some self-healing measures such as
the implementation of renewable resources, load shedding, and flexible resources (EVs and
ESS systems). The performed analysis on three test microgrids shows how the consumption of
critical loads in island mode, the installed capacity of RESs, the type of flexible resources, and
a suitable OPF may affect self-healing factors. In the underground area, that is the simplest
microgrid considered in our study, an increase in PV capacity leads to an increase in resilience;
so here it would be said that capacity of RES plays the most significant role. However, in the
car park zone, although in the future scenarios there is a higher RESs capacity, OPF sometimes
have an adverse impact on self-healing capacity because before the island operation the
optimization algorithm decides to discharge V2G smart vehicles and ESS. Residential area
shows a completely different behavior comparing to the underground one due to the much more
consumption than RESs capacity. In this area, in the scenarios with more RESs capacity, OPF
plays a significant role to change the SoC of flexible resources leading to a decrease in these
sources in island mode and resilience rates consecutively. Therefore; this chapter showed
clearly how different parameters and operation control modes might change resilience factors
in island mode. For future works, the author is interested in attacking different control strategies
in power sharing among resources and demand response techniques. In addition, it would be
worth to consider other AC/DC components like converters in self-healing capability since

they can operate or blocked depending on technical parameters like voltage and frequency.
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Appendix 1
Nomenclature
Sets
e
m
t

Parameters
o/u

plo

Wi [Wo [ Wy
R

Cg

ch
Pvl

n
Pp’l;lax / PMT/nax

min

max
P ch,s / ch,s

max min
Pdis,s /Pd

is,s

min
ch,v2

Pehivz/

max min
Pdis,vZ/Pdis,vz

Us(0)/Uy2(0)

Set of energy scenarios
Set of microgrids

Set of time intervals a day
Set of simulation samples
Set of loads

Set of island modes

Set of time intervals that V2G

vehicles are out

Normal distribution parameters
Weibull distribution parameters
Cut-in, cut-out and rated wind speed
Rated power of wind turbines
Electricity price of the power
purchased from the main grid
Power consumption by VI1G
vehicles

Efficiency of generation for RESs
Upper limit for RESs generation
Upper and lower limits for storage
system charge

Upper and lower limits for storage
system discharge

Upper and lower limits for V2G
vehicles charge

Upper and lower limits for V2G
vehicles discharge

Initial available energy at ESS and

EV park
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Emax/Emin
s s

max min
Ev: [Ev;

T;

Variables
N()
w()

w

va/Pw

Cop

Fy

Pch /P dis
S S
Pg;/Pgs’

I¢h /1S

ch sydis
Ivz /Ivz

Small off-set energy to avoid end-
of-horizon effect at BES and EV’s
parking

Upper and lower limit for energy at
ESS

Upper and lower limit for energy at
EV park

Time at which V2G vehicles leave
the park

Number of V2G vehicles at car park
Discharge rate of EVs

Average distance of movement each
EV traverses a day

Number of time intervals microgrid
is resilient

Number of time intervals during a
fault (island mode)

Critical load consumption in each

microgrids

Normal distribution function
Weibull distribution function

Wind speed

Power generation of PV and wind
system

Total operation cost

Power purchased from the main grid
Charge and discharge power of ESS
Charge and discharge power of V2G
Binary variable shows charge and
discharge status of ESS

Binary variable shows charge and

discharge status of V2G vehicles
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ES/EUZ

Available energy at ESS and V2G
park
Load of microgrids before fault
event
Available power of RESs in island
mode
Available power of flexible sources

in island mode
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Chapter 3 Planning and optimizing energy management in small-
scale AC/DC microgrids

Abstract

This chapter proposes a planning framework for small scale power grids called energy nano-
grids (ENGs) including buildings with renewable energy sources. This planning program aims
to provide an energy management system in tertiary control level, where the following four
problems are characterized and solved through an optimization program: A) determining the
optimal energy resources mix, meaning local RESs could be PV system or/and wind turbine,
their size, and installed capacity that is needed for BES; B) determining the economically
optimal type of the main feeder for nanogrid (AC or DC), where RESs and flexible sources
like BES and EV park lot are connected to the nanogrid; C) to conduct different scenarios
correlating different range of the maximum BES’s installed capacity, maximum discharge
power rate in park lot, and rate of DC load to identify corresponding threshold values making
a nanogrid more economically viable solution than the AC one; and D) executing properly and
optimally a 24-hour load sharing among RESs, upstream network, flexible sources, and other

nanogrids.

To handle and achieve abovementioned issues, the proposed nanogrid planning framework
minimizes the total cost, which includes the investment costs of the energy resources and
converters, the costs/revenues of energy imported/exported from/to the upstream grid or
neighbouring nanogrids, and the operating costs of the nanogrids. In short, the main

contributions of this chapter can be recapitulated as follows:

e Optimal planning and size of the renewable energy resources and energy storage
devices;

e Determination of the economically optimal types of the main feeder in nanogrid (AC
or DC);

e Determination of the optimal threshold ratios for maximum installation capacity of
BESS, maximum discharge power rate of electric vehicles and DC loads rate, by
conduction different scenarios, that make a DC nanogrid more affordable option than

an AC one;
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e Preparing a techno-economic energy management framework.

3.1 Planning formulation
3.1.1 Mathematical model

Figure 3-1 and Figure 3-2 show a precise architecture of DC and AC energy nanogrids
respectively. At both types of ENGs, each ENG is connected to the upstream network through
an AC common bus. In the DC ENG, a bidirectional DC/AC converter is required to connect
the AC common bus (the point of common coupling) to the DC bus. The EVs' park lot, the
BES and the solar systems are connected to the DC bus through DC/DC converters. In addition,
wind turbine and AC loads at the ENG are connected to the DC bus using rectifiers and

inverters respectively.

. . |
Main Grid |

AC Common Bus I

_ -‘( Mher NGs

|

SElEE Gikling Bidirectional DC/AC converter
DC Load | |AC Load ’ ES ‘ Evs Parking
DC/AC Inverter| | DC/DC Converter WDC/DC
Converter
DC Bus I T % t
DC/DC Converter AC/DC Rectilier

! |

PV Pannels ‘Wind turbines

Figure 3-1. Architecture of a DC nanogrid.
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Figure 3-2. Architecture of an AC nanogrid.
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In the AC ENG, the AC common bus and the wind turbine are connected to the internal AC
bus by transformers. EVs' park lots and BESs are connected to the AC bus through bidirectional
DC/AC converters. Inverters are needed between solar systems and the AC bus, and rectifiers

to connect DC loads.

In the proposed planning model, the total cost of ENGs, including investment (IC), operation
(OC) and maintenance (MC) costs, must be minimized to achieve an optimal type of ENG, and

size and generation mix. Therefore, the objective function of the proposed model is as follows:

Crotat = Xn=11C(n) + 0C(n) + MC(n) (3-1)

In this chapter, the maintenance cost is only restricted to the maintenance of DERs and not
include the maintenance cost of converters since it has been supposed that all converters are
not repairable and they have to be replaced with new ones after their lifetime, which is the same
as the planning period horizon. Investment cost includes the capital price of all DERs and

converters, and can be written as two equations below based on ENG's type DC or AC.

—B(1-AMm)) < I1C(n) = [XYX, k() B, CRWDP(n, 1) + XYY, k(YEM)CS +
Y k()P(n, 1)CRE + 35X, k(y)P(n,2)CC + XY, k() (1 -
[(n)) L™ (n)CI + XY, k(PR CC + TNY, k(y)PRYSCC +
YN k)P CB] < B(1—-A(m))  Vn

(3-2)

—BA(n) < IC() — [EYL, k() ZPL, B CROP(n, D) + XJL, k(DE(M)CS +
L5 k)P(n, CT + X321 k()P (n, 2)CT + EJL k(W)I() L™ (n)CRE +  (3-3)
Y1 kOIPGLYCB + XJX k(DPGRECB + Y31, k(P CT] < BA(n)  Vn

According to Equation ( 3-2), if planning prefers the DC ENG, variable A sets to 1 and
equation ( 3-3) would be free; thus, the investment cost is equal to ( 3-2). Conversely, if
planning chooses the AC ENG, variable 4 is 0 and equation ( 3-2) would be free; in this case,
the investment cost would be equal to equation ( 3-3). It is worth mentioning that the DERs set
(1) includes both wind and photovoltaic power systems: i=1 indicates wind and i=2 indicates
solar. Equations ( 3-4) and ( 3-5) below represent the operation and maintenance costs, which
are the cost of purchasing and selling energy from/to the upstream network, and of the DERs'
repair and refurbishment, respectively, and Equation ( 3-6) refers to the coefficient of the net

present value.
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0C(n) = X321 k(y) a21 Xt5, CPRy(n, t) —

(3-4)
2521 k(y) 242 2T COP.(n, B) vn
NY NY
MC(n) = k(y ) M¥*P(n,1) + ) k(y)MPP(n,2) vn (3-5)
k(y) = vy (3-6)

1+r)y1
Other constraints can be divided into three categories: limits and constraints for the power
balance equation and DER generation, constraints for energy trading between ENGs and the

upstream grid, and constraints for BESs and EV’s park lots.

3.1.2 Power balance and generation

Equations and inequalities ( 3-7) to ( 3-12) represent generation-related constraints.
Equations ( 3-7) and ( 3-8) show the hourly power balance for both DC and AC ENGs during
a day. Like for the investment cost equations, if planning prefers the DC ENG, variable 4 is 1,
and ( 3-8) would be free; so, the power balance equation would match ( 3-7). Conversely, if
planning chooses the AC ENG, variable A is equal to 0, and equation ( 3-7) gets free. As a

result, the power balance formulation would be equal to equation ( 3-8).

—B(1-A(n)) < Q[P,(n, ) + By(n, t) + P;(n, ) + P& (n, ) + P& (n, 0)] —

QP (n, t) + P (n, )] — (M) L(n, t) — “‘“’3“”'” - ch'f) <B(1- (3-7)
A(n)) vn, t
—BA(n) < Q[P,(n, 1) + P (n, t) + P (n, )] + B, (n,t) + Py(n, t) —
QLR (n, ) + P (n, )] — (1 — I(m)L(n, t) — XD p(n, 1) < (3-8)

BA(n) vn,t

Inequality ( 3-9) states that DERs in each ENG must be able to supply, at any time, at least
a predefined critical load (a is the percentage of critical load on the maximum load).
Equations ( 3-10) and ( 3-11) represent the output power limit for DERs, where f is the
efficiency of generation for DERs and y is a coefficient less and equal than 1 giving sunlight
intensity during the day (0 in the absence of sun and 1 at noon). Equation ( 3-12) expresses the
upper and lower limits for the installed capacity of DERs, and equation ( 3-13) shows that it is
obligatory for an ENG to have at least one kind of DERs in the problem formulation.
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NI
z P(ni) > a.L™(n)  Vn (3-9)

P,(n,t) < BP(n,1) vn,t

(3-10)

Bmt) < By(®P(n2)  vnt (3-11)

Ix(n, ))P™"(n,i) < P(n,i) < Ix(n, i)P™*(n,i) vn,i (3-12)
NI

ZIR(n, D=1 wn (3-13)
i=1

Since this chapter implements an energy management system in tertiary level (optimal load
sharing), lower control levels (secondary and primary) are not discussed, assuming they are
done well through converters’ controller. The note is that the capacity (size) of DERs, that are
going to be installed, is a variable calculated in the planning process. Then, these power set
points are delivered to local controller of the converters. To PV system, this chapter conducts
a Constant Power Generation (CPG) control scheme presented in [117, 118], where the PV
output voltage is continuously perturbed away from the maximum power point in the CPG
operation mode in order to match the PV output power according to the set point. Therefore,
equation ( 3-11) is characterized to represent this concept. In this equation, parameter y
indicates maximum generation of PV system in per unit (p.u.) (in association with irradiance
and temperature) that is multiplied to the size of the PV to calculate the maximum output power
for each hour. To wind system, a blade pitch control is considered to generate constant power.
Readers may refer to [119] to understand more blade pitch control. For both PV and wind
systems, if the program chooses maximum power, controllers follow Maximum Power Point
Tracking (MPPT) mode; and, inversely, for power references below than maximum value, they

conduct constant power generation mode.

3.1.3 Energy Trading Constraints

Inequalities ( 3-14) and ( 3-15) restrict power trading between ENG and upstream network
to their bounds, and ( 3-16) represents that to sell and purchase energy to/from the grid may

not be happened simultaneously.
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I;(n, )P"™ < Py(n,t) < I(n, )P vn,t (3-14)

I.(n,t)P™" < P.(n,t) < I.(n,t)P™**  vn,t (3-15)

y(nt) +I.(nt) <1 vn,t (3-16)

3.1.4 BES and EV constraints

Constraints ( 3-17) to ( 3-26) express BES's limits. Inequalities ( 3-17) to ( 3-19) represent
that installed capacity, charging/discharging power rates of the BES must not exceed their
technical bounds, while ( 3-20) implies that batteries must not be charged and discharged at the

same time.

EMn < E(n) < EMaX vn

(3-17)

IS"(n, )P < PR (n, t) < IS (n, £) PR vn, t (3-18)
135 (n, )PTI" < P3S(n, t) < 185 (n, )PTY*  vn,t (3-19)
", t) + 185, t) <1 Vn,t (3-20)

Equations ( 3-21) and ( 3-22) show the hourly available energy at the storage system, while
(13-23) to ( 3-25) restrict this energy to its upper and lower limits. Inequality ( 3-26) tries to
prevent the energy of the last hour at BES from not being much more or lower than that of the

first hour.

ch P (n,t)
es(n,t) =es(n,t —1) + PF*"(n, t).Q — =—= vn,t > 1 (3-21)
dis
e.(n,t) = U, (0) + P (n, t). Q — PT(M) Vit <2 (3-22)
e"(n) < ey(n, t) < e™¥(n) vn,t (3-23)
e""(n) = z.E(n) vn (3-24)
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e'™(n) = Z.E(n) vn (3-25)

Us(0) — AU < eg(n, t) < Ug(0) + AU vn,t > 23 (3-26)
The rest of the inequalities refer to EVs in which equations ( 3-27) to

( 3-33) have approximately the same definition as those for BES because EVs can be operated
like battery storage system. Equations ( 3-34) and ( 3-35) point that when EVs are out of the
ENG’s park lot, they cannot be charged or discharged. Finally, equation ( 3-36) explains that

EVs have to be charged with a minimum energy level needed for daily journey.

IS (n, PR < P (n, t) < I (n, OPRY, Ynt €Ty (3-27)
dis min dis dis max ( 3'28)
Iev (n' t)Pdis,ev < Pev (Tl, t) < Iev (n' t)PdiS,ev VTl, te Tin
ISP, t) + 185, t) <1 Vn,t (3-29)
ch P&S (n,t) dis
eer(M, t) = ey(n, t — 1) + P (n, ). Q — =——— P& 5%u:(n, t) vn,t >1 (3-30)
_ ch P&S(n,t) dis
eer(n, t) = U,y (0) + PS5 (0, t).Q — e P&ue(n, t) vn,t <2 (3-31)
U (n) < e,,(n, t) < UM (n) vn,t (3-32)
U,,(0) —AU,, < e,,(n,t) < U,,(0) + AU,, vn,t > 23 (3-33)
Pr(n,t) =0 vn,t € T,y (3-34)
Pas(n,t) =0  Vnt € T,y (3-35)
eey(n,T)) = N.AD vn (3-36)

In this chapter a mixed-integer linear programming (MILP) formulation is considered to
solve the optimal planning for residential energy nanogrids including DERs' and BES’s mix
and size, determining the type of ENGs (DC or AC) and the 24-hourly optimal load sharing
under different situations and scenarios. The program is solve using Cplex solver in GAMS

tool.

3.2 Case study

To illustrate the performance and benefits of the proposed planning model, three residential

buildings are considered as three ENGs which are connected to the upstream network through
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an AC bus (see Figure 3-1 or Figure 3-2). Each ENG is a residential tower with a park lot for
hybrid electric vehicles which is able to charge and discharge vehicles’ battery. In addition,
there are 100 units at each ENG, and it is assumed that all units have an EV. The ENGs are
supposedly located in Australia and the load data has been extracted from 300 residential
customers there [120]. Figure 3-3 displays the hourly load demand of the three ENGs under
study.
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180
160
140
120
100
80
60
40
20

Power (kW)

172 3 456 7 8 9101112131415161718 192021222324
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Figure 3-3. Hourly power demand of the three residential ENGs.

Mitsubishi SUV (6 charge hour, 240 V, 10 A, 54 Km, 12 kWh) as one of the popular Plug-
in Hybrid Electrical Vehicles (PHEVs) is selected for this study [121]. Data related to the
average daily journey in Australia is found in [122]. Planning horizon, discount rate, coefticient
of upper and lower energy limit for BES, and the time at which EVs leave the ENGs are 10
years, 0.1, 0.1, 0.9, and 6:00 AM, respectively. EVs are supposed to go back park lot at 8:00
PM, so their batteries might be charged and discharged before 6 AM. Investment and
maintenance cost of DERs and BESs, and investment cost of converters have been drawn from
[123], [124], [125], and [126]. The cost-related characteristics of DERs and converters are
provided in Table 3-1.

Table 3-1. Characteristics of converters and DERs

Converters, BES, and Investment cost Maintenance cost
DERs ($/kW(h)) ($/kW)

Inverter 58 -
Rectifier 40 -
DC/DC converter 65 -
Bidirectional DC/AC 80 -
Transformer 30 -
BES 100 -
Wind turbine 2800 30
PV system 2000 20
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As it was said before, the main goal of this chapter is to evaluate how some parameters may
change the type of ENG, the mix of generation, and the optimal planning and operation of
ENGs. In this study, these parameters are the rate of DC load at the ENGs, changes in the
maximum permissible capacity of BES, and the maximum discharge power rate of EVs.

Therefore, as follows, four cases are projected to assess these aims.

Note that, the initial available energy (state of charge) inside BES at the first hour before
starting the programming depends on the scenarios are defined in the following subsections,
but in general, for BES system, it is about 80% of the capacity. For example, in a case that
battery capacity is fixed (800 kWh), initial energy value is 650 kWh. For electrical vehicles’

battery, however, this rate is 50% of the corresponding capacity.

3.2.1 Case Base

This is the first case of programming. In this case, the rate of DC load for all three ENGs is
0.5, the upper bound for permissible installation capacity of BES is set on the highest value
(800 kWh), and the maximum discharge power rate of EVs to support demand supply is
considered equal to its peak that is 200 kW. The results of the planning for this case are
represented in Table 3-2.

Table 3-2. Planning results of the case base.

ENGs A PV installed Wind installed BES installed Investment ~ Operation  Maintenance
capacity (kW) capacity (kW) capacity (kwh) cost ($) cost ($) cost ($)
ENG1 0 145.5 0 774 3040706.1 9364.4 23715.8
ENG2 0 100 0 774 2910217 18792.7 22322.5
ENG3 0 0 100 774 2185093.76 416083 13518

3.2.2 Case 1

In this case, the effect of changes in the rate of DC load at three ENGs on the type of
nanogrid, DERs' mix and capacity, investment and operation costs and daily load sharing are
evaluated. The parameter o increases from 0.4 to 1 by 0.2 steps. Other parameters are fixed at
their base values as those in the case base. The results of the planning in case 1 are shown in

Table 3-3.

Table 3-3. Planning results of case 1.

I ENGs A PV Wind installed BES installed Investment Operation Maintenance

installed  capacity (kW) capacity cost ($) cost ($) cost ($)
capacity (kWh)
(kW)
04 ENG1 0 116.9 0 774 30353414 37745.7 23708.7
' ENG2 O 110 0 774 2712376 26028.1 20277
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ENG 3 0 0 100 774 2182284.7 410684.1 13518
ENG 1 1 123.4 0 774 3136466.9 39280.4 25033.4
0.6 ENG 2 1 100.8 0 774 2699869.2 128717.4 20438.8
ENG 3 0 0 100 774 2187902.8 421481.9 13518
ENG 1 1 120 0 774 3057498.4 49184 24343
0.8 ENG 2 1 100 0 774 2670392.7 97749.3 20277
ENG 3 1 0 100 774 21706229  444151.3 13518
ENG 1 1 118.1 0 774 3006967.9 14731.4 23953
1 ENG 2 1 100 0 774 2656232.8 86900.1 20277
ENG 3 1 0 100 774 2162476.7 432238.7 13518
3.2.3 Case 2

This case analysis how an increase in the upper bound for allowable installation capacity of
BES can change the type of ENG, the mix and capacity of generation and investment and
operation costs, and the way that electrical energy flows as well. This parameter EJ*%* rises
from 200 to 800 kWh by 200 kWh steps. The rate of DC load and peak of EVs' discharge power
are put on their basic amount (0.5, 200 kW). Table 3-4 shows the planning consequences of

this case.

3.2.4 Case 3

This case evaluates how increase in the maximum discharge power rate of electric vehicles
might change the type of ENG, the mix and size of generation units, investment, and operation
costs, and the 24-hour load sharing. It is obvious that EVs may not supply ENGs demand power
with their maximum discharge power rate because of being out of park lot and unexpected
events. This type of flexible resources’ behavior is unpredictable. So, this chapter considers

changes in the availability amount of this parameter (Pgjs5,

) rather than stochastic approaches
where the number of cars and available energy are calculated stochastically. This parameter
Pjis%y, tises from 50 to 200 kW with 50 kW steps. The rate of DC load and upper bound for

installation capacity of BES are fixed on their basic values (0.5 and 800 kWh). Table 3-5

illustrates the planning results for this case.

Table 3-4. Planning results of case 2.

EM*(KWh) ENGs A PV Wind BES Investment ~ Operation  Maintenance
installed installed installed cost ($) cost ($) cost ($)
capacity  capacity  capacity
(kW) (kW) (kWh)

ENG1 0 1455 0 190.1 3191888.6  -130717.6 29502.5
200 ENG2 O 100 0 190.1 2322565.1 50415.2 20277
ENG3 0 0 100 190.1 1790400.1 425971.7 13518
ENG1 0 1011 0 390 2479171.3 94515.8 20514.2
400 ENG2 O 100 0 390 2457745.6 27575.6 20277
ENG3 O 0 100 390 1925580.6 413256.4 13518
600 ENG1 1 1234 0 579 3011429.7 25698 25033.4
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ENG2 0 110 0 579 2585416 24473.2 20277
ENG3 0 0 100 579 2053251 409859.3 13518
ENG1 0 1169 0 774 3040706.1 9364.4 23715.8
800 ENG2 0 110 0 774 2910217 18792.7 223225
ENG3 0 0 100 774 2185093.7 416083 13518
Table 3-5. Planning results of case 3.

Plids, ENGs A PV Wind BES Investment  Operation Maintenance
installed installed installed cost ($) cost ($) cost ($)
capacity capacity capacity

(kW) (kW) (kWh)
ENG1 O 117.8 0 774 3058044.3 10856 23899.6
50 ENG2 0 100 0 774 2717258.7  37494.9 20277
ENG3 0 0 100 774 2185093.7 416083 13518
ENG1 O 119.1 0 774 3083212.8  33947.2 24166.4
100 ENG2 0 100 0 774 2717258.7  30403.8 20277
ENG3 0 0 100 774 2185093.7 416083 13518
ENG1 O 17.8 0 774 3058044.3 7099.6 23899.6
150 ENG2 O 111.2 0 774 2932775.4 -7633.9 22561.7
ENG3 0 0 100 774 2185093.7 416083 13518
ENG1 O 116.95 0 774 3040706.1 9364.4 23715.8
200 ENG2 O 110 0 774 2910217 18792.7 22322.5
ENG3 0 0 100 774 2185093.7 416083 13518

3.3 Discussion

Starting from the case base, as it can be seen from Table 3-2, it is noticeable that the program
would choose AC type for all three ENGs (A = 0) because, in this common occasion, the cost
of all converters in the DC ENGs is significantly higher than that of an AC one. Customers are
supplied by photovoltaic plants at the first two ENGs and by wind plants at the third ENG.
Since the installed capacity of PV systems at ENG1 and ENG2 are larger than wind system at
ENG3, investment and maintenance costs of ENG1 and ENG?2 are higher than those at ENG3.

Looking at both Table 3-2 and Figure 3-4, simultaneously, although solar systems cannot
generate energy in the absence of sun (night hours) and the peak load at these ENGs (ENG 1
and ENG 2) is higher than peak load at ENG 3, program would prefer to install photovoltaic
plants for both ENG1 and ENG 2. There are two reasons: first, the investment cost of the solar
system is lower than that of the wind one, and second, they can sell electrical energy to the
upstream network at noon which leads to a considerable decrease in the operation cost. To
reach a balance between operation and investment cost, the program would rather set lower
wind power generation than peak load at ENG 3. In this case ENG’s load is provided at peak
hours through purchasing energy from the upstream grid. Therefore, operation cost at this

nanogrid has a meaningful value.
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Figure 3-4. Daily energy and power trading in the case base.

Figure 3-4 shows the daily energy available at the BES system and EVs parking (line graphs)
and the daily power trading (bar charts) in the case base. It is worth saying, due to this fact that
all ENGs are residential buildings with similar power demand behavior, these variables at each
building would change as other. It can be derived that electrical vehicles in park lot, unlike
batteries at BES system, are charged at early hours of a day. This is reasonable because EVs
should be prepared to go out till 20 PM. after that they can share their energy to supply load
and/or trade with the main grid. Conversely, the BES system is discharged at the first hours to
help supply ENGs’ load demand, then it is charged to peak hours, largely by PV systems for
ENG 1 and ENG 2 and by purchasing energy from the main grid for ENG 3. Finally, it has the
same trend as EVs during peak hours. Figure 3-4 represents the reason why operation cost at
ENG 3 is significantly more than other ones. It mostly receives electrical energy from the

upstream network during a day which causes to drop in DER's investment cost.

Looking at Table 3-3, some conclusions can be drawn. First, as expected, a change in the
rate of DC load affects the type of ENGs. An increase in the rate of DC load, according to
investment cost equation for DC ENG (Equation ( 3-2)), results in a decrease in the term related
to the inverter in this equation, and in the case [(n) = 1, where there is no AC load, it would
be deleted. Conversely, according to equation ( 3-3), the investment cost for rectifier rises when
| increases. So, investment cost in DC case would be much lower than that in AC one. Power
balance equations can also make this analysis clearer. In fact, as | increases, considering

converters efficiency, DC ENG needs less energy from the upstream grid and/or other sources
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to supply customers than AC ENG. Therefore, DC ENG would be preferable to AC one. Since
the peak load at ENG1 and ENG 2 is higher than at ENG 3, less increase in / at the first two
ENGs leads to a more considerable reduction in the investment cost. So, the optimal threshold

ratios of / are 0.6 for ENG 1 and ENG 2 and 0.8 for ENG 3.

Moreover, due to not change in load demand and upper bound of capacities, the mix
generation and installed capacity of DERs and BES have not been updated. So, investment and
maintenance costs have not approximately changed, and the little fluctuations in Table 3-3 are
due to an increase in /; therefore, non-meaningful changes in investment cost of rectifiers and

inverters are carried out.

It is note that emerges from the examination of Table 3-3 concerns the operating cost. There
is a sharp increase in the operating cost of ENG 2 with an increase of | from 0.4 to 0.6. There
is an acceptable reason for this, namely that by changing the type of ENG and considering the
power balance equation in the DC state (see equation ( 3-7)), the efficiency of the converters
causes the ENG to purchase more energy from the upstream grid. Furthermore, since the sale
and purchase of energy from/to the upstream grid may not occur simultaneously, the operating
cost would increase (see equation ( 3-4)). The same assessment is valid for an increase in
operation cost at ENG 1, while due to higher peak load than ENG 2, it rises when 1 goes up
excepting when [(n) = 1, where AC load term in power balance equation, which is connected
to converter in DC power balance equation (see equation ( 3-7)) would be disappeared, so there
would be less needed to purchase energy. Nevertheless, its noticeable drop once 1 rises from

0.8 to 1 is for the term of AC load.

This point could be clearer from the bar chart Figure 3-5 showing trading energy between
ENGs and the main grid. It could be said that, although the output of wind plants is not
restricted by environmental parameters like irradiance for photovoltaic systems, ENG 3 would
almost buy energy whole a day from the main grid; the convincing reason is expensive
investment cost for this system. According to the line graph in Figure 3-5, it is expected that a
change in the DC load rate will not lead to any significant change in the energy stored by the
BES and EV parking, because they are largely limited by their local parameters.

In case 2, looking at Table 3-4, the impact of increase in the upper bound of the installed
capacity of BES has been assessed. It is projected that a rise in E{"** may not make a

considerable difference in the type of ENGs since both DC and AC investment cost equations
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(see equations ( 3-2) and ( 3-3)) have the term related to BES's investment cost in common.

Once EJ** = 600 kWh, the type of ENG 1 is DC which is caused by a change in the pattern
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Figure 3-5. Daily energy management in case 1: energy available at BESs and EVs parking, and power trading
between ENGs and upstream network.

of BES's charge and discharge so that it can decrease operation cost when DC ENG is chosen.

Another predictable point is that once EJ*** = 200 kWh, ENGI1 ,where there is a higher
peak load than other ones, must use a solar power system with more capacity; this leads to a
surge in investment costs in this ENG. Note that the capacity of the solar system rises so much,
meaning the amount of electrical energy which the ENG sells to the upstream network is more
than that of ENG purchases from it; therefore, the operation cost at this ENG is negative. It can
be seen that, the more amount for EJ***, the more available energy for selling, and the less
need to buy energy from the upstream grid. So, operation costs would decrease. While, for
ENG 2 and ENG 3, a change in E{***, according to Table 3-4, might not make any sensible
changes in the installation capacity of DERs. As a result, maintenance costs at these ENGs
remain stable. When this parameter increases, investment cost at these two ENGs rises due to
an increase in the cost of BES, whereas their operation cost dips because of more energy sold

and less energy purchased.

From the line graph in Figure 3-6, it is obvious that higher EJ*%* availability has caused
more installation capacity of the BES system. Another noteworthy point is that an increase in
hourly energy available at the electric vehicle park lots, due to the increase in the amount of
energy at the BES, allows them to share their batteries to supply energy to the load or sell it to
the main grid; therefore, the ENGs, especially ENG 3 due to its lower peak load than the others,
do not need the electric vehicles to supply energy. The bar chart in Figure 3-6 advocates the

evaluation above for case 2. ENG 1 with bigger installation capacity sells considerable energy
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to the main grid. When E*** = 400 kWh, it has a wild drop, making ENG 1 not trade energy
with the upstream network. E{*** = 600 kWh leads to higher capacity of the solar system, and
to more balance trading. Considering both bar chart and Table 3-4, because the generation
capacity at ENG 3 is low and constant, more capacity of BES system does not considerably
change energy trading pattern but increases the investment cost.
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Figure 3-6. Daily energy management in case 2: energy available at BESs and EVs parking, and power trading
between ENGs and upstream network.

Table 3-5 shows how different levels of maximum electric vehicle discharge power (Pgjss,

influences the generation mix and costs. As it can be seen, the increase and decrease in this
parameter might not change the type of ENGs and the three buildings are all AC nanogrids.
This is predictable because changes in this parameter have similar and common effect in both
DC and AC investment cost and power balance equations. On the other hand, changes in this
parameter do not have a significant impact on the mix of ENGs' generation systems,
corresponding installation capacity, and the capacity of the BES. Consequently, investment and

maintenance costs would not have meaningful variation.
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As expected, since electric vehicles should contribute to supply customer demand during peak
load hours and should be charged in the morning early a day, the variation in the maximum
discharge power of electric vehicles can only affect the hourly power generation pattern and
the operating cost of DERs. At ENG 1, once P, is not more than 50 kW, the operation cost
is low because there is not power enough in EVs park lot, so no need to charge them and buy
electricity much from the upstream network. As a result, surplus electricity from the storage

system can be sold.

By increasing Pgjge,, to 100 kW, it reduces power sales and increases energy purchasing as

EVs' charging increases. At higher values of this parameter, although the amount of charging
power of EVs rises, EVs at peak load can assist generation systems in providing energy for
customers, decreases power purchase, and rises the sale. As a result, the operating cost is
reduced again. The bar chart in Figure 3-7 supports this idea; when Pjils, = 100 kW,

purchasing electrical energy is considerably high, whereas for other amounts of this parameter,

selling energy would overcome receiving it from the main grid.

Another noticeable point is the operation cost at ENG 2. When Pgils, = 150 kW, the
capacity of the solar system has also increased slightly. So, the pattern of power generation and

distribution at the building has changed.

In this case, electric vehicles at ENG 2 assist solar energy systems at peak time, and as the
capacity of the solar system increases, there is no need to purchase electricity from the grid to
charge electric vehicles at the early hours of a day. These reasons have led to a negative

operation cost at this ENG. Looking at both Table 3-5 and bar chart in Figure 3-7, it is

Pmax

interesting that, although the increase in Pgjcy,

at ENG 3 may affect delivering and receiving
electrical energy to/from the main grid, the operation cost of this active building does not vary
in total. This implies that EV park lot has a neutral influence on the operation, generation mix,

and the type of active building at ENG 3.

The line graph in Figure 3-7 shows that for all amount of Pjis,,, BES system at three active

buildings have to deliver electrical energy at early hours to help charge EVs’ battery to be
prepared for leaving the lot, with the exception of PJes, = 50 KW and PJ;%, = 150 kW at

is,ev is,ev

Pmax

ENG 1 where energy storage at BES is stable. It is expected that, an increase in Pyjg 5, Supports

the generation system to supply the demand power, making EVs discharge their energy. This

pattern definitely results in more charging at ENGs by purchasing from the main grid, DERs
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generation, and BES system. However, because the load demand at ENG 1 and ENG 3 at early
hours of the day is more than that of ENG 2, energy at park lot at ENG 1 and ENG 3 dips first,
then rises as ENG 2.
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Figure 3-7. Daily energy management in case 3: energy available at BESs and EVs parking, and power trading
between ENGs and upstream network.

3.4 Key findings and conclusion

This chapter has presented a planning framework for active buildings as an Energy Nano-
Grid with the goals of determining the optimal size and the generation mix of the distributed
energy resources and battery energy storage system, the ENG type (AC or DC), as well as the
optimal daily load sharing as an energy management (EM) system. To implement a deep
assessment, three factors have been considered: ratio of DC load, maximum allowable
installation capacity of BES, and upper bound of EVs’ discharge power availability, for various
case studies and a MILP solver has been adopted. According to the simulation results, the type
of ENGs would be DC when the rate of the DC load increases, through reducing investment
and operation costs. The stability of demand and capacity constraints meant that this parameter
did not have a major influence on the generation mix, the capacity of DERs and BESs and the
energy of EVs in the park lots. In contrast to the DC load percentage, the maximum capacity
limit for the BES system can directly change the capacity of the DERs and the investment and
operating costs, as it plays an important role, sometimes as a supply resource and sometimes
as a load. So, it might modify the pattern of generation and consumption. Due to not having a
significant role at ENGs during the whole day, different level of EVs’ maximum discharge
power does not make any meaningful changes in the generation mix and in the investment cost.
However, it could only change the power supply at peak hours. So, operation cost and discharge
power of EVs parking are the only factors that vary noticeably. Because of increase in various

gadgets and dc loads in the user side such as computer, TV, refrigerator and so on, working in
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different voltage levels and consumption pattern, it would be meaningful to analysis these types
of loads individually, and be significant to evaluate how they separately affect the other

variables and planning results. These points may be the future study perspective of the author.
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Apendix 1

Nomenclature

The symbols used in this chapter are listed and defined in this appendix.

Indices and Sets

=< Q <+ 3

~.

Tout

Inputs
NE
NT
ND
NY
NI
CR
CS
CRE
CC
Cl
CB
CT

Lmax

L
a

pmax Pgmin
Psmax / Psmin
cr/ce

B

Index for ENGs

Index for time interval

Index for days in a year

Index for years of planning horizon
Index for DERs

Set of hours that EVs are at ENG

Set of hours that EVs are out of ENG

Total number of ENGs

Total number of periods [hour]

Total number of days in a year [day]

Total number of years [year]

Total number of DERs at each ENG

Investment cost of DERs [$/kW]

Investment cost of BES [$/kWh]

Investment cost of rectifiers [$/kW]

Investment cost of converters [$/kW]

Investment cost of inverters [$/kW]

Investment cost of bidirectional converter [$/kW]
Investment cost of transformers [$/kW]

Rate of DC load to total load at ENG [%]

Load peak at ENG [kW]

Power demand at ENGs [kW]

Critical load rate at ENG [%]

Maximum and minimum power purchased from the grid [KW]

Maximum and minimum power sold to the grid [KW]

Price of power purchased/sold from/to the grid [$]

Large positive constant
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MY /MP

Q
p
)4
P PR
P PR

max
ch,ev

pmax
dis,ev

min
ch,ev

min
P dis,ev

Péout
Us(0)
Uey(0)
AU/AU,,

Pmax/Pmin
ESmaX/ESmin

max min
Uev / Uev

Z/IZ
Outputs
IC

OoC

MC

Maintenance cost of wind and photovoltaic generation systems per
unit [$/kW]

Efficiency of converters [%)]

Efficiency of generation for DERs [%)]

Coefficient of sunlight intensity for PV systems [%]

Upper limit for charging/discharging power at BES [kW]
Lower limit for charging/discharging power at BES [kKW]
Upper limit for charging power at EV’s park lot [KW]

Upper limit for discharging power at EV’s park lot [KW]
Lower limit for charging power at EV’s park lot [KW]

Lower limit for discharging power at EV’s park lot [KW]
Discharging power per Km for EVs’ journey [KW]

Initial available energy at BES [kWh]

Initial available energy at EV’s park lot [KWh]

Small off-set energy to avoid end-of-horizon effect at BES and EV
park lot [kWh]

Upper and lower limit for the capacity of DERs [kW]

Upper and lower limit for the capacity of BES [kWh]

Upper and lower limit for energy at EV’s park lot [kKWh]
Total number of EVs at an ENG

Average distance of movement each EV traverses a day [Km]
Time that EVs leave ENG [hr]

Discharge rate of EVs per Km

Discount rate

Coefficient of net present value

Coefficient of upper and lower energy limit for BES

Total investment cost [$]

Total operation cost [$]

Total maintenance cost [$]

DERs’ capacity installed at ENGs [KW]
BES capacity installed at ENGs [kKWh]
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A
Fy

g

Py /Ry
PSCh / Psdis
P /P
I$h/1ges

ch yydis
Iev /Iev

es/ €ev

max /,min
€s / €s

Ig/1¢

Ig

Binary variable representing ENG’s feeder (0 if ac,1 if dc)
Power flows from grid to ENGs [kKW]

Power flows from ENGs to the grid [kW]

PV and wind power generation at ENG [KW]
Charging/discharging power of BES [KW]
Charging/discharge power of EVs [kW]

Binary variable showing charging/discharging status of BES
Binary variable showing charging/discharging status of EVs
Available energy at BES and EVs’ park lot [KWh]

Upper and lower limit for available energy at BES [kWh]

Binary variable showing the direction of power exchange between
the grid and ENGs

Binary variable representing the existence of DERS
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Chapter 4 Energy management in small scale AC/DC microgrids

Abstract

This chapter provides an energy management system which control a day-ahead economic
dispatch in an active small scale grid-connected AC/DC microgrid, so as to minimise the total
energy cost due to the purchase of energy from the main grid. Local controllers (LCs) manage
charging/discharging rate of controllable BESSs and EVs with smart charging strategy, while
household demand and some EVs with dump charging strategy are considered as uncontrollable
loads. This model also aims to maximize PV systems usage during nonpeak hours to reduce
total energy price and shave load profile by increase in BESS and smart EVs’ contribution to

load supply at peak hours. Briefly, contributions of this chapter are listed below:

e Smart and dump charge strategies for EVs and evaluate their impact on self-

consumption and energy management.

e Peak shaving is realizing for the main grid without considering its restriction in the

model.

e Implementation of the model in a real-world case study.

4.1 Methodology

In this chapter, an AC/DC hybrid active small scale microgrid that can exchange power with
the upstream network is considered. This network includes a DC bus connecting a PV system,
a storage system and a parking lot with bidirectional plugs for charging/discharging smart EVs.
“Smart EVs” refers to those vehicles whose owners have contracted with microgrid operators
to share vehicle batteries with microgrids to achieve economic and technical goals. In fact, they
let the microgrid controller (MC) adjusts their charging/discharging rates and periods. This DC
bus is connected to an AC bus (main grid) through a bidirectional AC/DC converter which
supply uncontrollable loads and not controllable EVs that can be recharged at a fixed rate and
period. A complete structure of such a microgrid is illustrated in Figure 4-1. In this microgrid,
each source has a local controller that controls corresponding component to reach the whole

energy management. Each LC communicates with the MC that exchanges data with distribution
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system operator (DSO) to provide overall energy management which means a daily economic

flow for all sources and loads.

This methodology implements a maximum power point tracking (MPPT) controller for PV
system so that they operate in the highest power point during days, especially at noon which PV
can generate maximum power [64]. Since during this time, there is no peak load and almost EVs
are out of parking lot, surplus power can be stored at BESS and some EVs that may not leave
the lot, in addition to supply uncontrollable demand. This would lead to a dip in energy bills for
customers and make flexible sources to share the stored energy at peak hours. Note is that energy
price identified by DSO is assumed to be dynamic so that it has the highest value at peak load

hours.

Main Grid DSO

w'r

[ ™=

Uncontrollable Loads

Dump EV parking

=%

PV SS  Smart EV parking
i » -
i v v

Figure 4-1. AC/DC hybrid microgrid structure.

4.2 problem formulation

To model the proposed strategy, it is vital to identify the mathematical models of each

component in the microgrid like controllable/uncontrollable loads, solar system, storage
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systems and EVs. The following subsections describe the proposed models for the components

shown in Figure 4-1.

4.2.1 Controllable/uncontrollable loads

In this chapter, there are two types of uncontrollable load profiles. The first one comprises
critical loads, particularly road services, security point, video surveillance, lighting, etc (see
Figure 4-1). This type of loads has predictable and largely constant demand profiles. Historical
power consumption data is available for this loads. The second type of uncontrollable loads is a
parking lot for dumb charging EVs. This station provides EVs with a slow charging rate. Here,
customers owning these EVs have no contract with microgrid operators for their management.
Therefore, they charge their EVs daily with a definite trend that is accessible from historical
data.

On the other hand controllable load comprises a fast charge parking lot for smart EVs and a
battery storage system station through a DC bus. These loads are referred to flexible ones
because they can share their battery with the main grid to supply uncontrollable loads. So, the
time and rate of charging/discharging of these sources is not predefined and is calculated by
solving an optimization problem. In fact, the goal of this strategy is that, during the day, when
PV may produce its maximum power, the BESS and EVs that are in the parking can store the
surplus power and supply load at peak hours to shave the peak load and reduce the total energy
cost. Anyway, there are some constraints for these sources that have to be meet when the

optimization problem is run. These limits are as follows:

I.p (£)PTH™ < P (t) < I, (£)PT% vt, BESS, EV (4-1)
Ly (£)PTE™ < Py (t) < I45(t)PIO* Vt, BESS, EV (4-2)
I.n(t) +155(t) <1 Vt,BESS,EV (4-3)

E(t) = E(t — 1) + P (t) — Pys(t) Vt,BESS,EV (4-4)
E™n < E(t) < E™* Vt,BESS,EV (4-5)

E(T) = E; (4-6)

Both flexible loads (BESS and smart EVs) have similar operation modes and restrictions, as
appears from the above equations. Inequalities ( 4-1) and ( 4-2) express that charging and
discharging of BESS and EVs, P, andP,, must not exceed the lower (P7¥™, PTU™) and upper
limits (PIR%*, P*%*). Binary variables 1., and I, in ( 4-3) implies that these units cannot be

charged and discharge simultaneously at each time interval t. In equations ( 4-4) and ( 4-5) E(t)
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express how much energy is stored at batteries and parking lot at time t. Note that because time
interval in this study is one hour, power rate signifies energy rate. Finally, equation ( 4-6)
indicates that, at the time Tl when the intelligent vehicles leave the car park, there must be at

least the required energy threshold E; for electric vehicles in the car park.

4.2.2 Generation units

Upstream network and PV are the main responsible for supplying controllable and
uncontrollable loads. Historical PV power generation records have provided possibility of
implementing MTTP controller for solar system, so that if PV generation exceeds the power
request from uncontrolled loads, the surplus power may be stored in the BESS and in the parking
lot and/or sold to the main grid. Therefore, the power balance equation in the optimization

problem is:

I,(O) Py (t) + By (t) + Pgs(t) = P(t) + Pep(t) + +1n, (£) P (t) VE (4-7)
Where P, (t), B, (t), P,(t), B, (t) are the power purchased from the main grid, the PV power
generation, the power requested by the uncontrollable load and the power sold to the main grid,
respectively. 1,(t) and I,,(t) are binary variables that are restricted like in equation ( 4-3)
showing that purchasing and selling power from/to the main grid can’t occur at the same time.
Equation ( 4-8) below represents the MTTP control and makes the PV system deliver its

maximum power rate B2* at each hour.
P,,(t) = B3 (t) vt (4-8)

4.2.3 Objective function
As it is said before, the total energy cost is the objective function to minimize. It includes the

cost of purchasing energy from the upstream network mines the revenue from delivering surplus

energy to the main grid. This function is formulated as follows:

Ceotat = ) P(O[R () = Pu(®)] (4-9)

Where ©(t) is energy price at time t that has a dynamic pattern during a day, so that has
higher value at peak hours. The day-ahead energy price profile is assigned by the DSO and
transferred every day to the microgrid users through the microgrid controller (MC). Then,
optimization proposed model is performed and generation, charging/discharging patterns of

renewable sources and flexible loads are commanded to local controllers (LC).
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4.3 Numerical Analysis

In this section, we consider a small scale AC/DC microgrid like that is illustrated in Figure
4-1 as a case study. This grid is a park lot covered by solar panels over shelters. Here, we have
two types of uncontrollable loads connected to a AC bus comprising road services like security
point, video surveillance, lighting, etc, and EVs with dumb charging/discharging strategy that
name V1G in this chapter. There is also a DC bus which connects PV, BESS, and parking lot
for EVs with smart charging/discharging strategy, titled here V2G, to AC bus through a proper
bidirectional converter.

We consider one day per season where there are different load profiles and photovoltaic
generation. Furthermore, we want to assess how different energy scenarios, characterized by
different values of the maximum installed PV power and the number of smart EVs, can influence
the proposed model. Historical data for uncontrollable loads in a scenario and PV generation for
these days are available and are shown in Figure 4-2 and Figure 4-3 respectively. EVs are
supposed to have battery size 40 kWh, average 5 kWh charging/discharging, average daily
movement 40 km/day, consumption 0.2 kwWh/km. It assumed that smart EVs leave the lot at 7
a.m. and back there at 7 p.m. Note that smart electrical vehicles must have at least 70% of their
energy capacity at their battery when they left the park lot, which is 28 kwh.
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Figure 4-2. Demand profile for uncontrollable loads for 1st scenario in four seasons.
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Figure 4-3. PV’s power output for different seasons in [p.u.].

The energy scenarios have been defined by analyzing the most recent technical report on the

European and Italian energy transition [105-110] and are represented in Table 4-1. In addition,

daily purchase price varies according to the time and seasons so that at peak hours it has higher

and at night-time it has lower amount. For non-domestic users it has been inferred from what is
reported by ARERA [127] and presented in Table 4-2.

Table 4-1. Microgrid energy scenarios.

scenarios 2020 | 2030 DEC 2040 DEC
PV rated power [KW] 20 45 120
BESS capacity [kWh] 50 50 50
V1G/V2G number 5 10 25

Table 4-2. Energy cost for non-domestic users.

8 a.m.-7 p.m. 7am.-8 a;.)mn.{ 7pm-11 11 p.m.-7 a.m.
February 0.078 0.076 0.062
May 0.04 0.042 0.031
July 0.048 0.05 0.038
December 0.08 0.074 0.057

Figure 4-4 to Figure 4-6 show the power purchased from the main grid, energy available at

EVs parking and BESS respectively, relating corespponding values and daily hours in four

seasons and three scenarious. It is note that althogh this system is a non-domestic one, so the

energy taarif is like for a industry users, demand trend follows a residential supply since some

fixed loads like road lighting during the day is removed and some other like V2G electrical

vehicles are out of the parking.
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Figure 4-4 illustrates, during day hours (8 a.m. to 18 p.m) at which critical load is decreased
and all EVs are out, the power coming from the upstream network is dropped in all seasons
and scenarios that means peak shaving is reached in this period, peak load is at night time
though. This is reasonable because during this period PV system that follows maximum powr
point tracking generates its maximum power freely. In addition, at these hours, according to
Table 4-2, energy price has its maximum value; therefore, it is expected that optimization
problem would decide to improve self-consumption, in another work supplying load more by

PVsystem and BESS. Note that EVs leave the park lot in this time period.

Speaking in details, it is abvoius that in the third scenario self-consumption and peak shaving
is more considerable than first two ones (see Figure 4-4 to Figure 4-6); so this scenario could
be the best one for the future energy planning. In this scenario, in December and February that
the sun sets earlier than May and July and PV generates lower energy, in the afternoon, we can
see purchasing energy from the grid and BESS discharging (see Figure 4-4 (c) and Figure 4-6
(c)). While BESS would be charged in May and July. Another reason is that, according to Table
4-2, energy price in these two months are meaningfully cheapper that December and February.
In general, in all scenarios, when there is no sunlight, microgrid demand is provided by the
main grid. Specially, at the day early hours that energy price is lower than other periods, smart
EVs srart to be charged, and help to provide energy for demand at the peak load hours means

from 7 p.m. to midnight (see Figure 4-5).
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Figure 4-4. Power imported from the main grid. (a) first scenario; (b) second scenario; (c) third scenario.
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Figure 4-5. Energy available at EVs’ park lot. (a) first scenario; (b) second scenario; (c) third scenario.
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Furthermore, at the peak load hours, energy at BESS decreases largely (see Figure 4-6).

Therefore, flexible sources play a vital role in self-consumption concept at peak load hours.
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Figure 4-6. Energy available at BESS. (a) first scenario; (b) second scenario; (c) third scenario.
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To charge/discharge at BESS at first hours of day is unlike to EVs’ station. Loocking at
Figure 4-6 we can perceive that operator would usually prefer BESS to be charged in February
and December since it is expensive for the operator to charge them in the middle of day.
Wherase, in May and July it suggests discharging to BESS due to economic charging price

during the day.

Regarding economic issues, Figure 4-7 represents tha average power sold to the main grid
for three scenarious. It is reasonable that during the middle-day hours that energy price is more
than other hours, and PV systems can generate satisfactory power to supply demand, we have
the most economic period, meaning microgrid sells its surplus energy to the grid. Another point
is that there is another sale peak where EVs return to the park lot and their batteries have a lot

of energy; so, curtail energy is sold to the main grid.
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Figure 4-7. Average power sold to the main grid.

4.4 Key findings and conclusion

The fourth chapter has presented an optimization model to reach an optimal energy
management focusing on self-consumption through renewable system and flexible loads like
electrical vehicles and battery energy storage system. Different energy scenarios have been
considered with different data from different seasons of the year. Results show that depending
on the energy prices in seasons and different scenarios, self-consumption and purchasing
energy vary. EV station’s charge/discharge rates for smart vehicles mostly follow a constant
and smooth trend, unlike storage system that change depending on the months and scenarios.
Economic analysis is also done in this chapter which show PV and flexible loads have a

significant role for microgrid operator to earn a good income.
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Chapter 5 Short-circuit Calculations in Hybrid AC/DC
Microgrids

Abstract

This chapter proposes a generalized approach that can be used for calculating AC/DC short-
circuit currents in hybrid AC/DC microgrids, independently of the characteristics of the hybrid
system. The methodology is based on the main equations of the IEC 61660 standard, employed
for the calculation of equivalent resistances for a matrix formulation of the problem. This
methodology can be applied to both radial and meshed structures since, as it is further clarified
in this chapter, meshed structures can also be reduced to simpler radial configurations. To
demonstrate the robustness of this proposed method, two test microgrids are examined and the

results are compared with those obtained with the modelling software Neplan 360.

5.1 Methodology

Figure 5-1 shows a generic topology of a DC microgrid with N buses, loads, and sources.
Each DC source can be a rectifier, a battery energy storage system (BESS), a capacitor, or a
DC motor (Figure 5-2). Other types of DC sources, such as fuel cells or photovoltaic systems,
are not considered because the IEC 61660 standard does not provide any guidance for

calculating the short-circuit current in the presence of such elements.

@— DC source J/ DC load

Figure 5-1. Generic representation of a DC microgrid with N buses.
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Figure 5-2. DC sources considered in the study according to IEC 61660.

Rectifiers are located at the connection points between DC microgrids and AC grids, and
their presence will be used to include the fault current contribution of the main AC system
into the calculation.

The steady-state short-circuit current calculation at a generic ith bus of the DC microgrid in
Figure 5-1 is performed by calculating the short-circuit conductance matrix [Ggc] [75, 76].

According to this method, the short-circuit current is found to solve the matrix equation:
[Ir] = [GsclUo] — [Gsc[UF] (5-1)

Where [Ir] is a vector that has all null elements except the i element, which is the fault
current I at the i node, [U,] is a vector whose elements are the voltages at the nodes of the
DC microgrid, which are assumed to be equal to the rated voltage of the system, or to the pre-
fault voltages obtained by means of the load flow analysis of the microgrid. Finally, [Ug] is a
vector whose elements are the voltages at the nodes of the DC microgrid during the fault. The
i" element of [U] is set to zero in the case of a bolted short-circuit fault (i.e., zero impedance),
all other elements, including the fault current, are the unknowns of the system. Equation ( 5-1)
represents, therefore, a system with N equations and N unknowns (1 current and N-1 bus
voltages). The diagonal element Gk of the conductance matrix [Gs¢] is obtained as the sum of
all conductances of all elements connected to the kth bus. The extra-diagonal element Ggn of
the matrix is the opposite of the sum of all conductances of all elements connecting buses k
and h. For calculating the contribution of a DC source to a generic Gkk element, the expressions
reported in the standard IEC 61660 are used. A more detailed description of the IEC 61660

approach is not in the scope of this thesis and can be found both in [66] and in [71].
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In the case of a BESS, the equivalent resistance of the source is given by:
_ 09 - RB + RBL

A T kg (5-2)

where Ry is the short-circuit resistance of the battery provided by the manufacturer, Rg; is
the resistance of the connection cable from the battery to the DC bus, kj is a coefficient set to
1.05 for charged batteries and to 0.9 for low-charged batteries. The battery voltage before and
during the fault is set to the rated voltage of the DC microgrid.
DC motor resistance is simply the resistance of the DC circuit from the output terminal of the
motor and the DC bus. In the case of a shunt capacitor with rated capacity C, the equivalent

resistance of the source is given by:
Rer
ke

where R, is the resistance of the connection cable from the capacitor to the DC bus and k.

Rep = (5-3)

is a coefficient given by IEC 61660 and dependent on the inductance L., of the same
connection cable and on the frequency w, = 1/@. This resistance can be used for
calculating the peak value of the short-circuit current, but for steady-state contribution the
resistance must be set to infinity.

Finally, in the case of rectifier, the equivalent resistance of the source must consider the
contribution of the AC grid upstream of the converter. Using the expressions in IEC 61660, the

following resistance can be obtained:

1 2 A
Q
Reony = p \E " Z + Ryoss + Ry, (5-4)

where Z,, is the module of the short-circuit impedance of the AC grid at the input terminals
of the rectifier referred to the DC-side voltage, calculated, according to IEC 60909 by
neglecting the presence of the rectifier as a possible element for creating a reclosing loop during
the fault on the AC side; A, is a coefficient provided by IEC 61660, whose value depends on
the rate between the real and imaginary part of Z, and the rate between the resistance of the
DC circuit downstream of the converter and the resistance of the AC circuit upstream of the
converter; R, IS an additional resistance that takes into account the internal power losses of
the converter; and Ry, is the resistance of the connecting cable from the rectifier to the DC bus.
Finally, in equation ( 5-4) the coefficient c is the voltage factor defined by IEC 60909, which
is herein introduced to simplify the calculations.
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Based on the same principle, it is possible to propose a similar approach for taking into
account the presence of PV generators in the calculations. In DC microgrids, PV plants are
connected directly to the DC bus or by a DC/DC converter and in both cases their contribution
to the short-circuit current is always known and provided by the PV module manufacturer.
Since a photovoltaic field is composed of strings of modules connected in parallel, the short-
circuit contribution ISC of a PV plant with NS strings during a fault in the DC microgrid can
be expressed as:

Isc = Ns * Iscmoa (5-5)
where Isc moq 1S the short-circuit current of a single PV module provided by the
manufacturer. With the goal of calculating the maximum short-circuit current in the DC
network, it is possible to define an equivalent short-circuit resistance of the PV field so that to

also integrate this source in the proposed methodology:

UO'LL
Rpy = ="+ Rp, (5-6)

Isc

where U,,; is the voltage at the output voltage of the PV plant, assumed equal to the rated
voltage of the DC system and Ry;, is the resistance of the connection cable from the PV field
to the DC bus.

Using the above defined resistances and the resistances of the DC cables connecting the
buses of the DC microgrids, all elements of the matrix [Ggc] are known for the specific
microgrid and the short-circuit current and the voltages in all buses during the fault are obtained

by solving equation ( 5-1) written in explicit form:

N
0=Zth(U0k—UFk) Vh:ptl
k=1

N (57)
i = ) GueWoi = Upd) + Gl

k=1
k+i

5.2 Case Study
The proposed approach is applied to four test microgrids [10, 11], three of which are parts

of the hybrid MV/LV grid of Figure 2-2 in chapter 2 (Figure 5-3 in this chapter) including an
underground station, a smart car parking, and a residential area, and one called a port area that
is the more complex grid represented in Figure 5-4. For each microgrid, a DC-side fault is
assumed to occur at the main DC bus. The faulted nodes are indicated in Figure 5-3 and Figure
5-4 and named:

e N1 for the underground station microgrid;
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e N2 for the smart car parking microgrid;
e N3 for the residential area microgrid;

e N4 for the port area microgrid.
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Figure 5-3. City area MV/LV AC/DC microgrid.

The figures show the state (i.e., open/close) of the AC lines since their state impacts the
value of the impedance Zg in equation ( 5-4). According to the proposed methodology, the
initial symmetrical short-circuit powers defined by IEC 60909 at the rectifiers input terminals,
necessary for the Zq evaluation, are reported in Figure 5-3 and Figure 5-4. The four short-
circuit currents are calculated considering the contribution of the PV plants and, where present,
the contribution of the batteries of electric vehicles connected to the grid. Capacitors and DC
motors are not present on any bus of hybrid grids.

The parameters for the calculation are reported in Table 5-1 to Table 5-4. The four tables
report all the data necessary to calculate the expressions ( 5-2) to ( 5-7). For the AC grid
upstream the fault location the rated voltage and the initial symmetrical short-circuit power at
the rectifier input terminals are given to calculate the maximum short-circuit current on the AC
side and the related equivalent short-circuit impedance. For rectifiers and BESSs, the output
voltage, the rated power and the internal resistances are given. BESSs are considered charged
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for the calculation of the maximum short-circuit impedances (i.e., ky=1.05).
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Figure 5-4. Port area MV/LV AC/DC microgrid.

For PV systems also the number of strings Ns and of modules Nm are provided, since the

output voltage Uout depends on the number of modules connected in series (it is the sum of the

output voltage of each series-connected module) and the short-circuit current Isc depends on

the number of strings, as expressed by equation ( 5-5). For all sources, the length of the

connection cables and the related resistances are given; these data are necessary to calculate

some of the coefficients appearing in the resistances in the IEC 61660 standard.

Table 5-1. Underground station microgrid: parameters for the calculations of the short-circuit current.
AC grid | Rated Voltage Up=2 kV;

Initial symmetrical short-circuit power at the input terminals of the rectifier S,c=60.8 MVA
Rectifier | Output Voltage Uou=1.5 kV;

Rated power S;=800 kVA;

Coefficient 1,=0.97 (from IEC 61660);

Internal resistance Rjoss=0.001 Q

DC connection cable length d=5 m;

DC connection cable series resistance Rr =0.0025 Q
BESS Output Voltage Uow=1.5 kV;

Charged battery kg=1.05;

Rated power S;=250 kVA;

Short-circuit resistance of the battery Rg=0.2 Q;

DC connection cable length d=50 m;

DC connection cable series resistance: Rg.=0.025 Q
PV Output Voltage Uoy=1.5 kV;
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Number of modules Nn=44;

Number of strings Ns=3;

Rated power S;=50 kW;

Module’s short-circuit current Isc mog=12.1 A;

DC connection cable length d=20 m;

DC connection cable series resistance Rg =0.011 Q

Table

5-2. Smart car parking microgrid: parameters for the calculations of the short-circuit current.

AC grid

Rated Voltage U,=0.4 kV;
Initial symmetrical short-circuit power at the input terminals of the rectifier S¢c.=7.73 MVA

Rectifier

Output Voltage Uo,=0.6 kV;

Rated power S;=400 kVA,;

Coefficient 1,=0.97 (from IEC 61660);

Internal resistance Rjoss=0.01 Q

DC connection cable length d=5 m;

DC connection cable series resistance Rr =0.0025 Q

BESS

Output Voltage Uou=0.6 kV;

Charged battery kg=1.05;

Rated power S;=40 kVA,

Short-circuit resistance of the battery Rg=0.2 Q;
DC connection cable length d=20 m;

DC connection cable series resistance Rg.=0.011 Q

EV
BESS

Output Voltage Uou=0.4 kV;

Charged battery kg=1.05;

Rated power S,=400 kVA,

Short-circuit resistance of the battery Rge=0.2 Q;

DC connection cable length d=20 m;

DC connection cable series resistance Rp,~=0.0007 Q

PV

Output Voltage Uou=1.5 kV;

Number of modules Nn=44;

Number of strings Ns=3;

Rated power S,=50 kW;

Module’s short-circuit current Iscmos=12.1 A;

DC connection cable length d=20 m;

DC connection cable series resistance: Rg. =0.011 Q

Table 5-3. Residential area microgrid: parameters for the calculations of the short-circuit current.

AC grid

Rated Voltage Un =2 kV

Rated Voltage Un=0.4 kV

Initial symmetrical short-circuit power at the input terminals of the rectifier S¢c1=33.54
MVA

Initial symmetrical short-circuit power at the input terminals of the rectifier Scc1=11.16
MVA

Rectifier (2 kV)

Output Voltage Uou=0.6 kV;

Rated power S,=2000 kVA,

Coefficient 1,=0.97 (from IEC 61660);

Internal resistance Rjoss=0.01 Q

DC connection cable length d=5 m;

DC connection cable series resistance Rr.=0.0025 Q

Output Voltage Uou=0.6 kV;
Rated power S;=2x400 kVA;

Rectifier (0.4 kV) | Coefficient 1;=0.97 (from IEC 61660);

Internal resistance Rioss=0.01 Q
DC connection cable length d=5 m;
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DC connection cable series resistance Rr.=0.0025 Q

Output Voltage Uou=0.6 kV;

Charged battery kg=1.05;

Rated power S,=200 kVA,

Short-circuit resistance of the battery Rge=0.2 Q;
DC connection cable length d=20 m;

DC connection cable series resistance Rg.=0.011 Q

BESS

Output Voltage Ueu=0.6 kV;

Number of modules Nn=1111;

Number of strings Ns=52;

PV Rated power S,=500 kW;

Module’s short-circuit current Isc mos=189 A;

DC connection cable length d=20 m;

DC connection cable series resistance: Re. =0.011 Q

Table 5-4. Port area microgrid: parameters for the calculations of the short-circuit current.

AC grid Rated Voltage Uy=2 kV;
Initial symmetrical short-circuit power at the input terminals of the rectifier Scc=118.25
MVA

Rectifier (2 kV) | Output Voltage Ue,=0.69 kV;

Rated power S;=3000 kVA,;

Coefficient 1,=0.97 (from IEC 61660);

Internal resistance Rjoss=0.01 Q

DC connection cable length d=5 m;

DC connection cable series resistance Rr.=0.0025 Q

On-board BESS | Output Voltage Ue,=0.69 kV;

Charged battery kg=1.05;

Rated power S,=2x10 MVA,

Short-circuit resistance of the battery Rg=0.1 Q;
DC connection cable length d=20 m;

DC connection cable series resistance Rg.=0.011 Q

PV Output Voltage Uou=0.69 kV;

Number of modules N,=888;

Numero di stringhe Ns=42

Potenza nominale S,=400 kW

Lunghezza del cavo di collegamento in DC d=20 m
Resistenza del cavo di collegamento in DC RFL=0.011 Q

EV BES Output Voltage Uoui=0.69 kV;

Charged battery kg=1.05;

Rated power S;=2000 kVA,

Short-circuit resistance of the battery Rge=0.2 Q;

DC connection cable length d=20 m;

DC connection cable series resistance RgL,~=0.0007 Q

5.2.1 Underground station microgrid

The microgrid belongs to an underground station with a floor area of 3000 m? and an
annual passenger inflow of around 5.3 million, as in the case study described in [77]. From

the data in Table 5-1, using the formulas in 5.1, the following quantities are calculated:
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Reony = %( 228 Riggs + RRL> = 1—;( 2229 4 0,001 + 0.0025) =0.101 Q

__ 0.9-Rg+Rpy __ 0.9:0.2+0.025

Rpp = 0.95-kp 095105 0.206
Rey = ‘j;;f + R, = 2+ 0.011 = 41.32 0

For the short-circuit current calculation in N1, the microgrid can be represented by a simple
4-bus network where N1 is indicated as bus 2 (Figure 5-5). The matrix [G¢.], obtained using
the coefficient of the system of linear equation ( 5-7), is:

9.88 —-9.88 0.00 0.00

[Goc] = —-9.88 14.75 —-4.85 -0.02
s¢ 0.00 —4.85 485 0.00

0.00 -0.02 0.00 0.02
[Gsc] is a 4x4 square matrix being four the nodes involved in the calculation. Imposing that
the voltage at buses 1, 3 and 4 during the fault are equal to the rated voltage of the microgrid
(such hypothesis is realistic, since these voltages are those internal to the DC sources), the fault
current obtained by ( 5-7) is 22.13 kA. The same current evaluated by Neplan 360® is 21.77

kA. The difference between the two values is, therefore, 1.6%.

1 2 3
(I)—=o-=— R12 R23 -=o-=—()
Rectifier BESS
4
R2a —l—o—l—®

PV

Figure 5-5. Schematic representation of the Underground station microgrid.
5.2.2 Smart car parking microgrid
The network under consideration, schematically represented in Figure 5-6, includes the
supply of roadside services, charging stations for electric vehicles with slow charging and fast
charging, and photovoltaic generation with a dedicated storage system. From the data in Table
5-2, similarly to sub-section A, the following quantities are calculated:
Zy = 0.0489 Q

RCONV == 0135 Q
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RBB ES 0.206 Q
RBB,ev ES 0.181 Q

Rey = 41320

For the short-circuit current calculation in N2, the microgrid can be represented as a 5-bus

network where N2 is indicated as bus 2. The matrix [Gsc], in this case, is a 5x5 matrix:

740 —-7.40 O 0 0

~7.40 17.80 —4.85 —5.52 —0.02
[Gocl=| 0 —485 485 0 0

0 =552 0 5.52 0
l 0 -0.02 0 0 0.02J

and the fault current is 10.68 kA. The same current evaluated by Neplan 360® is 10.90 kA with

a difference between the two values of 2%.
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Figure 5-6. Schematic representation of the Smart car parking microgrid.

5.2.3 Residential area microgrid

For the purpose of calculating the short-circuit current at fault point N2, the Residential area
microgrid is shown in Figure 5-7, where the collecting bus 2 represents the faulted node N3.
From the data in Table 5-3, the following parameters for the solution of the system of linear

equation in matrix form in equation ( 5-7) are calculated:

Zo1 = 0.0113 0
Zgz = 0.0339 Q

RCONVl == 0097 .Q.
RCONVZ = 004‘2 Q
RBB = 0181 Q
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The matrix [Ggc] in this case is:

RFV =0.79Q

- 10.28
—10.28 47.41
552 0

[Gsel =| _552 ¢
~127 0
2423 0

0
5.52

0
0
0

0
0

5.52
0
0

—10.28 —5.52 —5.52 —1.27 —24.237

0
0

0
1.27
0

0

0
0
0

24.23

and the fault current obtained from the resolution of equation ( 5-7) is 29.50 kA versus 29.13
KA evaluated by Neplan 360®. The difference between the two values is 1.3%.
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Figure 5-7. Schematic representation of the Residential area microgrid.

5.2.4 Port area microgrid

Figure 5-4 shows a Port Area microgrid. The DC fault point is indicated as N4. The network
configuration has two rectifiers in parallel fed from the 2 kV busbars and another two rectifiers
fed from the 0.69 kV busbars. When the fault occurs, it is possible to assume that the two
rectifiers connected to the 2 kV busbars operate as a single element connecting the DC busbars
with the AC busbars. In fact, the formulae proposed by IEC 61660 do not consider the rated
power of the rectifier but only its presence. Therefore, since the two elements connect the fault
node to the same source, they can be treated as a single element. The presence of the two
rectifiers on the 0.69 kV busbars can be instead neglected. In fact, when the fault occurs, the
rectifiers fed from the 2 kV busbars create a preferential path for the fault current compared to
that formed by the 0.69 kV rectifiers and the 2/0.69 kV/kV transformers in the figure.

Consequently, the network can be represented as in Figure 5-8 where node 2 represents fault
node N4.
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Figure 5-8. Schematic representation of the Port area microgrid.

From Data in Table 5-4 the following parameters are calculated:

Zy = 0.0042 Q
Rcony = 0.024 Q)
Rpp,onboaraiz = 0.091 Q)
Rpp gy = 0.181 0
Rpy =112 Q
and, as a consequence:

42.23 —42.23 —-10.99 —-10.99 —5.52 —0.89]

—42.23 70.63 0 0 0 0
Goo] = —10.99 0 10.99 0 0 0
[Gse] = —10.99 0 0 10.99 0 0
—5.52 0 0 0 552 0
—0.89 0 0 0 0 0.89

Even in this case, bus voltages at nodes 1, 3, 4, 5 and 6 are assumed equal to the rated one
at the DC side, therefore, from equation ( 5-7) a short-circuit current equal to 51.72 kA is
obtained. The same current assessed by Neplan 360® is 49.79 kA, with a difference of 3.9%

between the two values.

5.3 Key findings and conclusion

The research work in the chapter 5 is an extended version of [138], presenting a general
methodology for short-circuit calculations in hybrid AC/DC microgrids. The proposed
approach shows great accuracy and proves to be easy to apply in all cases where there is no
specialized software for the calculation of short-circuit currents in hybrid DC microgrid. The
matrix approach lends itself to an iterative implementation that is fairly simple to implement
and easily automated. In addition, it allows to consider in a simple way also the presence of PV

generators connected to DC buses crossing the limits of IEC 61660 standard.
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The computational burden required by this methodology is that necessary for solving a nxn
linear system and, as shown by the four different case studies, the accuracy of the solution does
not change with the increase in the number of nodes of the networks. As to this aspect, the
chosen case studies have from 4 to 6 nodes; in real-life microgrids a higher number of sources
which can feed the fault are hardly expected, since the control of numerous distributed
resources would be rather complex and impractical.

The method can be still improved and simplified by considering the additional indications
of IEEE Standard 946-2020 [139]. As an example, according to [78], the contribution of DC
motors and inductive loads to the short-circuit current can be conservatively estimated as ten
times the motor’s rated full-load current. This allows to eliminate from the microgrid graphs
those nodes containing DC motors and inductive loads. In this way their fault contribution can
be taken into account by adding it to the fault current calculated in the network without these
elements, as similarly suggested for AC networks by IEC 60909. In a future work, this
methodology will be applied considering the above-mentioned sources and new sources such
as fuel cells and Li-ion (or other type of) batteries. In particular, in this case, it will be important
to model the contribution of the static converter that interfaces the element to the DC grid.

Finally, a short note to promote a discussion on the topic of short-circuit calculation in DC
grids: does the method provided by the IEC 61660 lead to the calculation of significant values
of the short-circuit currents in modern smart grids with static converters with current limiters?
This is a very important topic if the age of the standard is considered. Indeed, while smart grids
are becoming more and more common in modern distribution systems, the number of static
converter-interfaced distributed resources is increasing. It appears rather unrealistic to base the
sizing of circuit-breakers and other components on short-circuit current values calculated
according to the assumption of the IEC 61660: the effect of current limiters is neglected. This
issue may lead to oversizing the ratings of protective devices and it should be discussed by the

experts.
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Chapter 6 Hierarchical-Power-Flow-Based Energy Management
for Alternative/Direct Current Hybrid Microgrids

Abstract

Microgrids have become an efficient and reliable solution integrated into power grids,
especially in low voltage ones, due to encompassing widely range of AC and DC systems such
as Distributed Generations (DGs), Renewable Energy Sources (RESs), Battery Energy Storage
System (BESS), AC/DC cables and loads, among others, that could operate in both grid-
connected and islanded modes. Due to an increase in DC loads and penetration of RESs with
DC power generation in the last decades, implementing hybrid AC/DC microgrids leads to
have the advantages of both AC and DC subgrids simultaneously including a drop in power
conversion and more reliable load supply while operating in islanded mode [128]. However,
some challenges have emerged for this configuration, particularly related to control context,
because of the presence of the coupling of AC and DC subgrids through converters [94, 129,
130].

This chapter aims to present a comprehensive hierarchically controlled power flow analysis
for AC/DC hybrid microgrids in both grid-connected and islanded operating modes,
considering the challenges above. For each operation mode, a centralized tertiary controller, as
an energy management system, runs an optimization problem to calculate power generation,
charging/discharging references for PVs, BESSs, and EVs. This could be mentioned as a
drawback of the proposed control scheme, as a single point centralized unit leads to a decrease
in reliability, and its failure results in a loss of power-sharing control for the entire system.
Furthermore, this chapter studies the case of a real grid, as a part of a project named
HYPERRIDE, that is going to be installed as a part of the Italian distribution power system
with fully embedded RESs and flexible sources like BESS and Electrical Vehicles (EVs)
stations in both AC and DC subgrids, whereas works discussed in the literature study in
subsection 1.5.2 experimental test systems, and such a configuration with EV contribution has
not been studied. The proposed model in this chapter incorporates a flexible primary controller
for the converter integrated with BESS installed on the AC side, depending on the operating
mode. In grid-connected mode, current reference control mode is adopted for DGs in both AC

and DC grids, since the main grid is responsible to keep voltage and frequency at PCC bus.
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Interlinking converter uses a frequency-voltage droop to calculate power reference for its
corresponding AC/DC buses, and to exchange power between both subgrids, keeping DC link
voltage close to its nominal value. In islanded mode, all converters remain with the same
control mode, but the one connected to BESS in AC subgrid. Note that in previous studies,
authors almost propose at least one voltage source converter (VSC) in AC and DC grids,
making control schemes more complicated; however, in this study, the VSC connected to BESS
in AC side generates voltage and frequency references at PCC bus using V-f droop control.
This platform leads to have a simple and fast control scheme, while no need to change other
converters’ control mode. In addition, it is not necessary to adopt voltage and frequency

restoration controllers as secondary one.

To have power reference for buses as schedule set points, power flow equations for both AC
and DC subgrids are solved in a unified system using NR algorithm, which results in
sufficiently fast convergence, as shown in the case study section. Finally, the results for
mathematical model are validated by comparing against the professional simulation software
MATLAB/ Simulink, approving the effectiveness and precision of the proposed model and

control schemes.

This chapter focuses on studying power flow in hybrid microgrids, exclusively addressing
steady-state operation for both grid-connected and islanded modes. Consequently, the transient
period is not considered in this chapter. It is important to note that in transient studies,
secondary voltage/frequency regulation becomes essential for rapid voltage restoration. As a
result, the proposed model may not be deemed feasible or practical in transient states. Based
on the identified research gaps in the literature and the novelty of this study, Table 6-1

represents comparison between existing literature and the proposed model.

Table 6-1. A comparison between the existing literature and the proposed model.

R Network Source/Load PF Daily load
ef. Control scheme S .
type contribution calculation flow
primary  secondary tertiary RES BESS EV
[83] AC v v v v v v
[85] AC/DC v v unified
[86] AC/DC v unified
[87] AC/DC v unified
[88] AC/DC v sequential
[131] AC v
[90] AC/DC v v v v/ sequential
[91] AC/DC v v v unified
[92] AC v v
[96] AC/DC v v v v
[97] AC v v v v
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[98] AC/DC v v v v
[99] AC/DC v v v v v
[100] AC/DC v v v

[102] AC/DC sequential

[103] AC/DC unified

[101] AC/DC v unified

[104] AC/DC v

s acpc v v v v v unified v

chapter

6.1 Hierarchically Controlled Optimal Power Flow in AC/DC Hybrid
microgrids

In this section the proposed model and hierarchical control scheme is presented in detail.
First, it is vital to recognize the proposed AC/DC hybrid microgrid and its elements. Therefore,
Figure 6-1 shows an outlook of the system under study including electrical component, and
controllers. In this hybrid structure, AC subgrid is connected to the main grid at PCC bus. AC
and DC subgrids are connected through a bidirectional AC/DC IC. In each subsystem, there is
a PV-Storage system and an EV charging/discharging station which are connected to the
corresponding AC/DC buses by proper converters. Local AC and DC loads are located at PCC
and DC link respectively, another AC load is supplied from DC subgrid through a DC/AC
inverter, as well. In addition, Figure 6-1 depicts the proposed hierarchically controlled optimal

power flow, which is explained in the following subsections.

6.1.1 Tertiary control

In the present work, tertiary control plays the role of the energy management system and is
responsible for determining the hourly optimal power shares for the main grid (in grid-
connected mode), PV systems, BESSs, and EV stations. The system also determines
charging/discharging of storage systems and from EV stations, as well as the power exchange
between AC and DC subgrids through IC, unlike the literature where changes in loads and
RESs’ output power over time are not addressed [83], or where only power exchange between
microgrid and the main grid, along with charging/discharging for storage systems are
considered [97-99]. Tertiary controller collects day-ahead data for AC and DC loads, output
power for PV systems, and energy price, and characterizes an optimization problem, where the
objective function is to minimize total cost for purchasing energy from the main grid in grid-
connected mode, and load shedding in islanded mod. The references set given by the tertiary
control are delivered to the converters local controllers using communication network,
considered as scheduled power, as well, for power flow mismatch equations. Tertiary control’s

mathematical model and power flow equations are described in detail in section 6.3.
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Figure 6-1. General Framework of the proposed hierarchically controlled optimal power flow.

6.1.2 Primary control
Power set points calculated in tertiary control level are delivered to the converter’s local
controller, including primary control level. As it is mentioned in the abstract of this chapter, in
the proposed control scheme, there is no need to have voltage and frequency restoration at the
PCC bus in the AC subgrid in both grid-connected and islanded modes as a secondary control
level. In addition, since the interlinking converter controller uses a frequency/DC-voltage
droop to supply the missing power to both subgrids, the DC link voltage is regulated
autonomously and there is no need to control the DC bus voltage.
In grid-connected mode, voltage and frequency at PCC bus are regulated by the main grid.
In this case, all RESs’ converters, in both AC and DC subgrids, follow current control mode to

generate reference powers [132]. Therefore, current reference generation, and inner voltage
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and current loops act as the primary controller. Note that, RESs generate power references,
while the main grid supplies active and reactive powers close to its references (from the tertiary
controller) to compensate power losses of the converters’ filter and dc line resistances.

In islanded mode, all converters remain on the current control mode but that one is connected
to the battery storage system in the AC subgrid being responsible to restore voltage and
frequency at PCC through frequency/active power and voltage/reactive power droops as the
primary controller [132]. BESS in AC subgrid projects like the main grid in grid-connected
mode, keeping voltage and frequency respect to charging/discharging power reference values.
For example, assuming a discharge operating mode, BESS tries to supply powers a little bit

more than references to offset power losses, regulating voltage and frequency.

6.2 Hybrid Microgrid Control Scheme
This section presents control schemes for RESs converters and IC converters for AC and DC
subgrids in both grid-connected and islanded operation modes. The following subsections

depict these control specifications for AC and DC grids.

6.2.1 Grid-connected mode

In grid-connected operating mode, since the main grid keeps the AC subgrid voltage and
frequency at their reference values and compensates the power losses of the lines and filters,
all converters in both AC and DC subgrids conduct current reference control mode to generate
a fixed power calculated in the tertiary control level as optimal power sharing. Hierarchical-
based current control schemes for RESs in both AC and DC subgrids are illustrated in Figure
6-2 and Figure 6-3, respectively. For RESs’ converters in AC subgrid (Figure 6-2), the three-
phase inductor currents and voltages at the PCC are measured to be transformed into
synchronous d-q frame using Park’s transformation, and its angular position is generated and

controlled through Phase Locked Loop (PLL) so that v, component matches to zero [99], [132,

133]. Dynamic equations to calculate current references in d-q frame are as follows:

Y 2P 6-1

lg = 3v, (6-1)
20"

jp = 6-2

lq 317(1 ( )

where, P* and Q™ are active and reactive power references, coming from the EMS and delivered
to the primary local controller of the converters. Using these power references, equations ( 6-1)
and ( 6-2) calculate current references in d-q frame. Finally, the inner current loop generates

the voltage reference required for Pulse Width Modulation (PWM).
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Figure 6-2. Hierarchical control scheme for RESs in AC subgrid.

In DC subgrid, however, battery storage system and electrical vehicles station are connected
to the DC link through a bidirectional buck-boost converter and a line (represented as a
resistance in Figure 6-3). Current control principle for DC/DC converters follows the same as
that for AC/DC converters in the AC subgrid. P* from the tertiary controller is transferred to
the local controller. Then, using measured dc voltage of the battery, current reference is
produced, followed by inner current loop as the primary control level to generate voltage

reference. This voltage generates PWM signals, applying to buck-boost converters.

For a DC/DC boost converter connected to PV system, Figure 6-4 depicts the control block
diagram for both grid-connected and islanded operation modes since they follow almost similar
structure. In islanded mode, microgrid needs to use maximum output power of PV system to
implement minimum load shedding. Therefore, in optimization process (tertiary level), a fixed
PV output power (P;") is taken into account for each hour depending on irradiance and goes to
perturb and observe maximum power point tracking (P&O-MPPT) algorithm. However, in
grid-connected mode, optimization program might choose PV output power lower than
maximum available power. By this case, boost converter is going to generate F; using P&O
constant power generation (P&O-CPG), see Figure 6-4. In this algorithm, the PV output voltage

is continuously perturbed away from the maximum power point in the CPG operation mode in
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order to match the PV output power according to the set point. Readers may refer to [117, 118]
to have a deeper understanding of CPG control mode in PV system. In both cases, finally, an

inner voltage loop is conducted to generate PWM signals.
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Figure 6-3. Hierarchical control scheme for BESS ad EV station in DC subgrid.

The Interlinking Converter (IC) is the most important component in hybrid grids to share
power between both AC and DC subgrids. A properly controlled IC leads to a stable and robust
power exchange between AC and DC subgrids. According to the power references
characterized by the tertiary controller, if total output power of the RESs in DC grid is not
sufficient to supply DC local load, IC transfer power shortage from AC to DC grid to keep DC
link voltage close to the nominal value, and vice versa delivers surplus DC active power to AC
grid to keep frequency at PCC. Therefore, in this chapter a well-known P /wy,,, — Vp‘ff droop
control is conducted and shown in Figure 6-5 (a), meaning IC shares active power based on the
difference between frequency at PCC and DC link voltage [85, 94, 132]. This active power is
purposed as scheduled active power in mismatch equations in NR algorithm, and calculated as

follows:

pr =P (6-3)
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Figure 6-4. Hierarchical control scheme for DC-side PV system in grid-connected and islanded modes.

where, w,,, and Vp‘ff are normalized (per unit) measured frequency at PCC and dc link voltage,

respectively, to be comparable, and calculated as:

w—w"

wpu = O_S(wmax _ wmin) (6_4)
Vie = V3

pdc — dc dc (6-5)

PE O 0.5(vmex — ynimy

According to Figure 6-5 (a) and equation ( 6-3), whenever per unit frequency is greater than
the per unit DC link voltage, active power is delivered to the DC grid to compensate deficient
available power there, and inversely, lower frequency at PCC due to power shortage makes IC
to transfer surplus DC active power from DC side to AC one. Note that the reference set-point
for the reactive power is calculated in the optimization process, done by the tertiary level
controller. It is worth to mention that, only if there is power sharing from DC to AC side, IC
may deliver reactive power to AC grid [132]. Figure 6-5 (b) illustrates the hierarchical control
block diagram that is the same as that for RESs’ controllers in AC side (Figure 6-2), but active

power reference is coming from equation ( 6-3).
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Figure 6-5. (a): IC droop control for active power sharing, (b): Hierarchical control scheme for IC.

6.2.2 Islanded mode

As it is discussed in the abstract of this chapter, this study proposes that, in the islanded
mode, the control scheme of all converters remain the same as in grid-connected mode with
the exception of that connected to BESS in AC subgrid. Since PV system and EVs are not able
to generate energy for a 24-hours day, BESS need to change its control mode to voltage control
mode [134] as depicted in Figure 6-6. Active and reactive power are calculated and compared
to references values coming from the upper level, which could be positive or negative
dependent on charging/discharging operation modes. Then, a droop-based primary controller
is applied to generate reference voltage and angular frequency. Then, using these values, inner
voltage and current loops generate PWM pulses for the converter. In fact, this control scheme

aims to keep voltage and frequency at PCC, while trying to follow power references. In other
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word, when storage system operates in discharging state, it may generate active and reactive
power a little more than reference values and consumes a little lower than reference active
power in charging mode. In fact, this difference is due to power losses compensation by storage

system to hold nominal voltage and frequency at PCC.
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Figure 6-6. Hierarchical control scheme for AC-side BESS in islanded mode.

6.3 Tertiary Level and Power Flow Formulation

In this section, the tertiary control level, that is an optimization program, and the Newton-
Raphson power flow equations are mathematically modeled for both AC and DC subgrids in
grid-connected and islanded operating modes. Although the proposed model is formulated in

general for any AC/DC power grid outline, readers may refer to Figure 6-1, as it presents the
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same system used in the case study (single-line diagram is shown in section 6.4), to better
understand the concept of the mathematic model. The two first following subsections describe
and formulate the daily optimal load sharing for both operation modes, then unified AC/DC
NR power flow equations are solved integrating scheduled powers from the optimization, and

the control scheme for the interlinking converter.

6.3.1 Grid-connected mode

In grid-tied operation mode, the aim of tertiary control level, which plays an EMS, is to
determine power generation references for RESs along with charging/discharging states for
batteries of BESSs and EVs each hour, meanwhile minimizing the total cost of the power
purchasing from the main grid. In this scenario, all RESs follow current control mode to
generate the reference powers, and PV system switches to constant power generation mode
(position “0” for the switch in Figure 6-4) that implies it might generate power lower than
maximum power each hour. So, if all RESs in both subgrids follow their power set-points, the
main grid also deliver power to the microgrid as much as calculated from the optimization

program. Therefore, the objective function is:

24

Cr =) co(): (B () + Qg (1)) (6:6)

t=1

From equation ( 6-6), it is worth noting that, although energy price is often based on active
power, utilities sometimes charge customers for a poor power factor. In addition, PV and
storage system on the AC subsystem may inject reactive power into the microgrid. Therefore,

importing reactive power from the main grid is considered as a penalty in this article.

Constraints are categorized into two types including load sharing-related and battery-
oriented ones. Equations and inequalities ( 6-7) to ( 6-17) represent the first category. Equations
(6-7) to ( 6-9) represent active and reactive power balance. For active power, there are two sets
of power balance equations meaning equation ( 6-7) and equation ( 6-8) depending on the
direction IC transmit active power. In the first set, it is from AC to DC implying IC is a load
for AC subgrid, meanwhile playing a role as a source for DC subgrid. Unlike the first equations
set, in the second set, characterized in ( 6-8), IC is a load for DC side, while a source for AC
one. To mathematically model this aspect in optimization process, a very large number M and
an integer variable I;. for the direction of active power sharing for IC are defined. If program

makes IC to send active power from AC to DC, [;. would be 1, equations in ( 6-7) must be zero
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and those in ( 6-8) are free. Inversely, when optimization prefers to transmit active power from

DC to AC side, I; would be 0, equations in ( 6-8) are chosen, and those in ( 6-7) are relax.

PIY(t) + By(t) + Piigc(t) + Piic(t) — Py (6) — P (t) — P°(t) = Pie(t) =2 —M(1 — I (1)
PEY(t) 4 Py(t) + Pyre(t) + P2o(t) — P(1) — P32°(0) — PR°(6) — Pie(0) < M(1 — I,.(1))
PPP() + PSA°(t) + PLA°(E) + Pic(t) — PS2(t) — PS2(t) — PE°(t) = —M (1 — I.(t))
PPY() + PREC(E) + PL2°(E) + P (B) — P32(t) — P () — PAC(OM(1 — I (1)) vt

P () + Py(8) + Py () + P (6) + Pic(t) — P (1) — P (1) — PA°(0) = —M. I;(¢)
P (8) + Py(t) + Pygc(0) + P (8) + Py () — P(t) — PA°(6) — PRE(t) < M. 1 (8)
PPY(t) + P26(t) + PE2C(t) — Pic(t) — PSA(t) — PSAC() — PRC() = —M. I (t)

PPP(6) + P3E() + PLE(t) — Pic() — P32°(E) — PSAC(E) — PA(t) = —M. 1. (t) vt

ae () +Qg(1) + Q5 (D) + QEZ(®) + Qi (1) = Qf°(1) Vvt
Py(t) S B"™ vt
PYYac(®) < Phox Yt
P (t) < P Vvt
Qye(0) = Qg™ vt

) < /S,%U—Pfc”(t)z vt

Q3. (0) S I (). Jsg — PiC(t)? vt

QEE(t) < I75°(0). \/53 — PY(0)? vt

Qic (D) = (1 = (). /Slzc — Py (t)? vt

Inequality constraints ( 6-10) to ( 6-12) restrict active power for the main grid, PV system,
and IC to their capacities. Equations ( 6-13) to ( 6-17) are reactive power constraints for the
utility, PV system, battery-based sources, and IC that explain injected reactive power by
converters can follow their reference values as long as they do not exceed corresponding
capacity [87, 88, 128]. Note here, for BESS and EV parking lot, reactive power could be
injected to the microgrid only if it is in the discharging mode; and for IC, only if power is

transmitted from DC to AC subgrid. Since this chapter projects to solve a linear optimization
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problem, equations ( 6-14) to ( 6-17) need to be removed from the optimization process. To
handle this problem, MATLAB and GAMS applications are linked so that data are transported
from the former to the latter. Then GAMS is run, and optimal results are sent back to MATLAB
to check converters reactive power constraint for the converters. There, if reactive power value
exceeds its limit, converter switches to PQ mode and keep its reactive power upper limit as a
new reference. At the end of this section, the interlinking process between MATLAB and
GAMS is outlined. The same optimization algorithm constraints are already used in Chapter 2

and Chapter 3 [135, 136].

Following equations characterize constraints for batteries in BESS and EV station.
Inequalities ( 6-18) to ( 6-25) imply charging/discharging power for the batteries of BESS and
EV station in both AC and DC subgrids could not be exceed the corresponding upper and lower
limits. Subsequently, ( 6-26) to ( 6-29) represent that charging and discharging of these batteries
might not be done simultaneously through integer variables. Energy available of these sources
at each hour are calculated and restricted by ( 6-30) to ( 6-35). It is vital to consider EVs’
batteries are not able to charge or discharge as long as they are out of the lot which are
represented in ( 6-36) and ( 6-37). Finally, constraint ( 6-38) makes the optimization program
to keep a threshold energy at EVs’ batteries at the time they leave the lot.

L) Pyt < PROC(D) < (0. P ™ vt (6-18)
IS3(E). PR < PR2C(0) < I (0. P vt (6-19)
ISE(). PE™M™ < PRAC(E) < IS2C(E). P vt (6-20)
I3 (8). P < PSC(8) < I52€(0). PS™ vt (6-21)
IS2€(8). PSM™ < PEAC(E) < 1S2°(0). P ™ vt (6-22)
I5%€(0). PS™™ < PEE(0) < IG°(0).PE™™ vt (6-23)
I26(8). P < PEAC() < IS%(1). PEMYY vt (6-24)
1% (). PE™™ < poAe(t) < 157 (). RS vt (6-25)

SO +I15*@) <1 vt ( 6-26)
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BEO+*0M) <1 vt (6-27)

192 + 157 () <1 vt (6-28)

IS +15% @) <1 vt (6-29)

ESe ac(t) = EScjae(t — 1) + QP34 (6) — P2/ (/@ vt >1 (6-30)
ESe/ac(t) = USe/ac(0) + Q. P54 (6) — P2 (1)) vt <2 (6-31)
EMn < ES.q.(t) S EMO* vt (6-32)

S, ac(t) = ESjae(t — 1) + Q P52/ (6) — Ppa9/% (1)) vt>1  (6-33)

Ec/ac(t) = Uesqe(0) + Q. PS/%(t) = P/ ™“(6)/Q vt <2 (6-34)
EPin < ES, 00() < EO* vt ( 6-35)

PEA() =0 VEE Toy (6-36)

PSAI%(t) =0 Vit € Ty (6-37)

ESsac(t) = N.AD vt (6-38)

6.3.2 Islanded mode

Microgrids could be disconnected from the main grid at PCC, in this case, hybrid microgrid
needs to operate autonomously. Assuming there might not be sufficient available energy from
generators to supply all loads at specific hours, operators must conduct a proper load shedding
to implement a stable and reliable operation. Therefore, in islanded mode, the objective

function of the tertiary level controller is minimizing total load shedding rates as:

Lt = T2, 7% 0). (PA(D) + QF° (D) + v*(0). PA°(t) vt (6-39)

Constraints in this scenario are like those for grid-connected mode but there is no more
power from the main grid. In addition, to minimize the load shedding rates, converters
connected to PV systems operate in MPPT control mode. Load demand in power balance set

equations is modified as follows:
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PEE(®) = (1 =y (). ()
H® = (1-v*®).0f“® (6-40)
PE(t) = (1 - ydC(t)). Plc(t) vt

6.3.3 NR power flow problem

To model NR power flow analysis in AC grids, buses need to be defined as one of the three
types of buses including slack bus with voltage magnitude and phase angle are 1 and 0
respectively, which here it is the bus connected to the main grid in grid connected mode, PV
buses with fixed active power generation and voltage magnitude, and the last type is PQ or
load buses with scheduled active and reactive power. In this chapter, all converter buses are
referred as load ones where schedule powers come from the tertiary level, and PCC bus and
DC link are load buses connecting to AC and DC loads, and corresponding AC system
frequency and voltage are regulated by the main grid. For a bus in AC subsystem, the injected

active and reactive power are calculated as follows:

B = |V,|2G(n,n) + Y jeny [ VallVin|G(n, m) cos(8, —
j*n (6-41)
Om) + IVl Vi |B(n, m) sin(6,, — 6,,)] vt

2 = =V I?B(n, ) + Yjeng [IVallV |G (n,m) sin(8, —
j#n (6-42)
Sm) — Vu Vi |B(n, m) cos(6, — 6,,)] VWt

where n and m represent the different buses of the AC system, and G and B are respectively
conductance and susceptance of the admittance matrix. In DC subgrid, however, there are only
two categories for buses: P/load bus or V bus with fixed voltage magnitude. Due to the lack of
frequency in DC grid, formulation for calculated active power is the following equation where

admittance matrix has only conductance part g.

P =V, |2g(n,n) + Yjeay I VallVnlg(n,m) vt (6-43)

Jj*En
Expanding ( 6-41) to ( 6-43) in Taylor’s series about the initial estimate and neglecting all
higher order terms, a set of linear equations as follows is extracted to calculate the difference

between calculated and scheduled power and solved iteratively.

110



aaC aaC aaC
AQac| = [Z- 2¢_ &} Ay | (6-44)

d a|Vac| anc
AP ¢ anC apdc anC AVdc
0|Vqcl WVac

apac apac apac
APaC] [ a|Vac| anc A6

Note that for the AC bus connected to IC, scheduled active power is calculated by equation
( 6-3), which is the same for DC bus connected to IC with opposite sign since power losses in
IC is neglected. For the case that active power is injected to DC grid, this calculated active
power is considered as a generation power for DC link, and, inversely, it adds to the DC load
when power is transferred from DC to AC grid. Reactive power for the AC bus connected to
IC, however, comes from the optimization program. The interlinking process between
MATLAB and GAMS is illustrated in Figure 6-7. Initially, data is loaded into MATLAB,
followed by its transfer to GAMS. The tertiary level is addressed using Mixed Integer Linear
Programming (MILP) via GAMS Cplex solver, then the optimal load sharing results, including
scheduled active and reactive powers for all resources, are sent back from GAMS to MATLAB,
where power flow problem is solved. Before solving PF, MATLAB checks the non-linear
constraints ( 6-14) to ( 6-17) in each power flow iteration. By doing this, there is no need to
run a non-linear optimization in GAMS, as PF is inherently a non-linear problem. If the reactive
power value exceeds its limit, converter switches to PQ mode and keep its reactive power upper
limit as a new reference. Then, new data is sent again to GAMS to solve a new optimization

problem.

6.4 Case Study Analysis

Figure 6-8 shows an 11-bus AC/DC hybrid microgrid that is going to be installed for Italian
pilot as a part of a project named HYPERRIDE. This microgrid is a part of Italian distribution
system where is connected to the distribution station ASM at PCC (bus #2) through line 1 at
400 V, while £+ 700 V DC lines are constructed in DC subgrid. In both AC and DC sides, there
are PV systems as RESs, and the base apparent power is 100 kVA. In addition, flexible
resources such as BESSs and EV stations are available in both subgrids. AC/DC converters are
connected to the PCC bus through LCL filter, meanwhile DC ones are connected to the DC
link (bus #7) via dc resistances [137]. IC couples both subgrids to share powers between them
and help DC link voltage regulation in both operation modes. In islanded operating mode, the
IC is also projected to transfer power between both AC and DC subgrids to guarantee power

balance, where AC voltage and frequency restoration is reached.
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Figure 6-7. The interlinking process between MATLAB and GAMS.
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Figure 6-8. Terni AC/DC hybrid microgrid: Italian Pilot.
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Since this microgrid has not been operated yet, hourly load data, irradiance to calculate PV

output power, and EVs data are not available; therefore, corresponding data for another part of



Italian distribution systems are used referring to the database from ARERA, the Italian
Regulatory Authority for Energy, Networks and the Environment providing the most recent
technical reports on the energy transition in Europe and Italy [106-110]. This problem does not
reduce the effectiveness and application of this work because a general and robust model has
been proposed that may be conducted to any hybrid systems. The pattern for load consumption,
and maximum generation of PV systems in a 24-hours day in April for the proposed case study
are illustrated in Figure 6-9, where these values are in per unit (p.u.) system. However, the
capacity of converters connected to PV, BESS, and EV station systems, and peak loads
consumption have been designed and reported in [137] and presented at Table 6-2. In AC and
DC subgrids, there is a small-scale parking lots for EVs each including five mid-size sedans
with 10 kWh battery capacity, means that maximum available energy at each lot is 50 kWh. It
is assumed that charging station is a fast charge type so that each EV could be fully recharged
by one hour; therefore, maximum charge/discharge power is 50 kW at each time interval. In

this chapter, the efficiency of converters in BESSs and EV parking lots is 95%.
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Figure 6-9. Hourly load demand and PV generation in p.u.

Table 6-2. Capacity of the resources and load demand in AC and DC subgrids.

subgrid | PV [kW] | BESS [kWh] | EV station [kWh] | Load [kW/kVar]
AC 10 50 50 30/10
Load #1 — 20
bC > 50 50 Load #2 — 25

Energy price is one of the most noticeable parameters that could affect considerably the
pattern of charging/discharging of the flexible resources, power purchased from the main grid,
and finally power generated by the RESs and power flow calculations. In addition, it is clear

that this parameter varies depending on the weekdays and the time a day. Therefore, taking a
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realistic energy price into account leads to improvement of the analysis. Table 6-3 represents

the energy price for different days and hours in the Italian market in 2023.

Table 6-3. Energy price in Italian case study.

weekdays Time (hour) Price (E/kWh)
Monday-Friday 23:00-7:00 0.4121
Monday-Friday 7:00-8:00 0.4955
Monday-Friday 8:00-19:00 0.4417
Monday-Friday | 19:00-23:00 0.4955

To conduct a more close-to-real model for EVs, many authors have implemented stochastic
approaches like Monte Carlo Simulation (MCS) to characterize the pattern of leaving and
arriving time at lots, and journey distance each day. These models are practical for the cases
with a lot of EVs, while there is only a small fleet with five EVs. On the other hand, since it is
aimed to calculate daily power flow considering the buses connected to EVs stations as load
ones, it is required to have an active and a reactive power reference, while stochastic models
aim to evaluate the effect of unpredictable specifics of EVs on other parameters. Therefore,
deterministic pattern for EVs is proposed in this chapter, where it is assumed leaving and
arriving time for these vehicles are 7:00 and 19:00, respectively. The average trip distance each
day is 10 km and the initial energy available (state of charge) in EVs’ batteries and BESS is
60% of the total capacity meaning 5 and 30 kWh each subgrid.

6.4.1 Power flow analysis in grid-connected mode

In this section, power flow problem is solved for 24 hours a day in grid-connected mode.
First, tertiary controller, that is an optimization program, is solved, then active and reactive
power generation by photovoltaic systems, and generation/consumption powers by BESS and
EVs are called and sent to the operator to calculate power flow, and to the local controllers of
the converters to perform primary control. It is worth to mention that local devices measure the
frequency at PCC and dc voltage at DC link utilizing equation ( 6-3) to calculate active power
transferred through the interlinking converter. Starting with the tertiary level, Figure 6-10 to

Figure 6-13 illustrate the active and reactive powers generated by different sources for a day.
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Figure 6-11. Hourly power generated by PV system: (a) DC grid, (b) AC grid.

115




F

HKW)

=
ol
=%

Kad
(L}

T T
[ElCharging power CDischarging power]

]
(=]

by
o

]
[=1

-
L]

Power{kW)

oy
[=]

o

n

1NN

5 10 15 20
Time(hour}

=]

(a)

-y
=]

[ cCharging power EllDischarging power IlReactive power

(%]
[4.]

£
L=

]
[4]

Power{kW/kVar)
]
=

15
10 L
LT Lk bl 11N
5 10 15 20
Time{hour)
(®)

igure 6-12. Hourly charging/discharging power at BESS: (a) DC grid, (b) AC grid.

40

[ charging power EHIDischarging power|

33

20

25

20

15

10

5_

oL L0

5 10 15 20
Time{hour)

(a)

116



[ charging power [llDischarging power [l Reactive power|

40
=
©
E 30
=
=
[~
@ 20
=
=]
o

10

ol el o bl
5 10 15 20
Time{hour)

(b)
Figure 6-13. Hourly charging/discharging power at EV parking lot: (a) DC grid, (b) AC grid.

Figure 6-10 shows the active and reactive power purchased from the main grid. Figure 6-11
to Figure 6-13 depict power generated by PV systems, charging/discharging powers at BESSs
units and EV parking lots, respectively, for both DC and AC subsystems. Looking at Figure
6-12 and Figure 6-13, it is clear that charging and discharging could not be issued
simultaneously, and the corresponding converters at the AC grid inject reactive power only in
discharging modes (see Figure 6-12 (b) and Figure 6-13 (b)). In addition, Figure 6-14 depicts
the hourly active and reactive power exchange between AC and DC subgrids through the
interlinking converter, where only at 1:00, 4:00, 6:00, 8:00 and 14:00 DC subgrid injects active

and reactive power to the AC one. It is expected because DC grid has higher load demand than
AC one (see Table 6-2).
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Figure 6-14. Hourly power transferred through interlinking converter.

At each hour, scheduled (reference) active and reactive powers for buses #3-5 in AC grid

and active scheduled power for buses #8-10 in DC side come from the tertiary level (Figure
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6-11 to Figure 6-13). Reactive powers in Figure 6-14 are utilized as the scheduled values for
the bus #6 connected to the AC side of the IC, while the corresponding scheduled active power
is calculated via equation ( 6-3). PCC bus #2, DC link bus #7, and bus #11 are considered as
PQ/load buses with fixed hourly demands and negative scheduled active and reactive powers.
Bus #1 is a slack connection with voltage magnitude 1 p.u. and phase angle 0. NR power flow
model is implemented at each hour a day for the case study. Table 6-4 presents a comparison
between power flow results for the proposed model and MATLAB/Simulink (power flow tool)
including voltage magnitudes in p.u. and phase angles in radian. First column indicates Vn and
on which are voltage and phase angle of nth bus. The proposed power flow model is run by
about 0.0155 second that is sufficiently fast. The simulation is run for 2 seconds, representing
almost steady-state since voltage magnitudes and phase angles match those from the proposed
model shown at Table IV with an error 4.0051e-11.

In addition, to show how converters’ controllers work perfectly in steady-state, for both grid-
connected and islanded modes a two-hour time interval is set each. To accomplish this, the
microgrid under study, PV-storage systems, and parking lots, along with the corresponding
controllers for the converters (Figure 6-2 to Figure 6-6), are designed and simulated using

MATLAB/Simulink for

Table 6-4. NR power flow results comparison between the proposed model and MATLAB/Simulink for grid-
connected mode.

Proposed Model MATLAB/Simulink
time 1:00 3:00 5:00 7:00 9:00 11:00 1:00 3:00 5:00 7:00 9:00 11:00
V2 0.999937 | 0.999724 | 0.999816 | 0.999873 | 0.99954 | 0.999459 | 0.999937 | 0.999723 | 0.999815 | 0.999873 | 0.999539 | 0.999459
V3 0.999937 | 0.999724 | 0.999816 | 1.001115 | 1.001798 | 1.001742 | 0.999937 | 0.999723 | 0.999815 | 1.001115 | 1.001797 | 1.001742
V4 1.000248 | 1.000458 | 1.001767 | 1.00146 | 0.999851 | 0.999459 ] 1.000248 | 1.000458 | 1.001766 | 1.001459 | 0.999850 | 0.999459
V5 0.999937 | 1.000741 | 1.000833 | 0.999873 | 0.99954 | 0.999459 | 0.999937 | 1.000740 | 1.000832 | 0.999873 | 0.999539 | 0.999459
V6 1.001987 | 0.998186 | 0.998293 | 0.998894 | 0.997705 | 0.997315 ] 1.001986 | 0.998185 | 0.998293 | 0.998893 | 0.997704 | 0.997315
V7 1.000104 | 0.999314 | 0.99945 | 0.999506 | 0.998301 | 0.998309 j 1.000103 | 0.999313 | 0.999449 | 0.999506 | 0.998300 | 0.998309
V8 1.000103 | 0.999317 | 0.999452 | 0.99951 | 0.998377 | 0.998474 | 1.000103 | 0.999316 | 0.999451 | 0.999510 | 0.998376 | 0.998474
V9 1.000103 | 0.99891 | 0.999452 | 0.999508 | 0.998104 | 0.997706 j 1.000103 | 0.998910 | 0.999451 | 0.999508 | 0.998104 | 0.997706
V10 | 1.001195 | 0.999317 | 0.998984 | 0.999508 | 0.998308 | 0.998316 | 1.001194 | 0.999316 | 0.998984 | 0.999508 | 0.998307 | 0.998315
V11 | 0.999565 | 0.998991 | 0.999167 | 0.999152 | 0.997718 | 0.997798 | 0.999564 | 0.998991 | 0.999167 | 0.999152 | 0.997718 | 0.997797
652 -0.00315 | -0.00928 | 0.000107 8.99e-5 | -0.01475 | -0.01598 | -0.00314 | -0.00927 | 0.000107 | 8.98e-05 | -0.01474 | -0.01598
63 -0.00315 | -0.00928 | 0.000107 | -9.33e-5 | -0.01391 | -0.01355 ] -0.00314 | -0.00927 | 0.000107 | -9.3e-05 | -0.01390 | -0.01354
54 -0.00138 | -0.00759 | 0.009761 | 0.009302 | -0.01298 | -0.01598 | -0.00137 | -0.00758 | 0.009761 | 0.009302 | -0.01297 | -0.01598
65 -0.00315 | -0.00764 | 0.001748 8.99e-5 | -0.01475 | -0.01598 | -0.00314 | -0.00763 | 0.001748 | 8.98e-05 | -0.01474 | -0.01598
66 -0.00246 | -0.01777 -0.0083 | -0.00537 | -0.02484 | -0.02772 ] -0.00245 | -0.01777 | -0.00830 | -0.00536 | -0.02483 | -0.02772
time 14:00 16:00 18:00 20:00 22:00 24:00 14:00 16:00 18:00 20:00 22:00 24:00
V2 0.999973 | 0.999466 | 0.999346 | 0.999519 | 0.997034 | 0.997154 | 0.999973 | 0.999466 | 0.999346 | 0.999519 | 0.997034 | 0.997153
V3 1.000573 | 1.002079 | 1.001942 | 1.002774 | 0.997034 | 0.997154 | 1.000573 | 1.002078 | 1.001942 | 1.002773 | 0.997034 | 0.997153
V4 0.999973 | 0.999813 | 0.999346 0.99983 | 0.998054 | 0.998786 § 0.999973 | 0.999812 | 0.999346 | 0.999830 | 0.998054 | 0.998786
V5 0.999973 | 0.999466 | 0.999346 | 1.001627 | 0.998054 | 0.995545 | 0.999973 | 0.999466 | 0.999346 | 1.001626 | 0.998054 | 0.995544
V6 1.00248 | 0.997274 0.99716 | 0.997406 | 0.994882 | 0.994963 | 1.002479 | 0.997273 | 0.997160 | 0.997405 | 0.994881 | 0.994963
V7 1.00035 | 0.997864 | 0.997646 | 0.996798 | 0.996428 | 0.997615 | 1.000350 | 0.997863 | 0.997645 | 0.996798 | 0.996427 | 0.997614
V8 1.000546 | 0.998035 | 0.997743 | 0.996815 | 0.996442 | 0.997625 | 1.000546 | 0.998034 | 0.997742 | 0.996815 | 0.996442 | 0.997624
V9 1.001526 | 0.997403 | 0.997352 | 0.997095 | 0.996239 | 0.998234 | 1.001525 | 0.997402 | 0.997352 | 0.997095 | 0.996238 | 0.998234
V10 1.000349 | 0.997872 | 0.997655 | 0.996811 | 0.997034 | 0.996836 | 1.000348 | 0.997872 | 0.997655 | 0.996811 | 0.997033 | 0.996836
V11 0.999759 | 0.997252 | 0.996985 | 0.995876 | 0.995436 | 0.996934 | 0.999759 | 0.997252 | 0.996984 | 0.995876 | 0.995435 | 0.996933
62 -0.0001 | -0.01541 | -0.01938 | -0.00793 -0.0208 | -0.02527 | -0.00010 | -0.01540 | -0.01937 | -0.00793 | -0.02080 | -0.02526
63 0.003323 | -0.01296 | -0.01827 | -0.00844 -0.0208 | -0.02527 | 0.003322 | -0.01295 | -0.01827 | -0.00843 | -0.02080 | -0.02526
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64 -0.0001 | -0.01365 | -0.01938 | -0.00616 | -0.01915 | -0.02007 § -0.00010 | -0.01364 | -0.01937 | -0.00616 | -0.01915 | -0.02007
65 -0.0001 | -0.01541 | -0.01938 | 0.004423 | -0.01915 | -0.03417 § -0.00010 | -0.01540 | -0.01937 | 0.004423 | -0.01915 | -0.03416
66 0.002161 | -0.02741 | -0.03134 | -0.01951 | -0.03262 | -0.03728 § 0.002160 | -0.02740 | -0.03134 | -0.01951 | -0.03261 | -0.03728

two purposes. First, to demonstrate that the controllers work perfectly by following the
references powers coming from the optimization in both grid-connected and islanded modes.
It also proves that storage system in AC subgrid perfectly regulates voltage and frequency at
PCC in islanded mode. Second, power flow toll in Simulink is used to perform power flow
analysis, validating the power flow results from the proposed model (Table 6-4 and Table 6-5).
In grid-connected operation mode, the simulation results, relating powers transferred through
converters and dc link voltage, are exploited for 1 second, where the first half second represents
the powers for the first hour, while the second half relates to the second hour of the time
interval. Figure 6-15 to Figure 6-17show active and reactive powers imported from the main
grid, and those from the PV, BESS, and EV lot, respectively, in the AC and DC subgrids at the
time interval 3:00-4:00 a.m. Comparing these figures to Figure 6-10 to Figure 6-13, the powers
imported from the main grid, PV generation, charging/discharging powers of the converters in
BESS and EV parking lots perfectly match the set points that the tertiary controller sends to
the local controllers. Note that PV systems in both AC and DC subsystems cannot generate
power from 3:00 to 4:00 a.m. The storage system and parking lot in the AC subgrid start
discharging (positive power) at 3:00, followed by discharging (negative power) at 4:00. In the
DC subgrid, only BESS is active. It is first charged (power with a positive sign) and then starts
discharging (negative power). Once all DGs follow the reference powers, the main grid injects

active and reactive powers based on the values from optimization.
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Figure 6-15. Active power flow in the AC subgrid.
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These converters operate in current constant mode so that the corresponding controllers
follow the references powers from the tertiary level. Figure 6-18 and Figure 6-19 depict the
power exchange between two AC and DC subgrids through IC and dc link voltage respectively.
IC follows a constant current mode where the reference active power is calculated by difference
between normalized frequency and dc voltage leading to a stable dc voltage. In this case, at

3:00 active power is transferred from the AC side to the DC one (zero reactive power), whereas
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Figure 6-16. Reactive power flow in the AC subgrid.
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Figure 6-17. Active power flow in the DC subgrid.
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Figure 6-18. Active and reactive power flow in the IC.
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Figure 6-19. DC link voltage connected to IC.

6.4.2 Power flow analysis in islanded mode

0.8 0.9 1

Hierarchal power flow analysis is also conducted for the case study in islanded operating

mode. To avoid repetitious expressions, only results and analysis related to island mode are

discussed. In this case, the AC/DC hybrid grid is disconnected from the main grid. As is

discussed in section 111, in island mode, PV systems and flexible sources may not supply total

AC and DC loads at each hour. So, the tertiary level optimizes the rate of load shedding so that

the remind load could be powered. In such a case, converters connected to the PV systems, EV

parking lots, BESS in DC system, and the IC follow the same corresponding control modes as

those in grid-connected mode, but BESS in the AC grid switches to voltage source mode where
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it tries to follow the reference powers aiming to keep voltage and frequency in the reference
values at PCC bus. Starting with the tertiary level, Figures 20-23 illustrate the active and
reactive powers generated by different sources for a day. The note is that, since the hybrid grid
is disconnected from the main grid, load consumption in DC grid is lower than AC one as well,
IC injects active and reactive power to AC grid more hours than in grid-connected operating
mode (see Fig. 23).

Power flow calculations by the proposed model and simulation are reported in Table V. Like
in grid-connected mode, power flow results by simulation match those from the model
perfectly by an error 2.0007e-13, where the proposed model takes 0.013 second which is

meaningfully fast.
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Figure 6-20. Hourly power generated by PV system: (a) DC grid, (b) AC grid.
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Figure 6-22. Hourly power generated by EV parking lot: (a) DC grid, (b) AC grid.
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Figure 6-23. Hourly power exchange between AC and DC grids through IC.

To assess the behavior of the primary controller of the converters in islanded mode, the

controlled hybrid AC/DC grid is simulated for one second (like that in grid-connected mode)

in the period 9:00-10:00 a.m. using MATLAB/Simulink. Corresponding power outputs are

illustrated in Fig. 24-27. Comparing these figures to figures 20-23, PV generation,

charging/discharging powers of the converters in BESS and EV parking lots perfectly match

the set points that the tertiary controller sends to the local controllers. Looking at Fig. 25, at

9:00 a.m. BESS is charged at a value lower than the reference point, while at 10:00 it starts

discharging where its power output is a little higher than the reference value to keep voltage

and frequency at PCC close to their nominal values. Voltage, frequency, and load current at

PCC are depicted in Fig. 28, DC link voltage is shown in Fig. 29 as well. Although the operation

mode of BESS, the rate of loads, and injected power direction at IC are changed for two hours,

voltage and frequency at PCC and DC link voltage remain stable.

Table 6-5. NR power flow results comparison between the proposed model and MATLAB/Simulink for

islanded mode.

Proposed Model

MATLAB/Simulink

time 1:00 3:00 5:00 700 9:00 11:00 1:00 3:00 5:00 7:00 9:00 11:00

v2 [ 0.999893 | 0.999939 1 0.999928 | 0.999893 | 0.999745 | 0.999893 | 0.999939 1 0.999928 | 0.999893 | 0.999745
v3 | 0.999896 | 0.999941 1 1.000172 | 1.000087 | 1.00103 | 0.999896 | 0.999941 1 1.000172 | 1.000087 | 1.00103
v4 | 1.001018 | 1.000422 1 1.000211 | 0.999055 | 0.999754 | 1.001018 | 1.000422 1 1.000211 | 0.999055 | 0.999754
V5 | 0.998887 | 1.001719 1 0.999931 | 0.999896 | 0.999754 | 0.998887 | 1.001719 1 0.999931 | 0.999896 | 0.999754
v6 | 1.000306 | 0.997979 1 0.999757 | 1.001069 | 0.999716 | 1.000306 | 0.997979 1 0.999757 | 1.001069 | 0.999716
V7 | 0.999975 | 1.000275 | 0.999991 | 1.000014 | 0.999862 | 0.999989 | 0.999975 | 1.000275 | 0.999991 | 1.000014 | 0.999862 | 0.999989
v8 | 0.999975 | 1.000274 | 0.999991 | 1.000016 | 0.999932 | 1.000148 | 0.999975 | 1.000274 | 0.999991 | 1.000016 | 0.999932 | 1.000148
Vo | 1.000788 | 1.000274 | 0.999788 | 1.000014 | 1.000599 | 0.999989 | 1.000788 | 1.000274 | 0.999788 | 1.000014 | 1.000599 | 0.999989
V10 | 0.999396 | 0.999228 | 1.000297 | 1.000014 | 0.999863 | 0.099989 | 0.999396 | 0.999228 | 1.000297 | 1.000014 | 0.999863 | 0.999989
V1L | 0.999867 | 0.999949 | 0.999934 | 0.999943 | 0.999745 | 0.999885 | 0.999867 | 0.099949 | 0.999934 | 0.099943 | 0.099745 | 0.999885
52 | -0.0002 | -0.00011 | 2.83e-15 | -0.00013 | -0.0002 | -0.00047 | -0.0002 | -0.00011 | 2.83e-15 | -0.00013 | -0.0002 | -0.00047
53 | -0.0002 | -0.00011 | 2.84e-15 | -0.00014 | 0.001004 | 0.002125 | -0.0002 | -0.00011 | 2.84e-15 | -0.00014 | 0.001004 | 0.002125
54 | 0.006873 | 0.001616 | 2.84e-15 | 0.001636 | -0.0055 | -0.00047 | 0.006873 | 0.001616 | 2.84e-15 | 0.001636 | -0.0055 | -0.00047
55 | -0.00656 | 0.011095 | 2.84e-15 | -0.00013 | -0.0002 | -0.00047 | -0.00656 | 0.011095 | 2.84e-15 | -0.00013 | -0.0002 | -0.00047
56 | 8.65¢-05 | -0.01249 | 2.84e-15 | -0.00123 | 0.004895 | -0.00071 | 8.65¢-05 | -0.01249 | 2.84e-15 | -0.00123 | 0.004895 | -0.00071
time | 14:00 16:00 18:00 20:00 22:00 24:00 14:00 16:00 18:00 20:00 22:00 24:00
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V2 0.999866 1 0.999982 | 0.999893 1 1 0.999866 1 0.999982 | 0.999893 1 1
V3 1.000415 | 1.000449 | 1.000283 | 0.999908 1 1 1.000415 | 1.000449 | 1.000283 | 0.999908 1 1
V4 0.999481 | 1.000723 | 0.999982 | 1.000177 1 1 0.999481 | 1.000723 | 0.999982 | 1.000177 1 1
V5 0.999871 1 0.999982 | 0.999382 1 1 0.999871 1 0.999982 | 0.999382 1 1
V6 1.000367 | 0.998829 | 0.99977 | 1.000641 1 1 1.000367 | 0.998829 | 0.99977 | 1.000641 1 1
V7 0.999943 1.00015 | 1.000009 | 0.993783 | 0.999968 | 0.999978 J 0.999943 | 1.00015 | 1.000009 | 0.993783 | 0.999968 | 0.999978
V8 1.000141 | 1.000312 | 1.000097 | 0.993787 | 0.999968 | 0.999978 j 1.000141 | 1.000312 | 1.000097 | 0.993787 | 0.999968 | 0.999978
V9 1.000147 | 0.999361 | 1.000009 | 0.993578 | 1.00033 | 0.999775 | 1.000147 | 0.999361 | 1.000009 | 0.993578 | 1.00033 | 0.999775
V10 0.999944 1.00015 | 1.000009 | 0.99461 | 0.999968 | 1.00043 J 0.999944 | 1.00015 | 1.000009 | 0.99461 | 0.999968 | 1.00043
V11 0.999826 | 1.000026 | 0.999875 | 0.993594 | 0.999767 | 0.99984 | 0.999826 | 1.000026 | 0.999875 | 0.993594 | 0.999767 | 0.99984
62 -0.00025 2.84e-15 | -3.3e-05 -0.0002 2.83e-15 | 2.83e-15 ] -0.00025 | 2.84e-15 | -3.3%-5 -0.0002 2.83e-15 | 2.83e-15
63 0.003183 | 0.002828 | 0.001475 | -0.00013 | 2.84e-15 | 2.84e-15 ] 0.003183 | 0.002828 | 0.001475 | -0.00013 | 2.84e-15 | 2.84e-15
54 -0.00271 0.004556 | -3.3e-05 0.00157 2.84e-15 | 2.84e-15 | -0.00271 | 0.004556 | -3.37e-5 0.00157 2.84e-15 | 2.84e-15
65 -0.00025 2.85e-15 | -3.3e-05 | -0.00344 | 2.84e-15 | 2.84e-15 | -0.00025 | 2.85e-15 | -3.37e-5 | -0.00344 | 2.84e-15 | 2.84e-15
66 2.08e-05 -0.00738 | -0.00137 | 0.002196 | 2.84e-15 | 2.84e-15 | 2.08e-05 | -0.00738 | -0.00137 | 0.002196 | 2.84e-15 | 2.84e-15
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Figure 6-24. Active and reactive powers of PV system and parking lot in AC side.
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Figure 6-25. Active and reactive powers of BESS in AC side.
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Figure 6-26. Active power flow in DC subgrid.
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Figure 6-29. DC link voltage.

6.5 Key findings and conclusion

This chapter proposes a power flow analysis for a two-level controlled AC/DC hybrid
microgrid in both grid-connected and islanded operating modes. In grid-connected mode, the
tertiary level controller, playing energy management system role, minimizes the daily cost of
the energy purchased from the utility, leading to active and reactive power references
calculation. These scheduled power set-points are then sent to the converters’ controller
connected to the RESs and the flexible resources and are used in Newton-Raphson power flow
calculations. Local controller adopts current control mode as the primary controller to generate
and follow the power references. In islanded mode, however, tertiary level tries to minimize
the load shedding to obtain a stable and reliable load supply. To keep a stable voltage and
frequency in the AC system, the converter connected to the storage system implements P- o/Q-
V droops to generate voltage and frequency references, meanwhile tries to produce powers
close to the corresponding references. Other sources, however, remain in current control mode.
In both operation modes, interlinking converter plays the most significant role to transmit
power between two grids. The difference between DC link voltage and frequency is used as a
droop control to identify the direction of injected power so that voltage of dc link and frequency
at PCC (especially in islanded mode) are kept stable. Power flow equations are solved using
the unified NR technique sufficiently fast. Results from the optimization program are obtained
for the proposed case study and shown at bar charts. In islanded mode, it is noticeable that
some loads must be shedded since RESs and storage systems may not power them. Power flow
analysis results from simulated hybrid grid by Simulink perfectly match with those from the

NR model with a high accuracy. In addition, control schemes are simulated and results at graphs
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represent controllers precisely follows the set points came from the optimization level, and
frequency stability in islanded mode. The point is that the proposed methodology is a general
model applicable to real existing grids with diverse configurations comprising various
resources and loads. These highlights mentioned above prove the effectiveness, precision
model with a sufficient convergence speed. Power flow analysis model proposed in this chapter
could be implemented for other vital issues in power systems such as fault and cascading failure

analysis, stability, among others.
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Appendix 1

NOMENCLATURE
Indices and
Sets
t Index for time interval
n,m Index for bus in AC/DC grids
D¢ Set of buses in AC grid
N4c Set of buses in DC grid
Tout Set of hours EVs are out of the parking lot
Parameters
kL. Active power droop coefficient for interlinking converter
w/w* Operation and reference frequency [Hz]

™max / wmin
Vac

V(;rclax /V$in
Cg
Plac / Pldc

ac
l

M

PgmaX/anax

pv
I max

max
P ic

Sic/Spv
Ss/Se

s,min
P, dis

s,max
/ F dis

s,min
P, ch

s,max
/ P, ch

Upper and lower limit for frequency [Hz]

Reference voltage at DC link [V]

Upper and lower limit for DC link voltage [V]

Price of power purchased from the main grid [€]
Active power consumption in AC and DC grids [kW]
Reactive power consumption in AC grids [kVar]

Large positive constant

Upper limit for active and reactive power purchased from the main grid

[kW/kVar]

Upper limit for active power generated by PV systems [kKW]

Active power transmission capacity of the IC [kW]

Apparent power of the interlinking and the converter connected to PV

systems [kVA]

Apparent power of the converters connected to BESS and EV parking lot

[KVA]

Lower and upper limit for discharging power at BESS in AC and DC grids

[kW]

Lower and upper limit for charging power at BESS in AC and DC grids

[kW]
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P
e
pym
e
ac/ac(0)
Ugcac(0)
Emax jpmin

Egnax/Egnin

pPY /Qdis
P /s
P e
Qac/Qac
Pic/Qic
P’

sdc s,dc
dlS /P

e dc edc
dlS /P

s,ac ;ys,ac
Idis /Ich

e,ac sye,ac
Idis /Ich

Lower and upper limit for discharging power at EV lot in AC and DC
grids [kKW]

Lower and upper limit for charging power at EV lot in AC and DC grids
[kw]

Initial available energy at BESS in AC and DC grids [KWh]

Initial available energy at EV’s parking lot in AC and DC grids [kWh]
Upper and lower limit for stored energy at BESS in AC and DC grids
[kWh]

Upper and lower limit for stored energy at EV parking lot in AC and DC
grids [kwh]

Efficiency of the batteries in storage systems and EV parking lots [%]
Total number of EVs in each subgrid

Average distance of movement each EV traverses a day [Km]

Time that EVs leave parking lot

Discharge rate of EVs’ battery per Km [kW/Km]
Conductance/susceptance of the admittance matrix in AC grid

Conductance matrix in DC grid

Total price for importing power from the main grid [€]

Active power injected from the main grid [KW]

Reactive power injected from the main grid [kVar]

Active and reactive power generated by PV in AC grid [kW/kVar]
Charging/discharging active power at BESS in AC grid [kKW]
Charging/discharge active power at EV parking lot in AC grid [kKW]
Reactive power generated by BESS and EV parking lot in AC grid [kVar]
Active and reactive power transferred through the 1C [kW/kVar]

Active power generated by PV in DC grid [kW]

Charging/discharging active power at BESS in DC grid [kKW]
Charging/discharge active power at EV parking lot in DC grid [kW]
Binary variable showing charging/discharging status of BESS in AC grid
Binary variable showing charging/discharging status at EV parking lot in
AC grid
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lais Tei

Iis /1"

Iic
;c/dc/Egc/dc

Lsh

yac /ydc

P QLY

P
PY¢/Qn*
P
[Val/[Vinl
6n/6m

Binary variable showing charging/discharging status of BESS in DC grid
Binary variable showing charging/discharging status at EV parking lot in
DC grid

Binary variable showing the direction of power transferred by IC

Energy available at BESS and EV parking lot in both AC/DC grids [kKWh]
Total load shedded

Rate of load shedding in AC and DC grids

Active/reactive power consumption in islanded mode in AC grid
[kW/kVar]

Active power consumption in island mode in DC grid [kKW]
Active/reactive power injected to the nth bus in AC grid [kW/kVar]
Active power injected into the nth bus in DC grid [kW]

Voltage magnitude of the nth/mth bus [p.u.]

Phase angle of the nth/mth bus [radians]
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