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Abstract

The microgrid (MG) has been developed based on the important con-
cept of distributed generation (DG) with high penetration of renew-
able energy integrated with energy storage systems (ESSs). MGs can
operate in both grid-connected and islanding mode. Therefore, this
thesis focuses on autonomous multi-islanded entities and the seamless
reconnection to the main grid as the self-healing ability of the fu-
ture power system. The minimization of power quality issues (mainly
that of voltage, frequency, and harmonics) in such entities based on
controllers, with or without intercommunication, is also an important
part of this thesis. The future power system, with the significant pen-
etration of distributed generations (DGs), can rapidly respond to any
problem occurring within it by separating into autonomous islanded
entities to prevent the disconnection of DGs. As a result, high-quality
and continuous power is supplied to consumers. The future research
that is necessary for the realization of the future power system is

discussed.

Besides, the emergence of Distributed Generation (DG) in the elec-
tric system has brought about the appearance of the islanding phe-
nomenon. In AC networks, there are a lot of Islanding Detection
Methods (IDMs) have been studied. However, not too much IDMs in
DC networks have been published because of the absence of frequency
and reactive power. The active IDM based on injected perturbation
signal and rate of change of power output is proposed. This IDM can
detect islanding condition not only in the worst case (the power of the
load and PV are equal) but also in another case (the power of load

is greater than the power of PV). It can be applied to both single



and multi-PV operation scenarios. Also, the cancellation problem is
analyzed and the solution is proposed to solve this problem. Besides,
the effectiveness of the proposed method, the cancellation problem,

and the solution are verified by simulation in Matlab/Simulink.
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Chapter 1

Introduction

The content in this thesis relates to the analysis of power quality issues on island-
ing operation in micro-grid and islanding detection method which is proposed to
detect islanding phenomenon. The background and motivation for the research

are provided in the following sections

1.1 Outline of the thesis

The thesis includes the following chapters:

Chapter 1 Introduction: First of all, the background of the micro-grid and
islanding phenomenon are presented. Thereafter, each problem is described to

show the motivation of each research.

Chapter 2 The analysis of the technical trend in islanding operation and power
quality of islanded entities. This chapter discusses the islanding phenomenon
and subsequent actions to maintain the power supply with a high penetration of
RE. The self-controlling for DG unit and central controlling using a hierarchical
scheme are explained explicitly. The capability to operate in conventional grid-
connected mode or islanded mode and the smoothy transient between two based
on the advanced controller is pointed out. To make the smart and resilient opera-

tion of the coming power system, many research directions need to be investigated
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such as robust hierarchical controller, advanced droop control, active/reactive
power-sharing, harmonic mitigation inside the islanded entity, high-performance

ESS and its proper controller, reliable communication system, etc.

Chapter 3 Active islanding detection method in DC' grid-connected photovoltaic
system. The main contribution of this chapter is proposed IDM can detect island-
ing phenomenon in DC network faster than the others IDMs and without IDM.
Besides, it is capable of detecting not only in hardest but also another islanding

condition.

Chapter J Injected Signals Cancellation Analysis and Solution in Multi-PV
System. In this chapter, this issue was analyzed by injecting perturbation signal
in the multi-photovoltaic system. Furthermore, the promising solution to elimi-
nate injected signal cancellation was proposed in this chapter. The solution was

validated through mathematical explanations and simulation results.

Chapter 5 Conclusions and future works: summarize and conclude on the

obtained results and future works.

List of publications: lists all journals and conferences paper published during

the Ph.D. course.

1.2 Microgrid

1.2.1 Definition

In recent years, energy issues such as serious environmental pollution, the lack
of traditional energies have become significant increasingly. Therefore, using dis-
tributed energy resources (DERs) is a potential solution to solve those problems.
With the penetration of DERs increasing the concept of microgrid (MG) has
been proposed to coordinate between traditional grid and DERs and optimize
the advantages of DERs in environment, energy, and economy. The position of

MG in Power System are shown in Figurel.l.

There are some definitions of a microgrid in the world. Following the U.S.
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Total Electricity
Generation

Decentralized
Electricity
Generation

Small Scale
Decentralized
Generation

Figure 1.1: The position of MG in power system.

Department of Energy, MGs are a group of interconnected loads and distributed
energy resources within clearly defined electrical boundaries that acts as a single
controllable entity with respect to the grid and that connects and disconnects

from such grid to enable it to operate in both grid-connected or island mode.

Accordingly the CIGRE C6.22, microgrids are electricity distribution systems
containing loads and distributed energy resources, (such as distributed genera-
tors, storage devices, or controllable loads) that can be operated in a controlled,
coordinated way either while connected to the main power network or while is
landed.

From the CORDIS Europe point of view, a microgrid is defined as a series of
electrical loads, elements of generated power supply and storage elements that,
connected to the electric grid by means of a single point of connection, are all
linked through a strategy that manages both the flow of energy within the grid

as well as the interchange of power with the main supply grid.

Basically, an MG is a small-scale power grid that can operate either grid-

connected mode or autonomous (islanded mode). In the grid-connected mode,
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it has exchangeability energy between MG and utility. Besides, in the islanded
mode, it has self-controlled and self-managed. MG includes distributed genera-

tions (DGs), storage, control devices and loads.

1.2.2 Characteristics of Microgrid

MG has some characteristics as below:

(1) Independence: MG can operate in islanded mode. In autonomous
operation, MG is capable of balancing generation and load. Besides, It can keep

system voltage and frequency in defined limits with adequate controls.

(2) Flexibility: The expansion and growth rate of MGs do not need to
follow any precise forecasts. According to operation modes, MGs can operate in

different modes. Connecting to the main grid is optional.

(3) Stability: MG can operate stably during nominal operating modes and
transient events, no matter whether the larger grid is up or down (Additional

research is required).

(4) Interactivity: MGs are compatible with the main grid. They can sup-

port the main grid if it is necessary and the main grid can also supply for MGs.

(5) Expanse: MGs can grow easily by adding more DERs and loads. It is

easier than expand the traditional grid.

(6) Efficiency: The utilization of DERs optimization and manage loads by
using centralized as well as distributed MG controller is the way to make energy

management goals optimization.

(8) Economic: The utilization of DERs is the key to reduce fuel cost and

CO4 emissions.

1.2.3 Types of Microgrid

There are several types of MGs for different applications. As markets, technology,

and regulation changes, the types of MGs will continue to evolve.
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(1) Customer MGs or true MGs: They are self-governed grids, consisting
of a certain number of buildings in a limited geographical location, and always
downstream of a point of common coupling (PCC). The power quality require-

ments differ, depending on the type of customer.

(2) Utility or community MGs or milligrids: This grid mainly contains
private end-user in principally residential locations, and sometimes industrial
and commercial users as well. Such MGs can supply power to urban or rural

communities that are connected to the main grid.

(3) Virtual MGs: Virtual MGs include DERs at multiple positions and
they are coordinated such that they can be represented as a single controlled
entity. There are few virtual grids have been proposed in the literature. The
virtual grids system must be able to operate as a controlled island or coordinated

multiple islands.

(4) Island and Remote MGs: Island and Remote MGs operate as an
autonomous grid, and they usually look like microgrids. The main difference is
that in most cases there will be no connection to the main grid. These grids are

built to remain autonomous to maintain energy independence.

1.2.4 Advantages and Disadvantages of MGs

MGs benefit its customers and society in many ways.

(1) Advantages of Microgrids:

Energy efficiency.

e Minimization of overall energy consumption.
e More environmentally friendly.

e More flexible.

Less vulnerable.

More modular.
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e Improvement of energy system reliability.

Immune to issues occurring elsewhere.

Cost-efficient electricity infrastructure replacement.

MGs can be integrated into existing systems without having to interrupt
the load.

MGs allow for combined heat and power (CHP) generation.

However, there are some disadvantages of MGs.

(2) Disadvantages of Microgrids:

Voltage, frequency, and power quality should be at acceptable limits.

Requires battery tanks to store which requires space and maintenance.

Resynchronization to the utility grid is difficult.

Protection is difficult.

1.2.5 Microgrid structure

There are three types of microgrid structure as below

1.2.5.1 AC Microgrid

The structure of AC microgrid shows in Fig. 1.2. In an AC microgrid, DERs are
connected to an AC bus through power electronic devices and supply power for
the loads.
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Main Grid AC

AC
| AC Bus

AC AC
DC DC

{AC Loads}

Figure 1.2: Typical structure of an AC microgrid.

1.2.5.2 DC Microgrid

In DC microgrid, DERs and loads are connected to DC bus through power elec-
tronic devices. Besides, DC microgrid is connected to the main grid through an
inverter, as shown in Fig. 1.3. DC microgrid includes DC power sources and

loads is more economical.

Main Grid AC

DC

AC

DC DC Bus

DC DC
DC DC
l':DC Loads\,‘l i &

Figure 1.3: Typical structure of a DC microgrid.
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1.2.5.3 Hybrid AC/DC Microgrid

The hybrid AC/DC microgrid shown in Fig. 1.4 is included of an AC and DC
bus to supply both AC and DC loads. A hybrid AC/DC microgrid combines the
characteristics of both AC and DC microgrids.

Main Grid

‘ ' :
DC DC
AC AC
| | AC Bus
AC “ AC DC
be be DC Bus

l [ l

{AC Loads )
Sl . DC Loads

Figure 1.4: Typical of a Hybrid microgrid.

1.3 Islanding Phenomenon

Due to the significant penetration of DG in the power system, one severe phe-

nomenon frequently occurs in the microgrid is islanding phenomenon.

1.3.1 Definition

According to the IEEE 1547 Std (IEEE Standard for Interconnecting Distributed
Resources with Electric Power Systems), “Islanding is a condition in which a
portion of an Area EPS (Electrical Power System) is energized solely by one or
more Local EPSs through the associated PCCs (Point of Common Couplings)
while that portion of the Area EPS is electrically separated from the rest of the
Area EPS.
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1.3.2 Islanding Classification

There are two types of islanding

(.) Intentional islanding: is the purposeful sectionalization of the main
grid to create the power islands or the planned islands. The DERs of islands can
supply the load power demand of the islands until the islands reconnect the main

system.

(.) Unintentional islanding: occurs without customers intervention or

planning.

1.3.3 Islanding detection

Unintentional islanding causes many problems because it is unplanned island
such as safety concern, damage to customer’s appliances, inverter damage, delay
of restoration. For those reasons, the islanding problem must be detected by
using the islanding detection methods. Consequently, the islanding phenomenon
must be detected and cease to supply the area electrical power system within
two seconds of the formation of an island based on IEEE standard 929-2000.
According to the islanding detection methods, there are 3 types of IDMs depend

on the parameters which use to detect islanding problem.

(.) Passive method: Depend on the changes in voltage, frequency, har-
monics. This method does not give rise to power quality problems. But it has

long-time detection and large non-detection zone.

() Active method: Depend on inject disturbance in the frequency, voltage
or current signals, and then detecting whether or not the signals changes. This
method affects the system but it has some advantages such as short detection

time and small non-detection zone.

(.) Remote method: Depend on the communication signals between DERs
and substations. It has short time detection, no non-detection zone, and no affect

the system. But it is expensive and complicates.



1.3 Islanding Phenomenon

To summarize, the microgrid (MG) has been developed based on the impor-
tant concept of distributed generation (DG) with high penetration of renewable
energy integrated with energy storage systems (ESSs). In MGs, consumers form-
ing parts of the grid invested in DG can generate, store, control, and manage a
portion of the energy that they consume, resulting in a cheaper and more efficient
energy supply solution [1]. To improve power system security, the distribution
network can separate from the main power system and operate autonomously as
an island during any unusual phenomena and then reconnect to the main grid if
needed. Although the incorporation of technological advancements in digital con-
trol into modern communications has facilitated the islanding scheme, it presents
challenges related to power quality, protection, out-of-synchronism reclosure, and
carthing [2]. The IEEE standard 1547.4 enumerates the benefits of the islanded
operation of MGs: (i) improving reliability for customers, (ii) relieving electric
power system overload problems, (iii) resolving power quality issues, and (iv)
allowing for the maintenance of power system components without interrupting
service to customers [3]. Therefore, autonomous operation after islanding will
be very important in future grids with high DG penetration. Thus, advanced
DGs with “plug and play” characteristics should be integrated with distribution
systems. These DGs can operate seamlessly in grid-connected mode, islanding
mode during the transient-to-islanded mode, and islanded operation, which re-
duces the chance of a load being unnecessarily excluded from the island and per-
mits maximum flexibility of the multi-islanded system. The future power system
can robustly respond to any fault occurring within by dividing itself into several
islanded entities without stopping the DG operation. Chapter 2 will discuss such
separated multi-islanded entities and their seamless reconnection as a self-healing
ability of the future power system. Controllers with/without intercommunication
mitigate power quality problems in these entities, and, eventually, the consumers

will receive continuous power of high quality.
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1.4 Motivation of research on DC microgrid

Nowadays, energy faces some serious problems, such as it is one of the reasons
causing environmental pollution and the lack of energy when the traditional ener-
gies are going exhausted. Therefore, distributed energy resources (the wind, solar,
ocean wave, fuel-cell, etc.) and some of them are natively DC which become con-
siderably penetration in the power system as a potential solution. Distributed
Generations (DGs) have much lower energy density than fossil fuels, and so the
generators are smaller and geographically widely spread. All types of power
sources connected to the distribution system at a voltage level from 120/230 V
to 150 kV [56] are DGs, for example in Figure 1.5: PV, Wind turbine, fuel-cell,
and battery are the DGs. All DGs connect with DC bus and supply to DC loads
such as data center, electric vehicles, and other DC loads. Besides, the develop-
ment of fullness DC as storage technologies (batteries, ultra-capacitors, etc.) and
DC loads (Data centers, electronic-based office, home appliances, plug-in elec-
tric vehicles, variable speed drives, and DC electric arc furnaces) are significantly
increased [57]. In addition, DC networks in Figure 1.5 have some advantages com-
pared with AC networks: (1) Simpler system (easier integration of DC DGs to
the common bus, eliminating the need for synchronizing generators); (2) Higher
system efficiency, lower losses and voltage drops in lines because of reduction of
conversion loss by reducing inverters; (3) More efficient supply of DC loads (Data
centers, electric vehicles,electronic-based office, etc.) [58, 59, 60, 61]. For those

reasons, the DC grid has been increasing significantly in the power system.

1.4.1 Need to research on islanding phenomenon in DC

microgrid

One severe phenomenon frequently occurs in the DG grid is islanding. In Figure
1.5, when AC grid disconnects, all load are fed by only DGs, so islanding problem

occurs.

This issue causes some problems such as:
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Islanding condition

Wind Fuel Cell

Data Center

Battery

Figure 1.5: General DC system diagram.

(.) Safety: This may confuse the utility workers and expose them to hazards

such as electric shocks.

(.) Damage to load: This may cause severe damage to electrical equipment,
appliances, and devices. Some devices are more sensitive to voltage fluctuations

than others.

() Inverter confusion: Reclosing onto an active island may confuse the

operation of inverters.

(.) Delay of restoration: If the islanding phenomenon repeatedly occurs
in the power system, the restoration of the power system from the failure will be

delayed because of asynchronous closing.

Due to the absence of the frequency in the DC system, the islanding detection
methods in the DC grid are more complicated than that in AC networks. Together
with the development of DGs in the power system, DG interconnection protection
is becoming more important. In Figure 1.5, islanding problem occurs when the
AC system disconnects, DC grid will operate in islanded operation. Therefore,
islanding phenomenon becomes one important issue should be solved not only in
AC system but also in DC networks. According to the IEEE standard 929-2000,
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this network must detect the condition issue and disconnect within 2 s at maxi-
mum [62]. This standard is necessary to prevent damage to electrical equipment
and safety for maintenance staffs. Moreover, with the quick development of DC
networks including renewable energy resources, information technology, power
electronic technology, semiconductor technology and the requirement of higher
power quality, reliability, and economy, the islanding detection schemes in DC

grid increasingly become necessary.

1.5 Islanding Detection in AC and DC System

1.5.1 AC System

[slanding detection in the AC network has been studied in many published papers.
They can be classified into three groups: Passive, Active and Remote Detection

IDMs are shown in Table 1.1 [69, 70, 71, 72, 73].

Table 1.1: Islanding detection methods classification.

Islanding Detection Techniques

Passive Active Remote

Under/Over Voltage Impedance measurement Power line carrier
Under/Over Frequency Reactive power fluctuation Disconnect signal
Voltage harmonics QC-mode frequency shift SCADA

Voltage phase shift Reactive power compensation PMU

Voltage unbalance Load fluctuation Comparison of ROCOF
Total harmonic distortion Inter-harmonic injection

ROCOP Sandia frequency shift

ROCOF Sandia voltage shift

Frequency bias

A structure of the AC grid in normal and islanding condition is shown in
Figure 1.6. In normal condition, the breaker closes, RLC load is supplied by both
DG and AC grid. When the breaker opens, only DG supplies power with the

13
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RLC load grid. Assuming the resonant frequency of the RLC load is the same as
the grid frequency.

Breaker £1C@iC vEwvie)  Pra@oo
" »
PCC Pic+ Ppi.@Qac+ Qo

v

; RLC
AC - DG
@ ) Load @

Figure 1.6: AC grid in normal and islanding condition.

Mathematically, the voltage and frequency at point of common coupling (PCC)

can be represented as

V=vP-R (1.1)

f- 1
_QW\/E

where V, f, P, R, C, L are the PCC voltage, PCC frequency, active power, load

resistance, load capacitance and load inductance.

(1.2)

In normal condition, load is supplied by both AC grid and DG.

Proad = Pac + Ppa (1.3)

QrLoad = Qac + Qpc (1.4)
In islanding condition, AC grid is disconnected, only DG supplies the load.

PLoad = PDG (15)

QLoad = Cz?DG (16)

where
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P14 18 the active power of the load.

P,c is the active power supplied by the AC grid.

Pp¢ is the active DG power.

Q) Loaq 18 the reactive power of the load.
e ()¢ is the reactive power supplied by the AC grid.

e ()pg is the reactive DG power.

Based on Equations (2.1)—(1.6), when islanding occurs, due to the appearance
of the frequency, many signals will be forced to the new values. They can be used
to detect islanding condition, such as voltage magnitude, frequency, harmonic

signal, reactive power, etc.

1.5.2 DC System

The DC grid model in normal and islanding condition are shown in Figure 1.7.
When the breaker closes, the figure shows normal condition, DC load receives
power from both the DC and AC system. When islanding occurs, the breaker
opens, DC load is supplied by only the DC grid.

i A P.r'm' e R{-
Breaker Y (V)
P('(' Rm"‘"ip.rfr-
AC :
@ AC H R Lo Opc
DC

Figure 1.7: DC grid in normal and islanding condition.

In normal condition, the load is supplied by both AC and DC grid.

PLoad - Pinv + Pdc (17)
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V =+ (P + Pi) R (1.8)
In islanding condition, AC grid is disconnected is:

PLoad = Pdc (19)

V' = \/PiR (1.10)

where

e P;,.4 is the active power of DC load.

Py is the active power of DC grid.

P, is the active power supplied by AC system.

V' is the DC bus voltage in normal condition.

V" is the DC bus voltage in islanding condition.

R is the DC load resistance.

Due to Equations (1.7)—(1.10), in practical conditions, there is always unbal-
ance power because of some power mismatch between the DG and load. Before
the islanding, the power mismatch will be supplied by the main grid. After AC
grid is disconnected, the power of DC load will be compensated by the DC grid.
Different from the AC system, only the voltage signal can be used to detect is-
landing condition due to the absence of the frequency in the DC system when
the grid is disconnected. Therefore, almost IDMs in the AC grid cannot be used

to detect islanding condition in the DC system.

Consequently, chapter 3 proposes an active islanding detection method to

detect islanding phenomenon in the DC grid-connected photovoltaic system.

Besides, the injected signal cancellation caused by the proposed IDM also
analyses and a potential solution to solve this problem has been proposed in

chapter 4.
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1.6 Structure of the thesis

To this end, the remaining of the thesis is organized as follows:

The analysis of the technical trend in islanding operation and power quality

of islanded entities is represented in chapter 2

Chapter 3 presents the active islanding detection method based on injecting
perturbation signal and rate of change of output power in DC grid-connected

photovoltaic system.

Chapter 4 The cancellation problem is analyzed and the solution is proposed

to solve this problem.

The thesis ends with conclusions and future works in Chapter 5.
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Chapter 2

The analysis of the technical
trend in islanding operation and

power quality of islanded entities.

2.1 Flexible Operation of the Future Power Sys-

tem

Renewable energy (RE) has received attention worldwide due to its fantastic
advantages: it is a cheap/free fundamental fuel with no emissions. In particular,
the 2011 Fukushima nuclear disaster necessitated the use of RE to compensate
for the lack of power after shutting down Japan’s nuclear reactors and the sudden
increases in COy emissions. With the high DG penetration of the distribution
power system, cost and reliability constraints may motivate a multi-functional
power electronic interface (PEI) for DG, where a single DG unit can perform many
tasks, such as identifying and preventing potential trends, islanding detection,
synchronizing to the main grid, and black start operation. Also, it is characterized
by voltage ride-through capability, self-adaptive control, the power quality of
islanded entities, the flexibility to integrate DG by management and control, etc.
Therefore, a reliable islanding detection method and a powerful PEI of DG will

contribute to boosting the “proactive DG grids” concept.
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2.1.1 Multi-Agent System for the Energy Internet

As stated in [4], the concept of the “Energy Internet”, as in Figure 2.1, has been
recently proposed. The components of the Energy Internet consist primarily of
RE, ESSs, and other parts of generations, which are not mentioned here. The En-
ergy Internet has the ability to operate in either the grid-connected or islanded
mode. High RE penetration will inevitably change the way power flows, transi-
tioning from passive to active generation. In Figure 2.1, the Energy Internet is
isolated and cut off from the power supply due to a fault that occurred on a feeder
which resulted in the opening of solid-state transfer switch (SSTS). The isolated
entity can be reconnected with the utility once any RE is closed during the iso-
lated period running as in autonomous operation. The critical design and control
objectives of the Energy Internet during this mode are: (i) maintaining flexible
and proportional power-sharing among REs; (ii) maintaining the system’s con-
tinuous synchronization with the utility in the presence of load variations; (iii)
minimizing circulating currents between DGs; and (iv) achieving seamless energy
transitions between the Energy Internet and the utility if necessary. The conven-
tional power system uses the supervisory control and data acquisition (SCADA)
system to exchange status and control signals of components. This centralized
SCADA system was originally designed for traditional passive networks; it thus
may be inadequate to cope with complex control decisions because it lacks flexi-
bility and extensibility [5]. The designation of the controller structure used in an

“multi-agent system” (MAS) structure, wherein

Energy Internet is based on the
a different agent controls each component. The MAS helps monitor and control
the new complex power system. In the MAS, one centralized control is separated
into simpler single entities that work in collaboration pursuing assigned tasks to
achieve the overall goal of the system. It is a system based on the advantages
of the agents’ properties: flexibility, scalability, autonomy, sociality, reactivity,
proactivity, and reduced complexity. Under the control of the MAS scheme, the
power system performs demand-side management to secure critical loads, shed-
ding low-priority loads in severe cases. Various RE units and other components of
the grid communicate with the islanded entity through the IP-based local control

model (IP = Internet Protocol). The entity disconnects itself from the utility

19



2.1 Flexible Operation of the Future Power System

and operates autonomously to maintain the integrity of the system. Figure 2.1

Control

Communication

Power Flow

SSTS B¢

SSTS: Solid-State PCS PCS
Transfer Switch

Utility @4— M(I}A @ ES;

| X

| A Agent
| P: Primary ! PREA; ;
— | S: Secondary
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Figure 2.1: Architecture of the Energy Internet.

shows three different agents designed for the distributed coordinated controller,
including the upper-level coordinated control strategies, MG agent (MGA), and
the RE agents (REAs). An REA, comprising a primary REA (PREA), secondary
REA (SREA), and energy storage agents (ESAs), implements local decentralized
continuous control. The MGA executes its functions according to information
provided by all agents, and tasks are implemented by sending logic control com-
mands to the unit control agents through a master/slave communication mode.
The MGA is also called the energy router and is used to regulate the power flow
between the Energy Internet and the utility. The ESA and SREA together are
called the energy switcher, which is used to regulate the power flow within the
Energy Internet. Also, to improve the Energy Internet management, load agents
(LAs) should also be considered. The Energy Internet operates under two modes:
(i) the utility-connected mode, in which the stiff utility compensates for power
unbalance within the Energy Internet; (ii) the isolated mode, in which one of the

DGs or REs should be chosen as the control master. Advanced droop control is
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distributed to implement proportional power-sharing among DGs in the Energy
Internet as a primary control. Then, a secondary control via a centralized or dis-
tributed method is added to restore the voltage and frequency to nominal values.
The centralized control, which requires proper communication systems to realize
the control goals, sometimes presents a single point failure. In such a scenario,
the MAS acts as a kind of distributed control structure to make control decisions
for each DG according to it’s neighbors information, demonstrating its flexibility

for faster and computational efficiency.

Another approach is presented in Figure 2.2, which shows the architecture
of a MAS. The MAS comprises four types of agent, namely, a control agent, a
DER agent, an additional user agent, and a database agent. Each agent has a
unique objective and responsibility, as defined explicitly as in [6]. The principle of
agent structure is presented in Figure 2.3 [7]. According to information which is
external to the agent, the agent management creates a database, processes these
data, and then outputs a control signal to its components regarding the response

from the other agents.

An event-triggered hybrid control for the Energy Internet was proposed in [8].
In this paper, by developing a MAS-based event-triggered hybrid control scheme,
the Energy Internet could comprehensively use the RERs when encountering load
demand with high security. The MAS could be used to implement hierarchical hy-
brid control in a coordinated way based on four types of control strategies, such
as hierarchical load shedding and the hierarchical switching control of RERs,
designed as event-triggered functions (ETFs), or local switching control and dis-
tributed dynamical control, designed as constraint violation functions (CVFs),
which are completely dependent on the logical resource-grid-load-storage rela-

tionship.

2.1.2 Flexible Operation

With the general theme “Flexible islanded operation of proactive DG grids”, the
DG unit can operate seamlessly in the grid-connected mode (by current control),

islanding mode during the transient-to-islanded mode (by energy storage), and
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Figure 2.3: Agent structure.

islanded operation (by droop control) [9, 10, 11]. Autonomous operation subse-
quent to islanding will be very important in future DG grids [12, 13, 14, 15, 16, 17].
The desired PEI-DGs with “plug and play” characteristics should be integrated
into distribution systems. As a result, the whole power system can robustly re-
spond to any fault occurring within by dividing itself into several islanded entities

without stopping the DG operation. With DGs, in order to fulfill these goals,
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the PEI plays the main role in control. Power electronic equipment reacts very
quickly, which can overcome severe transient events. Thus, besides interfacing
with utility grids, PEIs have the potential to mitigate power quality problems
(such mitigation includes active filtering, voltage unbalance compensation, grid
support, and ride-through control under voltage dips, among other functions) and

carry out other duties, such as identifying and preventing potential trends.

Recent approaches focus on separated multi-islanded entities and seamless
reconnection to continuously supply power of high quality. It is not only self-
control conducted without intercommunication [18; 19]; some PEI-DGs of the
DG grid are to be managed using a central controller linked by communicated
signals [2, 20, 21]. Then, the power system operating with DG should emerge
as a convergence of electrical, information, and technological engineering. Three

operation modes of the DG grid are discussed herein, as follows:

() Grid-connected mode: To a large extent, grid-connected mode system
dynamics are fixed by the utility because of the small size of the DG units. MGs
aim to satisfy demand by local DGs. Excess or deficient active and reactive power

in an MG can be absorbed or supplied by the utility grid, respectively.

() Autonomous/islanded operation mode: The disconnected scenarios
include intentional (e.g., maintenance or detection of a permanent fault) and
unintentional disconnection (e.g., blackout due to disconnection from the utility).
In this mode, the system dynamics are depicted by its own DG units. The
power balance within the islanded entity between generation and demand must
be observed to maintain system frequency and voltage within acceptable limits
and ensure stability. Reactive power compensation and harmonic current are
shared within an islanded entity by applying droop control to DGs. The virtual
impedance method as an advanced technique is further used to reduce active
power control errors, enhance fast dynamic control during the transient, and

minimize the circulating power among controllers, as seen in Figure 2.4.

(.) Transient mode: into-islanded and back into-utility: Power bal-
ance should be provided by power storage systems, such as batteries, supercapaci-

tors, or flywheels. An intelligent bypass switch (IBS) [12] continuously supervises
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both grid-connected and islanded modes. When the IBS detects that mainte-
nance is needed or a fault is present at the utility side, the islanded entity must
be disconnected, and then a restoration process is activated to ensure high reli-
ability. The IBS can detect the main grid’s fault-free stability and synchronize
voltage amplitude, phase, and frequency, which are utilized for the reconnecting
procedure. In the event that islanded mode is forced to run for a long time, syn-
chronization of voltage, frequency, and phase between islanded entities and the
utility is implemented to seamlessly reconnect after an approximate zero-point

reclosing of smooth and soft synchronization.
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Figure 2.4: Multi-loop control droop strategy with the virtual output impedance
approach.

2.1.3 Hierarchical Control

Hierarchical control of islanded entities basically includes three main levels [12,
22]. Primary control is the droop control used to share loads between PEI-DGs
in order to adjust the islanded frequency or amplitude output voltage, as seen
in Figure 2.5 hereafter. Local controllers in DG are operated primarily for speed
and reliability. Secondary control is responsible for removing any steady-state
errors imposed by the primary control to guarantee the stabilization of voltage

and frequency for loads. It links all of the DG’s controllers to let the system
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respond consistently in wider areas. Power flow modeling of droop-controlled
distributed generation units with secondary frequency and voltage restoration
control for hierarchically controlled islanded microgrids was introduced in [23].
Tertiary control, which involves more global responsibilities, determines the im-
port or export of energy among islanded entities to compensate for voltage har-
monics in the point of common coupling (PCC) and generates synchronization
loops to transfer from islanded mode back to grid-connected mode. A simple
illustration of the three-level hierarchical control is in Figure 2.5. All DGs in the
hierarchy respond to disturbances as one set or, in the most appropriate manner,
all DGs respond to a disturbance, and there will be a speedier return to a stable
synchronous islanded operation. However, the whole control system must be re-
silient to a telecommunication delay and be robust to temporary communication
outages. The communication bandwidth chosen for the entity is a compromise
between the amount of data that is transferred along with the network infras-
tructure and the transient response that is required from the secondary control
loops. A high data bandwidth implies a fast transient response for the secondary
control loops while providing a high data transfer rate along with the network.
Since the restoration of the voltage and frequency of the MG are noncritical,

bandwidth communications of as low as 1 Hz can be used to achieve the required

functionality.
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Figure 2.5: Three-level hierarchical control strategy for the Energy Internet.
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2.1.4 Load Sharing without Communication—Droop Con-

trol

As one level of the hierarchical mechanism, droop control concepts have been
widely adopted to provide decentralized power-sharing control between DGs with-
out relying on communications. Assuming the line is mainly inductive, the P-f
and -V droop strategies provide stable active and reactive power-sharing. How-
ever, in a low-voltage distribution system, where the X /R ratio is small, especially
for transformer-less inverters that have very small output inductance, droop con-
trol is subject to real and reactive power coupling and steady-state reactive power
sharing errors. Additional compensation schemes for the traditional droop con-
trol, such as opposite droop, virtual inductance, average power control, or virtual
impedance compensation, have been proposed for accurate power control [20].
Moreover, in addition to droop control, communication can be used as a non-
critical element in a higher control layer, such as the secondary control of the
hierarchical structure, to enhance the performance of the islanded entities with-
out reducing system reliability. Therefore, each DG unit should have the ability
to exchange information with the central energy management system (EMS) to

receive the reference values through a communication link.

Although the P-f droop technique can achieve accurate real power-sharing,
voltage droop control Q- V commonly results in poor reactive power-sharing. This
is due to the mismatch in the voltage drops across the DG unit feeders, which is
induced by the mismatch in the feeder impedances (virtual output impedances of
the closed-loop voltage controller of the DG units or feeder physical impedances,
including the transformers, cables, and interface reactors, or even the variation
of droop slope kg) and even the differences in the power ratings of the units.
The time delays in communications may also significantly reduce the reactive
power-sharing accuracy, which can also be affected by lost communication [24].
A complex configuration of an entity (looped or mesh networks) will also make
reactive power-sharing more challenging and often degrade not only the voltage
but also frequency quality due to a harmonic injection. In one study aiming to

solve the reactive power-sharing problem [19], small real-reactive power coupling
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disturbances (the real and reactive power are coupled together for frequency and
voltage droop control) were injected to obtain accurate reactive power sharing
before automatically switching back to conventional droop control. This method
is effective for all types of configurations, and detailed structural information of
these entities is not needed to achieve the “plug and play” operation of DGs and

loads.

Two new problems need to be solved immediately in a cascade-type microgrid:
the synchronization and power balance of distributed generators. A f-P/@ droop
control strategy is proposed in [25] solve this problem. This proposed droop
control can achieve power balance under both resistive-inductive and resistive-
capacitive loads autonomously. It has a clear advantage in extending the scope

of application compared with the inverse power factor droop control.

2.1.4.1 Conventional Droop Control

In the grid-connected mode, the supply-demand balance of an MG is less re-
strictive since the grid behaves like a large energy reservoir for buffering any
mismatches between the power supply and load demand. The buffering effect is,
however, not available in the islanded operation mode, which requires a stricter
supply-demand balance. Also, a load-sharing function among the DGs is needed
to avoid stressing a particular DG. As a result, the control of DGs needs a decen-
tralized technique (i.e., droop control), which is tuned according to the individual
DG rating. The operation of DGs relies only on locally measured quantities and,

hence, does not require communication links [26].

Figure 2.6 shows the typical configuration of an MG which consists of a num-
ber of REs or DGs and loads. Each DG is interfaced to an MG with a power
conditioner system (PCS) consisting of an inverter, which then connects to a
common AC bus by its own feeder. A central controller monitors the status of
all components inside this MG to decide whether to operate in grid-connected
mode or islanding mode by controlling the SSTS at PCC. While in the grid-
connected mode, real and reactive power references are normally assigned by the

central controller, and conventional droop control can be used for power tracking.
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The deficient or excess power can be easily compensated for by the utility. Then,

typically, DG will generate its maximum power, and power-sharing is not a con-

cern in this mode. In the islanding mode, the total load demand must be properly

shared by the DG units within the islanded entity by applying two well-known

mechanism-based equations, as seen in Figure 2.7:

w=wy— kpP

E = Ey — koQ

(2.1)

(2.2)

where wy and E, are the nominal values of DG angular frequency and DG

voltage magnitude; P and () are the measured real and reactive powers; kp and

k¢ are the real and reactive power droop slopes.
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Figure 2.7: Conventional droop control.

2.1.4.2 Advanced Droop Control

Since conventional droop control faces several drawbacks in term of sharing accu-
racy, improved droop techniques have been proposed by many papers, year after
year. In [18], a three-layer control scheme was proposed for inverters operating
in parallel without intercommunication. In [7], the droop control method is pro-
posed as a good solution to the outer loop power controller in an MG. However,
the method itself is not suitable for the upcoming flexible MG. The inner loop
controller (PI controller, robust controller, prescribed performance) ensures that
frequency and voltage deviations are regulated robustly toward zero after every
change in load or generation inside the MG. When nonlinear loads exist, besides
balancing active and reactive power, controlling that load sharing is a challenge.
Thus, harmonic-current-sharing techniques have been proposed recently to avoid
the circulating distortion power that occurs when sharing nonlinear loads. Novel
control loops that adjust the output impedance of the units by adding output
virtual reactors or resistors have been included in the droop method with the
purpose of sharing the harmonic-current content properly [1]. Further, by us-
ing the droop method, power-sharing is affected by the output impedance of the
units and the line impedances. Hence, these virtual output-impedance loops can
also solve this problem. In this sense, the output impedance can be seen as an-
other control variable [1]. In case of paralleling DC power converters, the droop
method consists of subtracting a proportional part of the output current from the

output voltage reference of each module. Thus, a virtual output resistance can
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be implemented through this control loop. This loop, also called the adaptive
voltage position, has been applied to improve the transient response of the volt-
age regulation modules in low-voltage high-current applications. In addition, the
droop method has an inherent trade-off between voltage regulation and current
sharing between the converters. To cope with this problem, an external control
loop, named secondary control, has been proposed to restore the nominal values
of the voltage inside the MG. Further, additional tertiary control can be used to
bidirectionally control the power flow when the MG is connected to a stiff utility
(in the case of AC MGs) [1].

2.1.5 Intelligent Controlled Islanding Scheme

During stressed conditions of power systems, such as peak load periods, a fault
can cause cascading problems that lead to grid collapse. To prevent a black-
out, a power system can be intentionally split into separated self-healing islanded
entities that await a reconnection condition. However, to establish an effective
islanding scheme, many obstacles need to be overcome. Islanding locations, time
of disconnection, and the moment to reclose based on the network’s operating
topology or local relays are determined coordinately. The aim is to stabilize each
islanding at the highest power balance, considering generator coherency. This
configuration, where the number of islanding entities is known ahead of time,
could facilitate autonomous operation within each entity. In a study by [27],
one islanding execution algorithm and topology was performed. The procedure
for determining the time of islanding is performed at three different points: of-
fline, online, and in real-time. The number of stable islands with appropriate
security levels is pre-determined by monitoring the dominant inter-area oscilla-
tions between the initial groups (IGs), as depicted in Figure 2.8. For the MAS,
to exchange information and to coordinate control, the entities are connected
tightly in a cyber-communication network [28]. In the autonomous operation
mode, each entity operates independently by controlling DGs, ESSs, and loads
for economic and self-adequate objectives. Ideally, no information exchange or
power flow exchange is needed among MGs. When a fault occurs in an entity, it

receives power support from another entity in the self-healing mode. There are
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Figure 2.8: Determined initial groups (IGs) and islands boundaries in advance.

two layers in the cyber-communication and control network. The lower layer is in
the entities to control DGs, ESSs, and loads locally, while the upper layer commu-
nicates with neighboring counterparts by broadcasting its power support request
or response to other requests to obtain actual aggregated support until the fault
is cleared to achieve overall reliability. Figure 2.9 shows autonomous networked
MGs. The network consists of both strong cyber-links for communication and
physical connections via a common point for power exchange. The connection

could be a DC line to separate each MG completely.
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Figure 2.9: Concept of networked MGs.

2.1.6 Role of ESS in Islanded Entities

Technically, controlling autonomous islanded entities is complicated. Due to its
small physical inertia, even a small interruption, such as the output power fluc-
tuations of photovoltaics (PVs) or wind turbines (WTs) and switching in/out
of loads, may lead to voltage and frequency problems or MG instability. With
the crucial presence of an ESS, the frequency and voltage of an entity can be
maintained stably through an appropriate ESS controller by flexibly releasing or
absorbing active/reactive power. For a small entity, one ESS as a constant volt-
age/frequency source can manage MG operation. With the larger entity, where
many ESSs exist, coordinated control is relatively complex. Droop control for
an ESS has been considered a solution in recent studies. The voltage angle and
amplitude of each ESS are regulated according to their output active and reactive
power, respectively. Therefore, the active/reactive power can be shared according

to a preset droop coefficient among the parallel ESSs. Unfortunately, since the
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real and reactive power coupling among ESSs is due to a predominant resistive
MG, the control scheme is more difficult. As mentioned, advanced virtual output
impedance methods could enhance load sharing, but it reduces the control band-
width, resulting in deterioration of the system dynamic stability. Also, combining
the traditional V/f droop control (VFDC) with P/@Q droop control (PQDC) to
prevent the interference of line impedance uncertainty could enhance current shar-
ing among ESSs and system dynamic stability. An energy management system
combined with hierarchical control based on smart communication for droop gain
optimization also can be used to improve the quality of voltage/frequency with
secondary and even tertiary control. However, the dependence on communication

will lead to another problem, such as increased cost and decreased reliability [63].

DC MGs have recently drawn great attention for applications such as building
electrical systems, data centers, and plug-in hybrid electric vehicles, due to their
higher efficiency than AC MGs, their flexible control capability, and the conve-
nience of integrating DC resources and loads. A schematic of a DC MG with
the integration of RESs, battery energy storage systems (BESSs), and loads is
shown in Figure 2.10. During autonomous operation, an ESS unit is also utilized
in a DC entity to compensate for the power fluctuation between power genera-
tion and consumption. Bidirectional DC/DC converters are used to control the
output of battery banks. RESs, including solar PV and wind turbine generators,
are integrated through DC/DC and AC/DC converters, respectively. RES con-
verters normally operate in a maximum power point tracking (MPPT) mode to
harvest maximum renewable sources. A bidirectional DC/AC converter as a link
converter is used to interlink the utility with the DC bus. A contactor at the DC
side can be installed between the link converter and the DC entity to control their
connection. A contactor is an electrically controlled switch used for switching an
electrical power circuit, similar to a relay except with higher current ratings. The
functionality and control method of the contactor is similar to that of an SSTS
at the AC side in conventional AC entities. The contactor is closed in the grid-
connected state and opened during islanded operation in case of a utility grid
fault. The linked DC/AC converter monitors the AC-side power quality (voltage

magnitude, frequency, phase unbalance) to enhance the system’s response speed.
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In an islanded DC entity, a coordinated energy management strategy, such
as hierarchical control, should be used for power balance to prevent the ESS
from overcharging and over-discharging. The state of charge (SOC) of an ESS
is therefore monitored. Depending on different SOC scenarios, the coordinated
operation of a DC islanded entity is achieved by managing all power flow from
RESs, ESSs, and loads. The hierarchical structure is responsible for this coordi-
nated control based on a reliable communication link. Under hierarchical control,
the lower control level receives commands from the higher control level to take
action. The secondary controller regulates the bus voltage at the nominal value.
The central controller makes decisions based on the SOC condition of the ESS
units collected from the primary level and then sends control mode signals to the
other units. When one ESS is not fully charged, it is operated at the maximum
power point (MPP) to utilize renewable energy effectively. On the other hands,
the controller limits the input power of an ESS unit when it is fully charged.
Simultaneously, RES units reduce their power output. When an ESS discharges
during high power consumption, RES units should operate at MPP. In cases
where it is unavoidable, noncritical load shedding can be conducted when power

consumption is too high [30].

In the islanded mode, ESS units operate in voltage regulation mode and a
linked DC/AC converter operates in the idle mode. In term of the return-to-utility
state, the voltage quality of the utility is first checked at the central controller to
ensure the disturbance has been cleared. When it has met the criteria, the signal
for disturbance clearance is sent to the central controller through the SCADA.
The link converter is activated to regulate the DC-side output voltage. It is
checked again until the parameters are satisfactory. The voltage difference across

the contactor should be minimized before the contactor is closed.
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Figure 2.10: Schematic of a DC MG.

2.2 Future Perspective of Power Systems with
High DG Penetration

Recent smart MGs are run based on small WT and PV sources, ESSs, and dis-
tributed loads which are connected to the PCC of the utility through the intelli-
gent bypass switch (IBS) or the conventional SSTS. The overall system consists
of a number of REs that require power electronic inverters. Because of the high
penetration of REs, the integrated power system with a complicated physical con-
nection and multi-layer cyber-link might easily suffer cascading outages. Faults
may have conventional causes, such as a short circuit, lightning, or huge load
changes; faults may also have unconventional causes, such as a natural disaster
or terrorist attack. Some recent research efforts with advanced technologies are
trying the address these problems: load forecasts to adjust the power balance
during the day is a key power-saving solution which enables smart power com-

munities [16]; a distribution network with residential DG units should be actively
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made more flexible and dynamic where bidirectional power flow occurs, as new
reconfigurations could be frequently observed [17]; a networked communication,
computation, and sensing system facilitates all robust controllers to make the
grid more secure, efficient, and reliable by quickly responding to any abnormal

phenomenon based on adaptive self-healing and self-organizing mechanisms [13].

To build a robust power system with high RE penetration, the main idea is
to connect many reliable MGs to the main grid or interconnect them through tie
lines, thus forming MG clusters. This can make the control bulk system simpler,
similar to the scheme in Figure 2.9. Each cluster is defined clearly, and the data
of that cluster are sufficient and compensated whenever any new components,
such as DGs or loads, are installed. The maximum number of elements within
one cluster should be determined for easily handling tasks. In the distribution
grid, to guarantee that the voltage of terminal loads is within limits, the number
of elements from the substation cannot be too high. The conventional power
system will be divided into many clusters. If a DC tie link cannot be made, the
substation can be considered the common coupling point of one cluster. In the
future grid, with more smart elements and sensitive load increases, cyber-attacks
will increase, and the switch of elements will frequently occur. Also, the current
configuration of the power distribution system can lead to a cascade fault and
blackout. A fundamental MG can be defined as a part of the grid consisting
of prime energy movers, power electronics converters, distributed energy storage
systems, and local loads. MGs should be able to operate autonomously but
also interact with the main grid. The seamless transfer from the grid-connected
mode to islanded mode is also a desirable feature. A sequence for the seamless
transfer has been described and implemented [31, 32]. These tie DC lines will
act as interchange energy channels to balance the energy required by each MG;
thus, the power flow of these lines will be further reduced. The clear operation
of all elements of all grids could facilitate the flexible and reliable operation of
the power system. Moreover, MGs represents a new paradigm of low-voltage
distribution systems, since the generation is not only based on small generation
machines but also on small prime movers, such as PVs, small wind turbines, or

fuel cells, that require power electronic interfaces, such as AC/AC or DC/AC
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inverters. These power electronic devices act very quickly and have full control
of the transient response. However, in contrast with the generation machines,
power electronics do not have inherent inertia that ensures the stability of the
system and the steady-state synchronization of each unit. To compensate for this
disadvantage, virtual inertias are often implemented through a control loop—the
droop method. This method consists of reducing the frequency and the amplitude
of the inverter output voltage proportionally to the active and reactive power.
Voltage and frequency droop control has become disseminated and is regarded
as a potential method [33, 34, 35] Thus, MGs will be able to maintain an active

and reactive power balance, as well as avoid voltage collapses.

Advancing toward a secured power system since the integration of renew-
able energies, reconfigured power systems require future research on: (i) resilient
controllers for a stronger and smarter grid by means of complex dynamical sys-
tems, forecasting uncertainty, and consideration of the environment, markets,
policy [16]; (ii) technologies for sensing and monitoring, leading to improved data
management, reliable communications, data analysis, state estimation, and visu-
alization, eventually leading to systems with faster automation and self-healing
through an accurate time response. Even in the case of faults leading to the
islanding phenomenon, in order to improve power supply continuity, the authors
in [2] studied a suitable island management system by allowing active or passive
islanding transition with intelligent control: island detection, identification, frag-
mentation to operate simultaneously, synchronous merging, and return-to-mains,
as seen in Figure 2.11. This well-equipped smart grid (by costly investigation) is

a requisite to realizing this excellent performance.

(.) Island Detection/Identification: The fault should be detected imme-
diately, i.e., within 2 s according to the IEEE 1547 standard, to facilitate islanded
operation to allow, for example, sufficient time to acquire data from the power
system to make a decision before returning to DGs. The system management,
therefore, should understand completely all components which identify the DGs
in each intentionally islanded entity and then initiate an appropriate coordinated

control strategy, resulting in load sharing within these island entities.

37



2.2 Future Perspective of Power Systems with High DG Penetration

(.) Island Fragmentation and DG Isolation: In order to ensure power
supply continuity, some smaller island entities could be established after the fault.
Since there are different configurations for each DG type, islanding protection may
isolate the DG from entities, and the unbalanced power in such a case can cause
frequency and phase deviations. The other DGs which stay connected should
perform full frequency and phase control to compensate for power losses and any

load disturbances.

() Return-to-Utility and Island Merging: The smaller islanding entities
might be merged to become a bigger one, and then the whole islanded area
could reconnect to the utility. To identify a suitable moment to take this action,
the energy management system should monitor all the circuit breakers inside
the entities and the SSTS status based on the phase angles of the voltages of
individual DGs. This task is important to recover the normal operation of the

power system, although the islanded operation can last for a long time.

Normally, strategies for identifying and splitting the network into stable and
maintainable islanded entities largely rely on prior knowledge of the systems
status, such as the matched load and generation in each entity, whether coherency
is tight or slow among DGs, and the level of intelligence and flexibility of the
MGs. In such a black start operation, frequency and voltage stability, active and
reactive power flow control, active power filter capabilities, and storage energy

management are the functionalities expected for eligible islanded entities [12].

Because of the high penetration of RE with intermittent fundamental input
energy and variable power outputs, consideration must be given to the ability of
controllers to maintain frequency and voltage within limits; this is especially im-
portant for frequency variation, which is particularly restricted in the synchronous
islanded operation mode. In Figure 2.12, after the island fragmentation transient,
the gas-wind island can be held within. When island merging occurs with the
faster-responding diesel engine, control is improved and phase can be moderated.
Therefore, faster-responding DG is beneficial. Additional phase control support
for the island could be provided by other types of renewable technology, such as
doubly-fed induction generators (DFIGs) for the fast response of storage in the

38



2.2 Future Perspective of Power Systems with High DG Penetration

AT nchronous

1&’ :”e“‘“‘ torseng
h e ; nternet
Close Energy nbernst (1 entities

Utility and m DGs)
merge
detect
é % Energy
S Energy Internet ] Internet
Open (unknown) : " (1 entities
5 identified and m DGs)
Utility

Figure 2.11: Islanding state transitions.

converter, energy storage with high-performance batteries, or a flywheel which

can quickly balance a load—generation mismatch, and a load management system.

60
4 Island | plsland control Island Island o
3 ,.segmentf improved Unify trol onnect
Z 30 —Coniro to Utility Connect
8 improved to Utility
@ Detected
R3] 0 —
&=
%-30
= —Gas-wind
A Diesel
-60
0.8
- —Gas —Diesel
20.7 —Wind
&
50.6
S —
o
20.4 \”\ANWNVW\A
0.3
50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
Time (s)

Figure 2.12: Mechanism of Island segmentation, unifying, and connect to utility.

39



2.2 Future Perspective of Power Systems with High DG Penetration

2.2.1 Improved Functions to Flexible Grids

In order to adapt to high-penetration RE power system, the following improve-

ments to the conventional MG are fundamental:

() Reliable islanding detection; (.) Accurate grid impedance estimation
to facilitate droop control; (.) Improvement in the transient response of each
component itself as well as the entire collaborative controller of MG; (.) Effective
utilization of virtual impedance to share active/reactive power and harmonic
components; (.) Improvement in adaptive droop control laws to increase the
interactivity of the system; (.) Hierarchical controls applied smoothly to improve
self-healing ability; (.) Enhanced voltage ride-through and power quality in
the PCC regulated by DG units; (.) Consider black start operation of each
islanded entity to facilitate synchronous multi-islanded operation; (.) More high-

performance energy management support of ESSs.

These features will impart MGs with more intelligence and flexibility to inte-

grate RE resources into the future smart grid.

2.2.2 Communication System

The modern communication network is more critical to the power system opera-
tion. It is expected to be secure, robust, scalable, and reliable, making it resilient
to failures. The reconfigured grid has a two-way flow, not only of electricity
but also information, leading to an automated power network. The messages ex-
changed through the communication networks consist of either information about
the status of the grid or commands that enable status changes in the configura-
tion of the network. Information and communication technology (ICT), Internet
of Things (IoT), and Artificial Intelligence (AI) will thus play a major role in
realizing modern power grids [17]. The communication mechanism can use power
line signaling, smart meter technologies, or other commercial infrastructures (e.g.,
satellite, telephone, wireless, power line carrier, fiber optics, or microwaves based

on LAN or WAN) [19]. Sensors need to be deployed in large numbers among
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MGs in order to efficiently monitor MG conditions, such as faults at the trans-
formers, the status of the breakers, power flow magnitude, and flow directions in

distribution lines.

In the multi-islanded operation, all entities are connected physically by inter-
connecting tie links and communicatively based on the high-bandwidth commu-
nication link. New communication protocols provide new functionalities, such as
data routing, broadcasting, multicasting, and so on. In the paper by [14], relia-
bility communication is stated to have several facets: (i) probability that a given
message will be lost entirely; (i) use of redundant communication paths; (iii)
automatic failure to protect against message loss; (iv) the expected time delay in
delivering a message and the expected variability of that time delay; and (v) how
competing messages may (or may not) be given priority when communication

channels are saturated, known as quality of service.

When all information of the power system is stored online by IoT, protecting
personal information related to utility customers and information about the util-
ity itself is important. Since customer-level information is typically not very time-
critical, slower and more computationally intensive mechanisms can typically be
used to secure this information. A relatively critical protection requirement is
placed on confidential information and the commands used to monitor and con-
trol the power system. To implement the best security, all the details of the
security system should be published and well known, but the keys should be kept
a secret, where only the owner or another authorized party has the key. Applying
a layered protection approach, with multiple levels of firewalls and “demilitarized

zones”, requires more secure corporative firewall data.
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2.3 Hierarchical Control and Seamless Mode Trans-

fer
2.3.1 Seamless Mode Transfer

As mentioned previously, the hierarchical control which has long been applied
to the AC power system can now be applied to energy management systems
effectively operating in PEI-based MGs to facilitate seamless transfer between the
grid-connected mode and islanded mode [1]. The hierarchical control structure of
a current-controlled DG interface employs a power-sharing control loop, voltage
control loop, and current control loop, as shown in Figure 2.13 [22]. In the
grid-connected mode, the reference voltage vector is generated to control the DG
interface as a PQ bus or a PV bus. In the islanding transition and isolated
modes, the autonomous power-sharing controller generates a reference current
vector. In each mode, a robust voltage controller with internal model dynamics
against random, harmonic, and unbalanced voltage disturbances is designed to
reject a wide range of voltage disturbances associated with these modes (e.g.,
harmonic, unbalanced, and random voltage disturbances). These controllers can
be designed to either adapt to any mode based on sensors or are switched when

detecting a transfer between modes.

(.) In grid-connected mode, the MG operates according to a standard, such
as IEEE 1547-2003, UL 1541, or P1547.4.

() The transition to the islanded mode occurs intentionally (e.g., mainte-
nance) or unintentionally (e.g., faults). This mode is facilitated by fault moni-

toring, predictive maintenance, and protection.

(.) In the islanded mode, entities must supply the required active and reactive
powers, as well as provide frequency stability and operate within the specified

voltage ranges.

() Reconnection of the islanded entities to the utility will proceed as soon
as the synchronization operation is made (matching the voltage, frequency, and

phase angle between islanded entities and utility).
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During the transient-to-islanded mode, the switching effect will impose volt-
age disturbances and a power angle on the output voltage of DG units, leading to
the instability of power-sharing dynamics. This happens in conventional power
controllers due to their lack of transient damping to react to large swings and is
a large-signal stability problem. For a smooth transition, a possible countermea-
sure is adaptive transient droop control, which simultaneously facilitates a stable
and reliable DG operation in both the grid-connected mode and autonomous

operation.

Utility
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Control | | Control | | Control
| Synchronization | | Islanding Detection |

A A

/Sensor/ /(.‘.ontro/ /I\-‘Ianagemont/

Figure 2.13: A hierarchical control structure of a current-controlled DG interface.

Two categories can be distinguished to achieve seamless transitions. (i) The first
category employs primary control loops implemented in the inverters, which make
use of complex inverter topologies or control algorithms to complete the transi-
tions. (ii) The second category uses a hierarchical architecture, as explained for
MGs.

(\) A study by [36] combined a single-phase MG composed of voltage-
controlled voltage source inverters (VC-VSIs) (for batteries and other energy
storage technologies) and current-controlled voltage source inverters (CC-VSIs)
(for renewable energy sources, such as PVs and micro wind turbines, to maximize
power output), which worked together in both operation modes. The primary
control structures for VC-VSIs and CC-VSIs were considered together with sec-

ondary control loops, which are used to synchronize the MG, as a single unit
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to the utility, rather than considering each unit separately. The integration of
CC-VSIs into the MGs enables fault ride-through capabilities for these inverters
which can continue to generate power for the MG, even during islanded operation;
this MG can then seamlessly disconnect from the grid and operate autonomously,

forming an island entity.

(.) If the energy sources are RE, one of the VC-VSIs should also ideally
include an ESS due to the intermittency of the power input. In such cases, an
additional loop integrated into the primary control loops of the inverters monitors
the state of charge for the ESS, MPPT for the PV and micro-WTs, etc. The pri-
mary control implemented in the VC-VSIs enables operation in the islanded mode
or grid-connected mode through the use of the droop control technique and is-
landing detection algorithms. Secondary control loops optimizing MG operation
are used to minimize the reactive power flows between these inverters and achieve
reactive power-sharing between the inverters in the islanded mode while also pro-
viding voltage and frequency restoration. The tertiary control layer considers the
interaction between multiple MGs universally and the regulation of power flows

across these MGs.

After faults, the aim is to transition from the islanded mode to the grid-

connected mode, which requires a synchronous operation.

(.) Because of the appearance of different DGs and ESSs with power elec-
tronic components, the synchronization operation of an islanded entity is a rapid
dynamic response with small inertia and low overload capability [65]. It is dif-
ferent from the quasi-synchronism control in power systems based on a regular
rotating machine. In most existing work, MGs and utilities under ideal conditions
(balance and no harmonics) are always considered when applying synchronization
techniques and seamless reconnection to the utility. The controllers thus relates
only to the synchronization control topology of basic positive series components.
To achieve this control (control action), some methods enforce voltage at the link-
feeder to directly track the utility voltage, which is rarely realizable due to the
geographical location of DGs because they need to send a rapid communications
signal in the time-domain, such as phase angles. Alternatively, a unified con-

troller, which includes amplitude and phase compensators that control the local
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controllers of DG units, can be used. Thus, the droop curves can shift up/down
at the same time in order to synchronize the islanded entities’ voltage with the

utility.

(.) Due to the low short-circuit ratio and limited capacity, in the islanded
mode, PEI-based entities with no support from the stiff utility are sensitive to
the problems of voltage, frequency, and harmonic. In conventional power sys-
tems, the voltage distortion (e.g., total harmonic distortion (THD) < 5% and
unbalance factor (UF) < 2%) [38] is hard to emphasize in the synchronization
process enough to make the reconnection process destabilized. Therefore, under
non-ideal voltages, this process should also account for the synchronization of
negative-sequence and low-order harmonic ingredients. The secondary control
level of the hierarchical control composition of islanded entities executes algo-
rithms of both positive and negative components. As discussed above, to operate
VSCs, two types of control strategies can be used. With CCVSC units, CC-VSCs
will be synchronized with the utility by the local PLL. Therefore, the transition
from island to grid-connected modes is not a significant issue. Besides, in islanded
mode, DGs usually use VCVSC units to support voltage and supply power bal-

alnce.

() A distributed active synchronization algorithm can be applied for a
smooth reconnection despite non-ideal voltages. All the DGs, ESSs, and loads
decide the frequency and voltage of the islanded entities. Hence, synchronization
control by using the secondary control level in the hierarchical control of control-
lable DGs is necessary to guarantee the stabilization of voltage/frequency and
harmonics suppression of both islanded entities and the utility in the allowable
range, according to any standard, before closing the SSTS. For example, for the
voltage harmonics limitation in IEEE Standard 519-2014, individual harmonic
distortion (IHD) < 3%, THD < 5%, and UF < 2%. Different harmonic compo-
nents should be considered according to the specific application. For instance,
all odd harmonic ingredients (1-13) should be considered in general cases (lin-
ear/nonlinear balanced/unbalanced loads). To achieve a smooth reconnection,
the minimization of basic and harmonic voltage differences between islanded en-

tities and the utility is a potential and effective solution.
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2.3.2 Hierarchical Coordination of AC and DC MGs

Due to the increase of DC sources in terms of renewable energy, DC ESSs, super-
capacitor modules, or hydrolyzers and DC loads by means of PEIs among AC
power systems, interest is rapidly growing in hybrid AC/DC MGs that combine
both AC and DC systems coordinately to control the power flow between DC and
AC parts. In this MG, the bidirectional interlinking converter that interfaces the
DC subgrid to the AC subgrid plays a critical role. This converter links neigh-
bor entities to form multi-MGs for power, supporting or enhancing the economic
performance of the whole grid. Each cluster can manage its own frequency and
voltage as an autonomous entity[39]. The overall control of a DC MG needs
more research attention [1]. Studies on the topologies, architectures, planning,
and configurations of MGs integrating different technologies—power electronics,
telecommunications, generation, and ESSs—are necessary for ensuring a smooth
transition between grid-connected and islanded modes. Compared with hierar-
chical control for large power systems with high inertia and inductive networks,
in PEI-based MGs, there is no inertia, and the nature of the networks is mainly
resistive. Contrary to that previously mentioned, in the control of a DC MG,
a zero-layer of a zero-to-three level hierarchical controller has been adopted and

organized, according to the literature, as follows.

() Level 0 (inner control loops): current and voltage, feedback and feed-
forward, and linear and nonlinear control loops of each module can be performed
to regulate the output voltage and to control the current while keeping the system
stable.

(.) Level 1 (primary control): the droop control method is used to emulate
physical behaviors that make the system stable and more damped. A resistive

virtual output impedance loop is included that integrates the soft-start approach.

() Level 2 (secondary control): maintains the normal values of frequency
and voltage amplitude inside the DC entity by the virtual inertia and output
virtual impedance, which is related to the other control loops, such as inner
current, voltage loops, and the droop control, in order to run a synchronization

operation for seamlessly reconnecting to the utility.
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(.) Level 3 (tertiary control): controls the power flow among DC or AC

entities and utilities.

Figure 2.14 shows the primary, secondary, and tertiary controls of a DC MG.
Once the DC MG is connected to the DC source, the power flow can be controlled
by changing the voltage inside the DC MG. By measuring the current iG (or the
power) through the SSTS, it can be compared with the desired positive or negative

current (i*G) (or power), depending on whether energy is imported or exported.
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Figure 2.14: Primary and secondary controls of a DC MG.

In Figure 2.15 is a multi-MG cluster which, in a universal view, constitutes
a proactive DG grid regardless of whether it is a DC or AC configuration. Each
MG has its own hierarchical controller. Communication among MGs uses hierar-
chical controllers. The tertiary control of a cluster can provide high-level inertia
to interconnect more MGs and fix the active and reactive power to be provided
by this cluster, or it can act as the primary control to interconnect more clusters.
The secondary control sends all references to each cluster of MGs to restore the
frequency and amplitude. As a result, we can scale the control hierarchy as nec-
essary. Using this approach, the system becomes more flexible and expandable,
and, consequently, it can integrate increasingly more MGs, without changing the

local hierarchical control system associated with each MG.

47



2.3 Hierarchical Control and Seamless Mode Transfer

Tertiary Proactive DG-grid Grid
Secondary Proactive DG-grid «

.........................................................................

Primary Proactive DG-grid ~ :

Tertiary Cluster : :
----- Sl I B

Secondary Cluster

P

. Ve .

Primary Clustery l PCCl1 : chcz
Temary - |< ............. C D Terﬁary - » F ............. C D

Secondary DG

Secondary DG :

Cluster

Cluster n

Figure 2.15: Clusters of multiple MGs forming a smart grid (SG) configuration.

2.3.3 Synchronous Operation for Reconnection

After a fault is cleared, an islanded entity is normally required to change its oper-
ational mode to grid-connected by reconnecting to the utility after synchronizing
its operation. Contrary to a single machine using a synchronizer (phase angle,
slip frequency, and voltage difference), the synchronization of islanded entities
operating with many active components (such as REs, ESSs, and conventional
generators) needs to be controlled in a coordinated way. This complicated scheme
utilizes various PEI-based DGs, as well as the collaboration of alternator-based
generators, which determines the frequency and voltage of entities. The common
synchronization method, which waits for the fulfillment of synchronizing criteria
while maintaining the entitys frequency and voltage at fixed values, does not al-
ways yield consistent results. For example, it takes a very long time until the

phase difference matches the criteria. Also, an important factor in measuring
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the synchronizing criteria is the estimation of the phase and frequency during
non-ideal conditions. During synchronous operation, since the entity operates as
an independent system, fast and robust voltage and frequency control must be
provided even under harmonics, unbalanced loads, and noise [40]. Recently, most
control strategies have been droop-based methods and/or master/slave control
methods. DG units can be classified in power-controlled and voltage-controlled
units. In the islanded mode, to maintain the voltage and frequency within the
acceptable limits, at least one of the DG units is required to operate by a voltage-
controlled mechanism. In droop-based methods, all DG units are involved in
regulating the voltage and frequency of islanded entities. In the master/slave
method, a DG unit with the highest power rating is responsible for regulating
the voltage and frequency, as the master unit and the other slave units produce
pre-specified amounts of active and reactive power. Master/slave control schemes

are found to be both costly and unreliable [41].

In islanded entities, controllable energy sources consider the battery energy
storage system (BESS) and diesel generators while REs, including PV, WTs, fuel
cell, etc., are regarded as uncontrollable due to intermittent input energy. If an
islanded entity has no rotational DG, the smart PCS of a PV or WT system will
manage the frequency and voltage. The fuel cell generator, which needs a long
time to change its output, is responsible for the lowest frequency band using a
low-pass filter. The diesel generator takes charge of the middle-frequency band
using a bandpass filter. The BESS, which has the fastest response, should control
the higher frequency band. In another scheme, diesel generators with a larger
capacity (50 kW) are used for the lowest band, and smaller diesel generators (20
kW) take charge of the middle frequency bands.

To facilitate a synchronous operation, the SSTS connecting the utility and an
islanded entity normally use an intelligent electronic device (IED). The IED com-
pares the criteria parameters of two sides for synchronizing criteria and switching
the SSTS. It senses and compares the magnitude, frequency, and phase of the
voltage of both sides during parallel operation to determine the synchronizing
criteria. Signals can be measured by using a reference frame (fixed or rotating)

transformation-based method under balanced or even unbalanced conditions [21].
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In the islanded mode, the BESS acts as one of several controllers for frequency
and voltage control. Unlike the grid-connected mode, the BESS does not strictly
follow the reference values but uses the droop strategy [20]. A number of feedback
signals, such as the voltage, current, frequency, and power, must be measured or
calculated to support the BESS controller. During autonomous operation, many
inverter-based DGs adopt the droop strategy for stable power-sharing. Determin-
ing precisely the components of unintentional entities in this mode is important
for a central controller. That controller is used for active synchronizing control
through the communication network. At first, it decides on the system’s opera-
tional mode according to the SSTS connection status sensed by the IED. Then, it
sends the operational command to every controllable DG to control the frequency
and voltage of the synchronized entity. In this mode, the REs operate with MPP
tracking to maximize generation efficiency. Not only is it uncontrollable, but it
also acts as a disturbance in the maintenance of the stable voltage and frequency

of the islanded entity.

The primary objective of active synchronizing control is to minimize the dif-
ference between these signals to satisfy the synchronizing criteria by manipulating
output set-points of controllable DGs (weighted with the weight factors). The
reclosing decision is made within a predetermined limit, which is irrespective of
the exact moment of zero-crossing difference, as seen in Figure 2.16 Reclosing

outside of the limit results in a big bump between two voltages.

Phase-angle
difference

Reclosing time
Current Phase-
angle difference

X Pridicted Phase-
angle difference

Phase-angle
difference limit

Figure 2.16: Phase angle difference estimation.
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2.4 Voltage and Frequency Quality during Is-
landed Operation

2.4.1 Enhancing Voltage/Frequency Quality in Various Modes
Using ESS

In the grid-connected operation, all DGs and ESSs are in the PQ control mode,
where the MMS provides the output active and reactive power set-point via the
d-and g-axis current commands. MGs have been typically regarded as a resistive
or inductive systems in previous studies [1, 42, 43, 44, 45, 46, 47]. The different
droop control strategies are applied depending on different system types. In is-
landed operation, the upper grid controller regulates the frequency and the volt-
age of the entity and also outputs the d-and g-axis current commands. During this
mode, the power balance between supply and demand does not match, leading to
voltage/frequency fluctuation. Then, the power balance is ensured by decreasing
the generation or by load shedding to avoid a blackout. The frequency/voltage
control of the islanded entity is not straightforward. For an entity which is com-
posed only of RE units and conventional power units (the diesel generator, gas
engine, and micro-turbine), it is hard to ensure good dynamic performance: due
to relatively slow response time and intermittent power outputs, it is not possible
to guarantee the power demands. Meanwhile, conventional systems are limited
by their insufficient dynamic performance for load tracking. In particular, the
local frequency of the islanded entities may change rapidly due to the low inertia
of the entire system. To overcome these limitations, the introduction of an ESS is
considered an effective solution to ensure power balance since this device is based
on a power electronic device and has a very fast response time (in ms). The stor-
age system in the entity is analogous to the spinning reserve of large generators
in the conventional grid. The intermediate ESS is an inverter-interfaced battery
ESS bank (BESS), compressed air energy storage (CAES), superconducting mag-
netic energy storage (SMES), electrochemical capacitor energy storage (ECES),
supercapacitor, or flywheel energy storage (FES) [48].

A properly designed ESS can allow a system to stabilize by absorbing and
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2.4 Voltage and Frequency Quality during Islanded Operation

injecting instantaneous power. In previous studies, some ESS models have been
proposed [49, 50, 51, 52, 53]. A cooperative control scheme between the ESS and
other DGs is needed to effectively achieve the goal in islanded operation. A two-
level control concept, which consists of primary and secondary control, has been
proposed to stabilize the frequency of islanded entity: the primary control action
in the ESS and the second control action in the entity management system (EMS).
Fast-acting ESSs can effectively damp electromechanical oscillations because they
provide storage capacity in addition to the kinetic energy of the generator rotors,
which can share sudden changes in power requirements [9]. Additionally, the EMS
of the central controller of islanded entities deals with management functions, such
as disconnection during faults, switching to other controllers of all components of
the entity, resynchronization after fault clearance, and the load-shedding process.
This central controller is also responsible for the supervisory control of DGs and
the ESS units by universal communication. By using collected local information,
the controller generates a power output set-point and provides it to the primary
controller of each DG unit and ESS unit to ultimately control the power output
according to the given values. Fundamentally, the control capability of the ESS
for balancing between generation and consumption may be limited by its available
capacity. Therefore, the power output of the ESS should be brought back to zero
as soon as possible by the secondary control in order to secure the maximum

spinning reserve.

The secondary control algorithm of the central controller compares the mea-
sured power output of ESS (Pgss and Qgss) and the reference value (ngfs and
ng ) to obtain the error. This error generates the total required power and sends
the commands to dispatch power output set-points for each individual control-
lable DG unit based on its participant/weighted factor, which normally depends
on its capacity. During islanded operation, the power output of diesel generators
is also changed from an initial constant value to a new power set-point calculated
by the secondary control, as shown in Figure 2.17 at t = 5 s. In this figure, the
BESS is specifically tested to represent the ESS system. In the second event, 10
kW of active load change at t = 15 s, the ESS can afford to inject the necessary

active power into the entity to ensure power balance because the power output
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of the ESS is bringing it back to zero; thus, it has sufficient spinning reserve
margin. The power outputs of the diesel generators are changed from the initial
constant values to new set points by the central controller. Facilitated by this
cooperative control, the frequency and the voltage can be regulated at nominal
values successfully, as shown in Figure 2.18. Like a BESS, the PEI-DG can re-
spond quickly enough to implement droop control during the islanded operation.
PEI-DG, however, depends on primary resources and a BESS depends on the
SOC. Therefore, both BESS and PEI-DG need to depend on slow-response DG

units, such as a diesel or gas generator, for secondary control.
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Figure 2.17: Power outputs of an energy storage system (ESS) and mi-

crosources [9].

93



2.4 Voltage and Frequency Quality during Islanded Operation

60.20 4

0.10
O il

— 60.00 —e—e—) // “eo—e o {ﬂ"“o-o o—O0—60—Oo—o—0~
N !
< | |/
g 5990 |/ |
@ \ | \
& (| v
3 59.80 {/
w l]

59.70 '

59.60

o)

1,020, i

1.0101
% 1.000 4 Fm\v T B A GO B S O O —
@ f()“r”
g !
2 |

0.990 -

0.980
lsecl  qp 50 100 15.0 200 250 300 350

Figure 2.18: Frequency and voltage of an MG [9].

2.4.2 Load-Sharing Operation of Distributed MGs

Generally speaking, in an islanded entity, unbalanced and/or nonlinear loads such
as motors might exist. Normally, the impedance load can absorb a sudden change
in instantaneous real and reactive power, such as an infinite sink. However, with
motor loads, a sudden change in the terminal voltage leads to a large oscillation
in the real and reactive power level. Furthermore, the line impedances are not
purely resistive or inductive, and the control of active and reactive power is not
totally decoupled in nature. Therefore, in terms of total harmonic distortion and
voltage imbalance indexes, the islanded entity should share the common loads
entirely to ensure that quality within the islanding entity is maintained as it is

in the grid-connected mode.

The conventional method for local load sharing is the droop characteristic
using feedback local signals. The droop coefficients are chosen to meet the voltage
requirements at PCC points and based on the rating of DGs. With non-ideal

loads, both active and reactive power have double the frequency and distorted
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components over the average components. Thus, DG units should supply double
the frequency and distorted components to compensate for the unbalance and
harmonics. The central controller is informed clearly of the status of all loads, DG
units, and other parts among islanded entities by using a reliable communication

system [10].

Calculating the output impedance of DG units, the feeder, and local loads
can affect power-sharing, especially in -V droop control. However, due to
the complex structure of an islanded entity, the system impedance cannot be
straightforwardly estimated. Communication-based solutions are utilized to im-
prove sharing accuracy. Although the diverged locations of DG units challenge
this method now, it is expected to be solved soon by improved communication
technology at low costs, such as wireless solutions. In another approaches, the
whole MG system is proposed to be composed of a certain physical network and
several DG units in order to have most islanded entities in a clear configuration.
Each DG unit can be equivalent to a droop-controlled voltage source (DVS) in
series with a DG feeder. The DG feeder can be either a coupling inductor or a
virtual feeder if the virtual impedance method is applied. By separating DVS
units from the system, the equivalent network of an MG is obtained. For ex-
ample, the equivalent network in its entirety contains s DG feeders, n network
feeders, s DVS nodes and m network nodes, where s is the number of DG units.

Finally, the system impedance can be estimated in any islanding case [54].

2.4.3 Voltage Quality

The droop control used to share loads during the islanded mode was convention-
ally designed for large synchronous generators in the balanced condition. There-
fore, while applying it to a system with unbalanced loads, the unbalanced load
currents flow through the line and converter impedances, giving rise to unbal-
anced terminal voltages which can trip off sensitive loads. When the voltage
unbalanced factor (VUF) thresholds of local buses are exceeded, to eliminate any
tripping, one costly solution is to install additional equipment, such as active

power filters (APFs), static synchronous compensators (STATCOMs), dynamic
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voltage restorers (DVRs), or unified power quality conditioners (UPQCs). A less
costly but complicated alternative is to slightly enhance the capacity of existing
converters of DG units and to modify their control algorithms to include some
compensation functions. Through proper control, unbalanced voltage is mitigated
by injecting negative-sequence currents through the current-controlled DG con-

verters. Unbalanced voltage can also be compensated for by using multiple DGs.

In order to achieve negative-sequence reactive power-sharing, each DG is con-
trolled as a negative-sequence conductor with its conductance drooping, along
with the negative-sequence reactive power flow. However, the negative-sequence
current sharing performance is affected by line impedance and droop coefficient
mismatches. In this case, a droop controller can insert negative- and zero-
sequence tunable virtual impedances, in addition to the usual positive-sequence
impedance, allowing the DGs to perform selective voltage compensation. Nor-
mally, the enabled DG units maintain VUFs of the buses of interest at their
thresholds, which can help to limit the currents passing through the enabled DGs

while protecting their local sensitive loads.

In the case of a three-phase four-wire system, where four-leg converters are
used for supplying single- and three-phase loads with an additional zero-sequence
current return path, sharing an unbalanced load current among those four-leg
converters also needs to take the zero-sequence component into account. It is
necessary that the critical loads are placed close to converters with the com-
pensation ability whenever their VUF exceeds certain thresholds. A three-phase
four-wire islanded entity with n DG units is shown in Figure 2.19. Each DG is
tied to its local bus by a three-phase four-leg converter. The four-leg converters
must regulate their respective bus voltages and share the loads by applying droop
control. The positive-sequence current component and negative-, zero-sequence
current components under unbalanced loads need to be addressed separately. All
DGs are set to have the same p.u. power ratings and the control scheme is
implemented in the dq0 synchronous reference frame. The central controller fa-
cilitated by communication links measures the voltage of the common bus, makes

the management decision, and then transmits the compensation references to the

DG units [26].
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Figure 2.19: Illustrative three-phase four-wire islanded entity.

The configuration of a multi-functional inverter (MFI) with an ancillary ser-
vice of voltage/frequency quality enhancement is depicted in Figure 2.20. With
this system, extra voltage/frequency quality conditioners may no longer be es-
sential in an inverter-dominated entity, avoiding additional investment and op-
erational cost. Since it is the auxiliary function of an MFI, its capacity for
voltage/frequency quality enhancement is limited and related to its working con-
dition. Optimally utilizing the limited capacity of an MFI for harmonic and
reactive power issues should be assigned with independent weights to enhance

the voltage/frequency quality of the islanded entity as much as possible [55].

To integrate multiple MFIs into one powerful entity, a universal controller
(UC) needs to be deployed. This controller utilizes a multi-objective optimal
compensation model to assign the optimal compensation coefficients to each MFI
based on the given initial information of the optimal model. In general, this
control might use a hierarchical mechanism, and the optimal compensation may

be embedded in the tertiary control to provide optimal voltage/frequency quality
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services. With the guide of the UC, each MFT partly compensates for these issues
in the MG according to the multi-objective optimal model in the tertiary control.
Each MFI can autonomously work as an individual module without needing in-
formation from the other ones. In secondary control, the power output of MFIs
is exchanged and modified by the UC to ensure the safe and economic operation
of the islanded entity. In the local primary controller of the MFI, an output
current-tracking controller is embedded so that the MFI generates the desired
active, reactive, and harmonic current that fulfill the functions required by the
DERs interfacing with the utility and enhances the quality of voltage/frequency
of the entity.
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Figure 2.20: Microgrid feeder with a multi-functional inverter (MFT).

2.4.4 Summary

This chapter discusses the islanding phenomenon and subsequent actions to main-
tain the power supply with a high penetration of RE. The self-controlling for DG
unit and central controlling using a hierarchical scheme are explained explic-
itly. The capability to operate in conventional grid-connected mode or islanded
mode and the smoothy transient between two based on the advanced controller
is pointed out. In order to make the smart and resilient operation of the coming
power system, many research directions need to be investigated such as robust
hierarchical controller, advanced droop control, active/reactive power-sharing,
harmonic mitigation inside the islanded entity, high-performance ESS and its

proper controller, reliable communication system, etc.
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Chapter 3

Active islanding detection
method in DC grid-connected

photovoltaic system.

3.1 Literature reviews

Many islanding detection strategies in AC networks have been proposed in the
literature. In recent years, several studies about islanding detection methods in

the DC system has been conducted.

Among those methods, a very promising IDM was proposed in [63]. This
method based on the reflection of frequency and voltage deflections of the AC
side on the DC side through the DC-AC converter. That method was tested
under various load conditions, load switching, multiple DGs operation, and dif-
ferent load quality factors. However, that IDM was for islanding detection of AC
system, not for the DC system. Moreover, due to the disturbances of frequency
and voltage at the AC side affect the DC voltage insignificantly. So that the effec-
tiveness of the method is limited. Also, maximum power point tracking (MPPT)

is not discussed in the paper.

The active detection technique, positive feedback islanding methods were pro-

posed in [64]. The technique was introduced to reduce the non-detection zone
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(NDZ) in the worst case when the power of the load is matched with the power
of the DG. The idea of this method is to inject the disturbance signal by using
an inner loop or outer loop feedback signal in islanded condition. That signal
will make the system unstable by using the Routh-Hurwitz stability criterion.
The main challenge in this method is how to select again that guarantees the DG
instability while islanding occurs and keep the DG stability in normal condition.
The paper proposed four different methods to realize this technique, comparing
and evaluating the performance of this method. Nevertheless, the system under
analysis in this paper has only one DG source. In the case of multi-DG sources,

the challenge of that method becomes more and more difficult.

The active method in [65] based on the insertion of a controllable load, con-
nected in parallel with the DC microgrid central switch. The parameters of the
controllable load depend on the characteristics of the measuring component. The
IDM was simple and easy to implement. However, that method only applies in

case of constant DG source and loads.

In [66], the harmonic injection capability is incorporated into the interleaved
flyback inverter to detect islanding condition. This technique is proposed that
bypasses the unfolding H-bridge, without affecting the active power generation of
the inverter and without requiring any hardware modification. In addition, the
anti-islanding technique based on the harmonic injection technique is presented
and implemented into the flyback micro-inverter. However, this anti-islanding

technique uses in the AC grid.

The passive islanding technique in [67] was proposed. The method based
on autocorrelation function (ACF) of a modal current envelope to extract the
transient content. After that, the variation of the ACF is calculated, called
criterion variance in the autocorrelation of the modal current envelope to define
between islanding and normal conditions. By using the method, the islanding

condition can detect effectively. However, this technique uses in the AC grid.

In [68], the active technique is used to detect islanding phenomenon in DC
grid. In the paper, a current perturbation was injected to make current imbalance

for a certain period at a scheduled frequency and observing the response. In
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normal condition, the fluctuation of DC voltage is small when the injected current
changed. When islanding occurs, the DC voltage will change much more than the
normal one. After that, the injected current continuously decreases to increase
the DC voltage drop speed. So, it has a shorter detection time than other IDMs.

However, the system under analysis is relatively simple.

Due to the limitation of those previous researches, this chapter proposes
method depends on injecting perturbation signal and rate of change of output
power is used to detect islanding issue in a DC grid-connected photovoltaic sys-
tem. According to the proposed method, the islanding problem can detect faster
than the other methods. Moreover, this method can cover both hardest and an-
other islanding condition. In addition, this method is testing not only in single
but also in multi-PV operation scenarios. The rest of this paper is organized
as follows. In Section 1.5, the islanding detection methods for AC grid are in-
vestigated and the difference between islanding detection in AC and DC grid is
described. Section 3.2 explains the DC testing grid and the inject perturbation
signal method. In Section 3.3, the simulation results are described and analyzed.

The chapter is concluded in the final section.

In the next section, the system description and scheme explanation are illus-
trated.

3.2 System description and active Islanding De-
tection Method (IDM)

3.2.1 System Description

Figure 3.1 shows the diagram of the system under analysis. Because the role of
renewable energy sources is the same. Assume that the renewable energy source
in the system under analysis is only a photovoltaic source. This system consists
of a 50 kW PV array, output capacitor C, DC/DC converter with maximum
power point tracking (MPPT) and islanding detection program. The DC load

is shown as an equivalent resistance and the DC bus is modeled as a constant
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voltage source. The specifications of the PV module are introduced in Table 3.1.
The inverter is used to connect the AC grid and the DC grid. In Figure 3.2,
VSC controller is modeled as a voltage source converter (VSC) average model to
regulate DC bus voltage (keep DC bus voltage stable at 500 V).
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Figure 3.1: System model under analysis.
Vabe
el abe/dg
F
PLL il .
s Vse
I T VaViy_meas dg/abe F——»
abe Current —
— abeddg T o Regulator VaViy vse
.lrdlrr;_n'f'
I—.I" s
dez_mea VDO Id_ el
Vi ror ] Regulator

J-?;,!_ ref

Figure 3.2: Diagram of voltage source converter (VSC) controller.
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Table 3.1: Specifications of SunPower SPR-305E-WHT-D (SunPower, San Jose,
California, USA) PV module.

Information Value
Open circuit voltage 64.2 V
Short circuit current 5.96 A
Voltage at maximum power point 54.7 V
Current at maximum power point 5.58 A
Maximum power 305.226 W
Parallel strings 66
Series-connected modules per string )

Active PV power at 1000 (W/m?) and 25 °C 100 kW
Active PV power at 500 (W/m?) and 25 °C 50 kW
Active PV power at 250 (W/m?) and 25 °C 25 kW
Active PV power at 100 (W/m?) and 25 °C 10 kW

3.2.2 Active islanding detection method using perturba-

tion signal.

Because only DC voltage signal can be used to detect islanding condition in the
DC grid when islanding occurs. So, the idea for IDM in the DC grid focus on how
to make the change of DC voltage is large enough and faster than without IDM.
Based on this idea, the IDM injects the perturbation signal to the output of the
MPPT to change the value of the duty cycle before supply to boost converter is
proposed. By using this IDM, the islanding condition can detect easier and faster
than without IDM. Figure 3.3 describes in detail how to inject the perturbation

signal.
The IDM program receives DC voltage value from the measurement device to

decide the value of the perturbation signal generated by the IDM program. The
perturbation signal makes the duty cycle of a boost converter fluctuate according
to the fluctuation of the perturbation signal. In normal condition, the DC load
is supplied by both PV through DC/DC converter and AC grid through the

inverter. Due to the dc-link regulation of the inverter, the dc voltage is almost not
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Figure 3.3: Controller perturbation signal circuit (Vg is the measurement DC bus
voltage, V,, is the PV voltage and I, is the PV current, n; is the perturbation
factor, D is the duty cycle).

affected by the perturbation signal. However, when the AC grid is disconnected,
without the dc-link regulation, the dc voltage is affected by the perturbation
signal. If the dc voltage fluctuation caused by the perturbation signal exceeds
a set threshold value, the islanding detection method decreases the perturbation
signal’s value (increases the amount of perturbation). If the dc voltage drops
enough, it will make the rate of change of output power exceeds a set threshold
value (islanding detection threshold value). The dc voltage change and the rate
of output power change caused by the perturbation signal are accelerated and
the islanding phenomenon is faster detected than without the islanding detection
method.

The flowchart in Figure 3.4 explains the detailed procedure of the proposed
method.

The IDM is verified step by step simulation. The simulation is executed in
two main cases: single PV operation and multi-PV operation. In both cases,

the proposed IDM is tested in two conditions: hardest islanding condition (the
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Figure 3.4: Flow chart of the IDM program (ng is perturbation factor at the
beginning, AV is voltage deviation, Eps is abnormal event value, dP is the rate

of change of output power).
power of load and PV are equal) and another islanding condition (the power of

the load is greater than the power of PV). The sampling time is T, = 5x 107°.

The simulation time of each specific condition is 3 (s) and is performed with two
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3.2 System description and active Islanding Detection Method (IDM)

following steps:

e Step 1: Start the inject perturbation signal at 0.4 (s) from the system

startup.

e Step 2: The islanding event is activated at 1.5 (s) from the system startup
by disconnect the AC grid.

The simulation results show that proposed IDM is able to detect the islanding

event in all conditions.

The equivalent circuit in normal and islanding condition is illustrated in Figure
3.5. The main idea of this method is to inject a perturbation signal into boost
converter to make the fluctuation of V. and the DC/DC input current as well. In
normal condition, with the V. compensated by the inverter, the fluctuation of V.
is small. However, when the AC grid disconnected, without the DC bus regulation
by the inverter, the V. fluctuation is affected by n. If the V. fluctuation exceeds
the abnormal threshold value, the n value will decrease to make the rate of change

of output power reach the threshold value faster than without IDM.

I;THH'[L} PCC ‘I}m'm Breaker
Iy IR () _ T
DC/DC \ o+ AC
converter CD 4 RH Vielt) @ AC
output )
DC

Figure 3.5: Equivalent circuit in normal and islanding conditions.

For the analysis of the hardest islanding condition, the DC load power is
perfectly matched with the power generated by PV. The assumptions are constant
DC load and PV power. The explanation of the inject perturbation signal method
is presented in Equations (3.1)—(3.16).
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3.2 System description and active Islanding Detection Method (IDM)

Based on the equivalent circuit, the Kirchhoffs law for the capacitor node after

islanding;:
Ge(t) = teonu(t) — igr(t) (3.1)
where

e ir(t) is the current of DC load.
e ic(t) is the current of DC/DC converter output capacitance.

® icony(t) is the DC/DC converter output current.

Equation (3.1) can be rewritten

dvdc(t) . Udc(t)
C = leonw(t) — 3.2
D ielt) — 32)
d?)dc(t) 1 1 .
—0ge(t) = Zdpone(t 3.3
D) 0l ®) = Senl) (33
where
e v4.(t) is the DC bus voltage in islanding condition.
e R is the DC load resistance.
e (' is the DC/DC converter output capacitance.
Because i.ony(t) is unit step function
. _ iconv(_tO) t S tO
feono (1) “{ icons(+t0) 1> o (3:4)

where

® iconv(—tp) is the DC/DC converter output current before time t.

® iconv(+to) is the DC/DC converter output current after time .
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3.2 System description and active Islanding Detection Method (IDM)

Take the Laplace transforms of both sides of Equation (3.3)

1 1 Leonw (S
svge(s) — v(0) + mvdc(s) = o 5( )

Vae(s :—U(O) LN i s
dc() (3+RLC)+R|:5 5+R_ICJ conv()

where

e v(0) is the initial DC voltage before islanding condition.

e s is the Laplace operator.
From Equation (3.6), we can find the inverse transformation

Vae(t) = 0(0)e” R + Ricony(t) = Ricom (t)e™ 70"

The DC/DC converter output current can be rewritten

iconv(t) = (1 - nkD)ZPU(t)

= Nyipy(1)
where
e 1 is the injected perturbation factor at step k.
e i,,(t) is the current of the PV module.

e D is the duty cycle.

e N is the DC/DC output current perturbation factor at step k.

Therefore, Equation (3.9) becomes

Vae(t) = [(0) — NyRipy(t)]e” 70" + Ny Riy(t)
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3.2 System description and active Islanding Detection Method (IDM)

According to Equation (3.10), when islanding occurs, the decrease of output
current perturbation factor N, makes DC bus voltage drop. In general, the result

is correct in the time domain.

In this paper, the rate of change of output power is used to decide whether
islanding has occurred or not. This threshold value is explained in Equations
(3.11)—(3.18).

Before islanding, the DC load power is

P,, + AP = Vac: (3.11)
e P, is the PV maximum power.
e AP is the change of active power.
e V. is the DC bus voltage in normal condition (Vg = Vf).
e Vs is the DC bus voltage reference (500 V).
After islanding occurs, the DC load power is
P, - (Ve +RAV)2 (3.12)

where
e AV is the change of DC bus voltage in islanding condition.
Assuming PV is in constant power control, so, the active power supplied by

AC grid is
V2 (Va+ AV)?

AP = g — (3.13)
Normalizing AP
vz Vet AV)?
D s (3.14)
Py, (Vae +AV)? '
R
AP Vie )’
= —1 3.15
Py, (Vdc + AV) ( )
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3.3 Simulation Results

Vier \ AP (Vir\?
— ] —1< <[ —=1] —1 3.16
(Vmaz) T Py (me) ( )

pv

where

® Vi = (Ve + AV) is the over voltage threshold.

o Viin = (Vge — AV) is the under voltage threshold.
The voltage threshold of islanding is selected according to EN50160 standard
0.9‘/;«€f < Ve < 1.1‘/;610 (317)

Therefore, the rate of change of output power threshold is given by

AP
—0.1736 <

pv

< 0.2346 (3.18)

All results are shown and discussed in the next section.

3.3 Simulation Results

The testing proceduce is following:

e The perturbation signal injected to PV converter at ¢ = 0.4 s from the

system startup.

e The islanding condition occurs at ¢ = 1.5 s from the system startup.
The model parameters are shown as below:

e DC bus voltage is V. = 500 V.
e Under voltage threshold is Vyemin = 450 V.

e Rate of change of output power threshold is 0.2346.
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3.3 Simulation Results

e The perturbation duration 7" = 8 ms is determined from the dc-link voltage

variation and MPPT efficiency.

e The perturbation factor at normal condition is n = 0.9 to 1.1 (The factor
n starts from 0.9, changes to 1.1 and reset to 0.9 once it is detemined that
the dc-link voltage is regulated. It continuously decreases by 0.1 until IDM

detects the islanding condition).

In this test, the result gives the difference of detection time between the

original inject perturbation method in [68] and the improvement method.

3.3.1 Single PV Operation

In the single PV operation scenario, PV module power is 50 kW and the diagram

is shown in Figure 3.6.

DC

W
— AC

AC

DC load

Figure 3.6: Single PV operation.

In single PV operation scenarios, the IDM is tested in two cases are displayed

in Table 3.2.

Table 3.2: Single PV operation scenario.

Cases Total PV (kW) Total Load (kW) Vdc (V)

50 20 200
2 50 62.5 200
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3.3 Simulation Results

The result in the first case is shown in Figure 3.7, and in the second case is
shown in Figure 3.8. Figure 3.7 shows the islanding detection times of original and
improved IDM in the worst case are same t = 44 ms. Meanwhile, the islanding
condition cannot be detected by the OV/UV passive method because the DC
voltage does not exceed UV threshold in the worst case. In another case, without
IDM, Figure 3.8 shows that islanding condition can detect when the DC voltage
reaches UV threshold in ¢ = 33 ms, slower than the detection time ¢t = 28 ms when
applied both original and improved IDM. In the single PV operation scenario,
there is no difference between the original method and the proposed method.

Besides, there is significantly different between with and without IDM.

In addition, the proposed IDM almost neither affect the power quality nor

MPPT efficiency. This conclusion based on the following explanation.

Perturbation signal DC bus voltage
12 : — 550 With IDM
: i |—Original !
1 : E Proposed ——Without IDM
0.8 Islanding | _ 500
: occurs 1 2
506 1— [ Islanding N Under Voltage
: ; detected at |_Threshold (UVD) |
0.4 3 FR—I A ! 450
Starting inject I t=1.544(s)
— - )
0.2 ' perturbation !
i signal
0 g i 400
0.3 0.6 0.9 1.5 1.8 2.1 0.3 0.6 0.9 1.2 1.5 1.8

1.2 .
Time (s) Time (s)

(a) (b)

Figure 3.7: Result in case of single PV operation, 50 kW PV, hardest islanding
condition: (a) Perturbation signal and (b) DC bus voltage (with and without
IDM).

First, for power quality. Due to the system under analysis is DC grid, the
power quality degradation depends on the fluctuation of DC voltage (Vj.) when
proposed IDM is applied. The DC voltage is regulated by DC/AC inverter to
stabilize at 500 V in normal condition. Meanwhile, the measurement value fluc-
tuation is 496.5 V< V. < 503.6 V or 99.3% < V. < 100.7% while the normal
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3.3 Simulation Results

. Perturbation signal 550 DC bus voltage
L2 i [—original ——With DM
1 | ——Without IDM
——Proposed
08 Islanding___,| N 500 Exceed
: ' UVT at
5 0. ! occurs ) Z Under Volt
0.6 ! Islanding N T}?reesrhofd (a[_%%T) +=1.533(s)
0.4 — detected at 450 - “
. ; Starting inject +=1.528(s)
0.2 '« perturbation
‘ signal
0 ! 400
0.3 0.6 0.9 1.2 1.5 1.8 2.1 0.3 0.6 0.9 1.2 15 1.8
Time (s) Time (s)

(a) (b)

Figure 3.8: Result in case of single PV operation, 50 kW PV, another islanding
condition: (a) Perturbation signal and (b) DC bus voltage (with and without
IDM).

voltage threshold is 90% < V. < 110%. Therefore, our proposed method does

not significantly affect power quality.

Furthermore, for the issue of MPPT affection raised by the proposed method.
The MPPT affection can represent by MPPT efficiency and its calculation based

on the equation below:

me
n = —"7" 100 (3.19)

mpref

where

e 7 is the MPPT efficiency.

o Vipm = 270.5 V is the PV array voltage measurement at maximum power

point.

® Vipres is the PV array voltage reference at maximum power point (manu-

facturer value).

The PV array voltage reference at maximum power point calculation based

on the under equation:

vmpref = Vmpref,module -m (320)
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3.3 Simulation Results

where

® Viprefmodute = 54.7 V is the PV module voltage reference at maximum

power point.

e m = 5 is the series-connected modules per string.

Consequently, the MPPT efficiency when the proposed IDM is applied is:
270.5

0= 100 = 98.9% (3.21)

For that reason, the proposed IDM does not significantly affect the MPPT

efficiency.

3.3.2 Multi-PV Operation

The multi-PV operation scenario diagram is displayed in Figure 3.9.

i

PVl —

ne

D

DC

D

D

—[

DC load

Figure 3.9: Multi-PV operation.

In this scenario, IDM is tested in both the worst-case and another case with

different total PV power in Table 3.3.

In this scenario, there is a considerable difference not only between with and
without IDM but also between original and proposed methods. The results of six

cases are discussed as follows.
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3.3 Simulation Results

Table 3.3: Multi-PV operation scenario (kW).

Cases PV1 PV2 PV3 PV4 Total PV Load Vdc(V)
1 50 50 50 50 200 200 500
2 50 50 50 50 200 250 500
3 25 25 25 25 100 100 500
4 25 25 25 25 100 125 500
5 10 10 10 10 40 40 500
6 10 10 10 10 40 50 500
. . Enlarge
Perturbation signal Y DC bus voltage
1.2 I \ 550 ——With IDM
1 0.4 ——Without IDM
3 0.8 i Starting inject Islanding—»ii_-i 0 = 500
0.6 = —perturbation  occurs i1 _vs2 156 2, Under Voltage
signal il N Threshold (UVT) T
0.4 ' [slanding :. i Islanding 450
0.2 ; ——Original (lvto(‘fv(l(:l} Ij E detected(a;
——Proposed t=1.536(s \ ! _t=1.552(s
’ 0.3 : 0.6 0.9 1.2 1;; 1.8 2.1 o0 0.3 0.6 0.9 1.2 1.5 1.8 2.1
Time (s) Time (s)

(a)

Figure 3.10: Result in case of multi-PV operation, 200 kW PV, hardest islanding
condition (case 1): (a) Perturbation signal and (b) DC bus voltage (with and

without IDM).
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Figure 3.11: Result in case of multi-PV operation, 200 kW PV another islanding
condition (case 2): (a) Perturbation signal and (b) DC bus voltage (with and

without IDM).
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Figure 3.12: Result in case of multi-PV operation, 100 kW PV hardest islanding
condition (case 3): (a) Perturbation signal and (b) DC bus voltage (with and

without IDM).

In the first and second cases, the total PV power is 200kW, the results are
shown in Figure 3.10 to Figure 3.11. In Figure 3.10, the original method can

detect islanding condition in the worst case after t = 52 ms. Meanwhile, after

t = 36 ms, the proposed method can detect the same condition. The detection
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Figure 3.13: Result in case of multi-PV operation, 100 kW PV another islanding

condition (case 4): (a) Perturbation signal and (b) DC bus voltage (with and

without IDM).
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Figure 3.14: Result in case of multi-PV operation, 40 kW PV, hardest islanding
condition (case 5): (a) Perturbation signal and (b) DC bus voltage (with and

without IDM).

time decreases more than 30%. Of course, if IDM is not applied, the islanding

problem cannot be detected.

With different DC load condition, the results are shown in Figure 3.11. By
applying the proposed method, the detection time is ¢ = 28 ms, 22% faster than
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Figure 3.15: Result in case of multi-PV operation, 40 kW PV, another islanding
condition (case 6): (a) Perturbation signal and (b) DC bus voltage (with and
without IDM).

the original method and 43% faster than without IDM.

Similarly, in the next two cases, the total PV power is 100 kW. In the hard-
est islanding condition case, the difference of detection time is still more than
30% between original IDM and proposed IDM. Without IDM, the islanding is-
sue cannot be detected because the DC bus voltage does not reach the threshold

value.

When the unbalance between DC load and PV source occurs (the unbalance
case), the disparity is different from the previous two cases. The detection time
of proposed method is ¢ = 28 ms, 28% faster than the original method. Without
IDM, the detection time is 76% slower than the proposed method. The results

are shown in Figures 3.12 and 3.13.

In the last two cases, the total PV power is 40 kW, the results are the same as
the previous one in the worst case are illustrated in Figure 3.14. In the unbalanced
case, with proposed IDM, the time detection is 89% faster than without IDM, the
results are displayed in Figure 3.15. Based on the above discussion, the proposed
method can detect faster at least 22% than the original one and minimum 43%
faster than without IDM.
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3.4 Summary

3.4 Summary

The main contribution of this chapter is proposed IDM can detect islanding phe-
nomenon faster than the others IDMs and without IDM. In addition, it is capable
of detecting not only in hardest but also another islanding condition. Further-
more, the proposed method can detect in both single and multi-PV operation
cases. In case the power of PV is greater than the power of load, this IDM
cannot be applied. Changing the perturbation factor can decrease but cannot
increase PV power, because the power of PV is limited. This unsolved case will

research in future work.

However, the problem when applied the proposed IDM to the large-scale PV
system needs to be discussed. Can the perturbation signal make the high voltage
fluctuate in a large-scale PV system? The answer is YES due to the explanation

below.

The idea of the proposed method is to inject the perturbation signal to make
duty cycle fluctuate. The fluctuation of the duty cycle is proportionate with the

rate of input and output voltage of the DC/DC converter is shown in equation

Vin

D=1-
‘/:)ut

(3.22)

Therefore, the affection of the perturbation signal on the fluctuation of the

dc-link voltage does not depend on the high or low level of the dc-link voltage.

Theoretically, the proposed IDM can be applied to both small-scale and large-

scale photovoltaic system.

In fact, many converters are connected in parallel because of the converter’s
capacity limitation in the large-scale solar system. Therefore, the main problem
with a multi-PV operation is the cancellation effect on the injected perturbation
signal of the proposed IDM. This problem will be analyzed and the solution will
be proposed in the next chapter.

79



Chapter 4

Injected Signals Cancellation

Analysis and Solution in
Multi-PV System.

4.1 Literature reviews

Islanding phenomenon is one of the consequences of the emergence and develop-
ment of microgrids in the power system. Injected signal cancellation is a common
problem in a multi-distributed generation that has a significant influence on active

islanding detection method.

In [74], a new islanding detection strategy for low-voltage inverter-interfaced
microgrids was presented. This strategy was based on adaptive neuro-fuzzy in-
ference system (ANFIS). The ANFIS method monitors seven inputs measured
at the point of common coupling (PCC) such as a root-mean-square of voltage
and current (RMSU and RMSI), total harmonic distortion of voltage and current
(THDU and THDI), frequency, and active and reactive powers based on practical
measurement in a real microgrid. The ANFIS method detects islanding condition
by using its pattern recognition capability and nonlinear mapping of the relation

between input signals.

A novel hybrid islanding detection method for grid-connected microgrids in
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4.1 Literature reviews

the case of multiple inverter-based distributed generators was proposed in [75].
This method was based on the slope of linear reactive power disturbance (RPD)
and four passive criteria, namely, voltage variation, voltage unbalance, rate of
change of frequency and correlation factor between the RPD and frequency vari-
ation. Islanding is detected when the frequency exceeds its thresholds. However,
the cancellation issue in the case of multiple inverter-based distributed generators

was ignored in this study.

In [76], a new method used the transient response of voltage waveform to
detect the islanding condition. This method was based on two new criteria,
namely, the peak of the transient index value (TIV) and the positive sequence

superimposed phase angle at the point of common coupling.

In [77], a method based on Kalman filter (KF) was proposed to extract and
filter the harmonic components of the measured voltage signal at distributed
generation terminals. The islanding detected by the selected harmonic distortion
(SHD) was calculated by the KF after the different changes in the power system.

This change were detected by a residual signal.

An unintentional islanding detection method based on the combination of the
main criterion of switch status and the auxiliary criterion based on the no-current
and difference-voltage criteria was proposed for “hand-in-hand* DC distribution
network in [78]. However, the power supply reliability of the DC distribution

network must be considered.

A novel islanding detection approach based on the relationship between the
angular frequency and the derivative of the equivalent resistance observed from
the small-scale synchronous generators in microgrids, including small-scale syn-
chronous generators, was proposed in [79]. The derivative of the equivalent resis-
tance observed from the small-scale synchronous generators approaches to zero

when the islanding occurs in small-scale synchronous generator side.

In the previous chapter, we proposed an active islanding detection method
by injecting the perturbation signal to make the power imbalance and voltage
fluctuation exceed the thresholds faster and easier in the islanding condition.

This method can rapidly and efficiently detect the islanding condition. However,
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the cancellation problem when using this method in multi-PV operation has not

been considered.

Many converters are connected in parallel because of their capacity limitation
in a large-scale solar system. Therefore, the cancellation issue can occur in a

multi-PV operation.

On the basis of the literature, no research has been conducted on the cancel-
lation issue in multi-DG operation when using active islanding detection method.
In this study, the cancellation issue when using the active IDM in the previ-
ous chapter is analyzed. Moreover, the solution improves the islanding detection
method in the previous chapter to eliminate the injected signal cancellation is

proposed and verified by Matlab/Simulink.

4.2 System description and injected signal can-

cellation.

The injected signal cancellation in the DC grid-connected photovoltaic system is

analyzed in this section.

4.2.1 System description

As mentioned in the previous chapter, the cancellation signal occurs in multi-PV
operation and the number of the PV module must be even. To simplify, the two

PVs operation system is used to analysis as shown in Figure 4.1.

Figure 4.2 shows the diagram of the system under analysis. This system
consists of a 100 kW PV array, output capacitor C, DC/DC converter with
maximum power point tracking (MPPT) and islanding detection program. The
DC load is shown as an equivalent resistance and the DC bus is modeled as a
constant voltage source. The specifications of the PV module are introduced in
Table 4.1. The inverter is used to connect the AC grid and the DC grid. VSC
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DC
PV1
DC DC
AC
DC
PV2
DC
DC load

Figure 4.1: Cancellation testing system.

controller is modeled as a voltage source converter (VSC-detail model) to regulate
DC bus voltage (keep stable at 500 V).

Table 4.1: Specifications of SunPower SPR-305E-WHT-D (SunPower, San Jose,
California, USA) PV module.

Information Value
Open circuit voltage 64.2 V
Short circuit current 5.96 A
Voltage at maximum power point 54.7V
Current at maximum power point 5.58 A
Maximum power 305.226 W
Parallel strings 66
Series-connected modules per string )
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Figure 4.2: System model under analysis.

The sampling time is T, = 5x 107°. The simulation time is 2 (s) and is

performed with two following steps:

e Step 1: Start the injection of perturbation signal at 0.4 s after system

startup.

e Step 2: The islanding event is activated at 1.2 s after system startup by
disconnecting the AC grid.

4.2.2 Injected signal cancellation.

By using the proposed IDM in the multi-PV system, the cancellation can occur
when the perturbation signals of PV1 and PV2 are in the opposite positions, as

shown in Figure 4.3.
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4.2 System description and injected signal cancellation.

e The perturbation signal factors at normal condition in normal case are n =
0.9 to 1.1.

e The perturbation signal factors at normal condition in cancellation case are
n = 1.1t0 0.9 for PV1 and n = 0.9 to 1.1 for PV2.
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Figure 4.3: Perturbation signals in cancellation signal scenario.

Figure 4.4 describes in detail how the injected signal cancellation can occur.

The cancellation problem is explained below: Based on the Equation (3.10),
the dc-link voltage at perturbation N; from PV1 is shown in Equation (4.1)

Va1 (t) = Ny Ripy(t) + [0(0) — Ny Riyy(t)]e™ 7 (4.1)

where: vg4.(t) is the DC-link voltage at time ¢ when perturbation signal 1 is

injected and, NV; is the perturbation signal of PV1.

The DC-link voltage at perturbation Ny from PV2 is shown in Equation (4.2):

Vaea(t) = NoRipy(t) + [v(0) — NyRipy(t)]e™ 7 (4.2)

where: v40.2(t) is the DC-link voltage at time ¢ when perturbation signal 2 is

injected.
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4.2 System description and injected signal cancellation.
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Figure 4.4: Controller perturbation signal circuit (V. is the measurement DC
bus voltage; Vp,1 and V2 are the PV1 and PV2 voltages, respectively; I,,; and
I, are the PV1 and PV2 currents, respectively; n; and ny are the perturbation
factors of IDM programs 1 and 2, respectively; D; and D, are the duty cycles of

boost converter 1 and 2, respectively).
The DC-link voltage without injecting the perturbation signal is as follows:

Vaeo(t) = NoRipy(t) + [v(0) — NoRiyy(t)]e™ 7! (4.3)

where: wvge(t) is the DC-link voltage without perturbation signal at time ¢

after islanding occurs.

The fluctuation of DC-link voltage caused by the perturbation signal from
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4.2 System description and injected signal cancellation.

PV1 is shown in Equation (4.4):

Vder (1) —vaeo (t) = { N1 Ripy (t)+[v(0)— N1 Rip, (t>]6_%t}_{NORipv (t)+[v(0)—NoRiy, (t)]e_R*lCt}

(4.4)
The Equation (4.4) is simplified
Vae1 (t) — vaco(t) = (Ny — No)Ripy (£)(1 — e~ 70 (4.5)
Equation (1.7) becomes
Vae1 (t) — vaco(t) = (ng — n1) DRiyy(t)(1 — e~ 7?) (4.6)
or
Avyge(t) = (ng — n1) DRiyy(t)(1 — e~ 7o) (4.7)

The fluctuation of DC-link voltage caused by the perturbation signal from
PV2 is shown in Equation (4.8):

Vaea(t)—Vaeo (t) = {Na Ry, (£) +[0(0)—NaRi, ()]e~ R0} —{ No Ripy (£)+[0(0) — No Rip (1) F0}

(4.8)
The Equation (4.8) is simplified
Vae2(t) — Vaeo(t) = (No — No) Ripe(t)(1 — e~ 70) (4.9)
Equation (4.9) becomes
Vae2(t) = Vaeo(t) = (ng — n2) DRiyy(t)(1 — e 70Y) (4.10)
or
Avsge(t) = (ng — n2) DRiyy(t)(1 — e~ 7et) (4.11)

Based on Equations (4.7) and (4.11), the injected signal cancellation occurs

when:

A’Uldc(t) + A’Uzdc(t) =0 (4.12)
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4.3 Simulation testing scenarios and results

277/0 = N1 + Ny (413)

If ng = 1 (without perturbation signal), ny = 1.1, and ny = 0.9, then Equation

(4.13) is satisfied. Consequently, the fluctuation of DC-link voltage is canceled

because the perturbation signals from PV1 and PV2 have the same value but

opposite directions. Thus, the DC-link voltage fluctuations have been canceled.

The simulation result verifies the problem.

4.3 Simulation testing scenarios and results

The system is tested under the balance case between the DC load and PV in

Table 4.2, and the procedure is as follows:

The perturbation signal is injected at ¢ = 0.4 s after the system startup.

The islanding condition occurs at ¢ = 1.2 s after the system startup.

The model parameters are shown as below:

Maximum power (each PV) is Py = 50 kW.
Switching frequency of converter is f; = 10 kHz.
DC bus voltage is V. = 500 V.

Under voltage threshold is Vjenin = 450 V.

The islanding threshold is 0.2346.

The perturbation duration is 7" = 8 ms.

The perturbation signal factors at normal condition in normal case are n =
0.9 to 1.1.

The perturbation signal factors at normal condition in cancellation case are
n = 1.11to0 0.9 for PV1 and n = 0.9 to 1.1 for PV2.
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4.3 Simulation testing scenarios and results

Table 4.2: Normal and cancellation scenarios.

Cases PV1 (kW) PV2 (kW) Total PV (kW) Load (kW) Vdc(V)

Normal 50 50 100 100
Cancellation 50 50 100 100

500
500

For the first test, the IDM will test in 2 scenarios: normal and cancellation.

The results are shown in the Figure 4.5 and Figure 4.6.
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Figure 4.5: Normal scenario.

The result in the normal scenario is shown in Figure 4.5, and the cancellation
scenario result is shown in Figure 4.6. Figure 4.5 shows that the islanding condi-
tion is detected after 56(ms).The IDM cannot detect the islanding condition when
the cancellation problem occurs. In closing, injecting two perturbation signals in

the opposite directions can make the cancellation occur completely.

The impact of the injected signal cancellation on the islanding detection
method is significantly based on the results. The islanding detection method

cannot detect the islanding phenomenon in the cancellation scenario.
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4.4 Improved islanding detection method based on the proposed solution.
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Figure 4.6: Cancellation scenario.

4.4 Improved islanding detection method based

on the proposed solution.

According to the previous section, the cancellation problem occurs by using two
perturbations in opposite directions. The main meaning of the solution is how to

prevent the occurrence of cancellation.

First, the beginning of the proposed IDM uses the perturbation signal in the
range n =0-1.1. As the range of perturbation signal includes values over and
below the normal value (n =1), the injected signal cancellation caused by the

perturbation signals in opposite directions can occur.

Second, to prevent the occurrence of cancellation, the perturbation signal

value is changed so that the opposite signals cannot occur.

Therefore, the solution for the cancellation problem is to change the perturba-
tion signal values in the range n = 0-1.1 to n = 0-1, and in the normal condition
fromn = 0.9-1.1 ton = 0.9-1. By changing this value, the injected signal cancella-
tion is eliminated. Similar to the Equations (4.1)-(4.13), the solution is explained

below:
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4.4 Improved islanding detection method based on the proposed solution.

The injected signal cancellation occurs when:

2710 =Ny + Ny (414)

By using the new perturbation signal (ng = 1, n; = 1, and ny = 0.9), Equation
(4.14) becomes

2419 (4.15)

Based on Equation (4.15), the fluctuation of DC-link voltage caused by the
perturbation signals from PV1 and PV2 cannot cancel each other. Thus, the

proposed solution can solve the injected signal cancellation.

By generalizing this solution with n; perturbation signals (k = 1 + 00), the

injected signal cancellation occurs when:

Avldc(t) + Avgdc(t) + ...+ Avkdc(t) =0 (416)

or

no—n1+n0—n2+...+n0—nk:0 (417)

Finally,

kng =Yy, (4.18)
k=1

As ny =1 (without perturbation signal) and n; < 1, Equation (4.18) is correct

when all perturbation signal values are 1 (without perturbation signal case).

With other values of the perturbation signals (with perturbation signal),

Equation (4.18) becomes

kng > an (4.19)
k=1

For this reason, the injected signal cancellation is eliminated by using the

proposed solution.
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4.4 Improved islanding detection method based on the proposed solution.

The flowchart in Figure 4.7 explains the detailed procedure of the proposed

solution. The solution is verified by a step-by-step simulation.

Begin
T=
v

" Initialize System -
19=0.9/
AV=0:
=

l

Create

perturbation
g+ = 1.9 — nk

AV =Vae =Vier

_Abnormal event? ————
AV < -Eps)
Ye
Reduce the

pertubation factor
Nk+1 = Nk — 0.1:

v
R
dP = Puppr =1 1;
[?\H’!’T'
..... + ]

Islanding event? N
(dP >0.2346)

Disable
|_converter |
End
Figure 4.7: Flow chart of the improved IDM program (ng is perturbation factor

at the beginning, AV is voltage deviation, Eps is abnormal event value, dP is

the rate of change of output power).

The testing scenario is the hardest case (the power of DGs and load are
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4.4 Improved islanding detection method based on the proposed solution.

balance) in Table 4.2, and the procedure as following:

e The perturbation signal injected at t = 0.4 s after the system startup.

e The islanding condition occurs at ¢ = 1.2 s after the system startup.

The testing scenarios in Table 4.3 are the worst case (the power of DGs and the
load are balance), and the procedure is similar to the previous testing procedure.
The model parameters are almost similar to the previous testing, only the new
perturbation factors are different. The perturbation factors at normal condition
in cancellation case are n = 1-0.9 for PV1 and n = 0.9-1 for PV2.

Table 4.3: Multi-PV operation scenario.

Cases PV1(kW) PV2(kW) PV3(kW) PV4(kW) Total PV(kW) Load(kW
2-PV 50 50 0 0 100 100
3-PV 50 50 50 0 150 150
4PV 50 50 50 50 200 200

Also, the eight-PV scenario tests to verify the effect of the improved IDM.

The parameters of the eight-PV scenario are as below:

Each PV module power is 50 kW.

Total PV power is 400 kW.

Load power is 400 kW.

DC bus voltage is 500 V.

As shown in the results in Figure 4.8, the injected signal cancellation occurs
in the two-PV scenario. With the improved islanding detection method based on
the proposed solution, the islanding condition is detected after 40 ms when the

islanding occurs. The solution is effective in the two-PV scenario.
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4.4 Improved islanding detection method based on the proposed solution.
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Figure 4.8: Solution result in to-PV scenario.
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Figure 4.9: Cancellation result in three-PV scenario.

The results in Figures 4.9 show that the islanding condition is detected after 64
ms when the islanding occurs by applying the proposed solution to the improved

islanding detection method in the injected signal cancellation case.

With the same result in the four-PV scenario, the islanding condition can be
detected after 48 ms when the islanding occurs by using the improved islanding

detection method, but it cannot be detected by using the original one. The results
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4.4 Improved islanding detection method based on the proposed solution.
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Figure 4.11: Cancellation result in four-PV scenario.

are shown in Figures 4.11 and 4.12.

In eight-PV scenario result in Figure 4.13 has a similar result, the improved

islanding detection method by applying the proposed solution can detect the

islanding condition after 48 ms.

Based on the simulation results and mathematical explanations, the proposed

solution eliminates the injected signal cancellation by using the improved island-
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Figure 4.12: Solution result in four-PV scenario.
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Figure 4.13: Solution result in eight-PV scenario.

ing detection method based on the proposed solution in two-PV, three-PV | four-
PV, and eight-PV scenarios.

Moreover, the injected signal cancellation is eliminated not only in the speci-
fied cases but also in the general case by using the improved islanding detection
method. This result shows the achievement and efficiency of the proposed solu-

tion
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4.5 Summary

4.5 Summary

In this chapter, the islanding detection method based on perturbation signal in-
jection and the rate of change of output power in DC grid-connected photovoltaic

system is investigated.

The impact of injected signal cancellation on the islanding detection method
in the previous chapter is significant. The islanding detection method in the
previous chapter cannot detect the islanding phenomenon but works well without

injected signal cancellation (detection time is 56 ms).

The solution of using the new perturbation factors (n = 0.9-1 in normal condi-
tion) is proposed. With this solution, the islanding detection method in [13] can
detect the islanding phenomenon after 40 ms (two-PV scenario), 64 ms (three-PV
scenario), and 48 ms (four-PV and eight-PV scenarios) when the injected signal

cancellation appears.

Through the mathematical explanations and simulation results, the injected
signal cancellation is eliminated. Moreover, the improved islanding detection
method by applying the proposed solution is correct not only in specified cases

but also in the general case.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

Chapter 2 discusses the islanding phenomenon and the subsequent required ac-
tions to maintain the power supply with a high penetration of RE. The self-control
of a DG unit and central control using a hierarchical scheme are explained in de-
tail. The ability to operate in the conventional grid-connected mode or islanded
mode and the smooth transition between the two based on an advanced controller
is highlighted.

Many objects are discussed in this paper, including multi-agent systems for the
Energy Internet, flexible operation in the flexible islanded operation of proactive
DG grids, hierarchical control of islanded entities, droop control (both conven-
tional and advanced) for load sharing without communication, the intelligently
controlled islanding scheme, and the role of the ESS in islanded entities, all of

which show the flexible operation of the future power system.

Future perspectives of the power system with high DG penetration are also
presented on the basis of discussions about improved functions for flexible grids

and communication systems.

Moreover, knowledge surrounding hierarchical control and seamless mode

transfer, such as seamless mode transfer, hierarchical coordination of AC and
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5.2 Future works

DC MGs, and synchronous operation for reconnection, is also considered to be

an important part of this chapter.

Furthermore, discussions regarding power quality (voltage, frequency, and har-
monic) during islanded operation are given to cover some important aspects of

power generation.

Finally, for the smart and resilient operation of the emerging power system,
many research directions which need investigation are presented, such as robust
hierarchical controllers, advanced droop control, active/reactive power-sharing,
harmonic mitigation within an islanded entity, high-performance ESS and its

controller, and reliable communication systems.

Besides, in Chapter 3, the proposed islanding detection method can detect in
both single and multi-PV operation cases. In case the power of PV is greater
than the power of load, this IDM cannot be applied. Changing the perturbation
factor can decrease but cannot increase PV power, because the power of PV is

limited.

However, the main problem with the multi-PV operation is the cancellation
effect on the injected perturbation signal of the proposed IDM. In Chapter 4,
the cancellation issue was analyzed and the potential solution has been proposed.
Due to the mathematical explanation and the simulation results, the solution

makes the injected signal cancellation is eliminated in the general case.

5.2 Future works

Throughout this study, this IDM was tested in single and multi-PV operation. It
was not applied in the multi-converter system. Besides, the islanding detection
method has implemented an run on a personal computer (PC). It is better if
this method can verify in the experimental system or real system. Finally, due
to the concern about fault-right-through characteristic, the IDM must cooperate
to prevent the wrong disconnection. Hence, the following issues are going to be

considered soon:
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5.2 Future works

a. To consider the proposed active IDM in multi-converter operation.

b. To implement the developed islanding detection methods on a real system

such that fair comparative experiments can be conducted.
c. Apply the IDM in the system included fault-right-through characteristic.

d. To research on islanding operation: seamless mode transfer, power quality

during islanding condition.
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