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ABSTRACT

The scarcity of the natural resources, environmental issues and rising population in the
world, demands for innovative concepts, such as microgrids to the modern power
system. Nowadays, microgrids are becoming very popular and the most appropriate
options to enrich the power system with renewable generation. In addition to that, rapid
growth in the DC nature of the loads within the power system is apparent due to the
popularity of power electronic devices and recent trends in electrified transportation
systems. Hence, researchers are introducing direct current microgrid concepts to the
power system, and it has become a highly emerging and trending research area at
present. DC microgrids can operate under two main operating modes: grid-connected
and islanded operation. The main difficulties of implementing the concept in this
concept are the lack of proper international standards, safety features, and protection
issues within the systems. Islanding detection is the most challenging and vital
requirement in microgrid protection to ensure the safety of the personnel and microgrid
equipment and to maintain a smooth and reliable operation of the DCMG. Islanding
detection is used to detect the disconnection of the DC microgrid from the utility and
switch to proper controls to serve critical loads in the power island.

This thesis presents a novel method of islanding detection for DC microgrids by using
Fast Fourier Transform based analysis of DC-link voltage. Further, testing was carried
out adopting a 10-kW low voltage DC microgrid with a single-phase bidirectional
inverter interface. In addition, a DC microgrid consisting of photovoltaic model with
maximum power point tracking, DC loads, AC loads and a battery module with state-
of-charge based multi-mode battery management system was modeled. All the
modeling and simulations were carried out considering several network configurations
and network conditions with the EMTDC/PSCAD v4.2 environment. Simulations
were evaluated according to the IEEE 1547-2018 standard. The probabilistic approach

was applied to show the robustness of the experimental results of the proposed method.

Keywords: Battery Management System, DC microgrid, Islanding Detection,

Maximum Power Point Tracking.
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1. INTRODUCTION

1.1 Overview

In the world scenario, over 70% of the power generation is governed by fossil fuel
generation, as shown in Figure 1-1[1]. However, high fossil fuel consumption is
responsible for the emission of greenhouse gases, such as CO, which ultimately
contributes to global warming and air pollution. It also causes various environmental
Issues, adverse economic and social effects that directly impact the living beings.
Moreover, due to the rapid growth of the population and global economic
development, such as new market trends, global energy demand is continually rising.
Therefore, the requirement of clean and affordable energy sources has become one of
the foremost topics over the world, leading to the integration of more renewable energy

sources into the power system.

The concept of implementation of DC microgrid technologies with the integration of
renewable resources is considered a novel solution to the aforementioned issues. As a
subsystem of the primary grid, DC microgrids are capable of self-sustained for a
specific limit incorporating renewable generation and energy storage systems. Hence,
the power system reliability will be improved while reducing the burden on the

existing primary grid.
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Figure 1-1 Electricity demand in the world (1990-2018)[1]



Furthermore, due to the high penetration of renewable generation compared to
conventional technologies, the sustainability of the power sector will be preserved.

The microgrid can be defined as a localized grid system that contains the distributed
energy resources (DER) and distributed loads while operating with the primary utility
grid synchronously. The microgrid concept can be classified into two main types
naming AC microgrids and DC microgrids. AC microgrids can be considered as the
most deployed microgrid system in the world because those can be integrated with the
existing power system easily without any major changes. They are more popular in
some regions where most of the loads are AC. However, DC microgrids have become
a trending concept over the AC microgrids at present due to their efficiency, stability,

and reliability perspectives.

Despite the advantages of DC microgrids, they inherit some challenges in devising the
system protection due to the connection of DER, different operating modes of the
microgrids, various configuration methods of the DC microgrids with reference to its
DC-link polarities and link configurations and mostly due to unavailability of
frequency and phasor information. Considering the above critical aspects of the DC
microgrid operation, islanding detection has taken as one of the most challenging
issues, which needs a firm solution. There are several proposed islanding detection
techniques for some microgrid configurations, and most of the proposed islanding
detection methods (IDM) in recent researches concentrate on the AC microgrid
systems. Therefore, further research is required to develop fast, reliable islanding
detection for DC microgrid systems.

1.2 Electrical power system

An electrical Power system (EPS) is a network of electrical components that includes
the transmission/distribution lines, DER, and power consumers as end-users. Its main
objective is to maintain the uninterrupted power supply to its customers with the
support of internal power generation and control functions of the system. Energy
resources can be divided into renewable and nonrenewable generations. The
transmission lines connect the power generators and distribution substations through

long-distance and transfer the power from one point to another. In addition to that, the



distribution lines transmit the power to the end customers using a distribution feeder.
In the same manner, it connects the distribution substation and end customers to
transfer the energy in a short distance. When the overall view of the EPS is considered,
the microgrid acts as a proactive localized subsystem to the primary grid, which can

be recognized as an independently controllable entity.

1.3 DC microgrid concept

DC microgrid has become an emerging concept in the power sector throughout the last
decades because of the rapid growth of DC-based renewable technologies such as solar
power due to the dramatic price reduction of solar photovoltaic (PV) equipment, as
indicated in Figure 1-2 [2].In addition to that, it is influenced by the substantial growth
of the DC-based loads in the power system, such as electric vehicles, as shown in
Figure 1-3[3].

Figure 1-2 Solar power generation in the world [2]
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Figure 1-3 World electric vehicle demand (2015-2040)[3]



Table 1-1 DC Loads[4]

Equipment Rated Current Operating Voltage
Telephone 20mA 10vDC

Laptop 5A 15.6VDC
Wi-Fi Routers 2A 12vDC

LED TV 750mA 12vDC

LED Bulb 350mA 3.6VDC

The same pattern in electrical transportation also applies to DC loads in commercial
and domestic applications and other power electronic technologies in the primary grid.
Application of power electronic-based technologies can be recognized in domestic
appliances such as laptops, cellphones, TVs, lighting equipment as illustrated in Table
1-2. They are energized through AC-DC power adapters with the rectification process;
however, this equipment can also be operated directly through DC power very
efficiently. Furthermore, some resistive loads in the general application of heating and
lighting including incandescent bulbs and universal motor-related applications such as
mixers and other kitchen equipment can be operated with both AC and DC power

supply.

In addition to that, telecommunication-based concepts like the internet of things (loT),
smart grid technologies are more reliant on the DC-based equipment. Furthermore,
space technology also has used solar as its primary power source. Hence DC microgrid

is more reliable in such conditions.

1.4 Advantages of DC microgrid concept

The DC microgrids have more advantages over AC microgrids. It does not contain
frequency and phase components. Therefore, the internal control structure of the DC
microgrids is less complicated than the other conventional approaches. The DER
renewable generation can be easily integrated into the system in the higher margin
without any synchronizing techniques like in AC microgrid systems. Furthermore, it



is highly immune to electromagnetic interferences, harmonic distortions, and skin
effect, which are incurred in the AC systems. As a result, it reduces the wire size along
the copper volume required for the DC system. Hence, the construction cost for the
line commissioning of DC microgrid is comparatively lower than the conventional

power systems.

1.5 The popularity of DC microgrid concept

DC microgrids are available in different countries as indicated in Figure 1-4, and it is
not only established in the research stage, but also implemented as commercial projects
concentrated on the telecommunication sector, as shown in Table 1-3.

DC microgrids are very popular in many countries like German and Sweden etc. The
countries, including Sweden and Japan, have widely utilized 5 MW capacity of DC
microgrid systems to its primary grid. Most of the established projects are designed at
high voltage levels, such as 360 VDC in Sweden and 400 VVDC in Japan. Another DC
microgrid found at a data center in New Zealand operates at 220 VDC. However, low
voltage level DC microgrids can be applied at the domestic level. Some other countries
including the US, Taiwan, France, Chine, and Korea have also implemented the new

grid-connected DC microgrid projects.

turing 42

Trarsportatior 29
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Figure 1-4 Global DC microgrid projects[5]



Table 1-4 DC Microgrids over the world [4]

Country Institution Voltage Level
Japan NTT Group 380/400 VDC
Norway UPN AB 350/380 VDC
Sweden Net power Lab AB 350/380 VDC
Korea 300/380 VDC
China China Telecom 240/380 VDC
United States Clustered Systems 380vDC
New Zealand Validus ABB 550vDC
New Zealand University of California 380vDC
New Zealand Telecom NZ 220vDC

1.6 Basic components in DC microgrid

DC microgrid (shown in Figure 1-5) consists of DER, distributed energy storage
(DES), distributed loads, power electronic converters including grid interfaced
converter and other required control modules that ensures the proper operation of DC

microgrids,.

Figure 1-5 Components of the DC Microgrid[6]



1.6.1 Distributed energy generation

DER can be classified as renewable energy resources and nonrenewable energy
resources. DC microgrids have higher penetration levels of renewable generation to
preserve sustainability. Solar power generations play a significant role among the DER
in both configurations, single module and multiple solar PV generation. In addition to
that, other renewable generation types such as wind can be integrated using an AC-DC

converter.

1.6.2 Distributed energy storage

DES is the most important asset in the DC microgrid system concerning the protection
and reliable operation of the system. It ensures smooth operation in the different
transient situations and operating modes in the DC microgrid system. The DES is fully
responsible for regulating the system voltage under the islanded mode of operation of
the DC microgrid. DES can be broadly classified in terms of technology, capacity,
response time, and capital cost. Among the DC microgrid systems, super-capacitors,
hydrogen Energy storage, and electrochemical capacitors are more prevalent in both
commercial and domestic projects. However, Lithium-Iron is the most widely spread
technologies within the DC microgrids due to its large capacity and availability. It is

very costly when compared with the other available battery types.
1.6.3 Distributed loads

The prime objective of any power system is to deliver the power to end users any
interruptions and maintain the power quality. The end users typically are modeled as
AC or DC loads in the simulation environment. Therefore, it plays a significant role in
DC microgrid designing, controlling, and operating functions of the system. Typically,
those loads can be categorized as commercial, residential and domestic, etc. In the
present power system, more than 90% of the loads are in DC nature due to the various
reasons and trends. Specially, the DC microgrids are modeled only for DC loads; but
AC loads are acceptable in a small range. If the AC loads are growing high in a DC
microgrid, it will proportionally decrease the overall efficiency of the system as a result

of the losses in the conversion stages.



1.6.4 Power converter and control

Power electronic devices are more familiar in the DC microgrid systems. The AC-DC
converters and DC-DC converters (unidirectional/bidirectional) are highly utilized and
serve the function of transformers in the AC networks.

Variable Source Converter (VSC) is a power electronic device that contains the bi-
directional AC-DC converter to connect the DC microgrid system with the primary
grid. It controls the power exchange between the network and DC microgrid system
while regulating the internal voltage by using the complex internal control system in
the grid-connected operation of the DC microgrid. Furthermore, DER is connected
typically through the DC-DC converters to match the different voltage levels in the
energy resources and microgrid voltage. In some rare cases, the AC loads are

connected to the system via DC-AC inverters in small percentages to the grid.
1.7 Operating modes of DC microgrids

The DC microgrid has two major operating modes: islanded and grid connected. The
transition in between above-mentioned operating modes needs seamless transitions to
ensure the power quality as shown in Figure 1-6. In addition to that, the following
essential functions need to be concerned when designing the internal control system

as mentioned below,

1. Toregulate the voltage of DC link at an acceptable range

2. To obtain the maximum power output from renewable energy sources.

3. To manage the internal battery module with proper battery energy
management system to operate under both grid-connected and islanding

mode effectively.
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Figure 1-6 Operating modes of the DC microgrids

1.7.1 Islanded mode:

The internal control of the DC microgrid in islanded condition is sophisticated as the
microgrid operation is independent from the primary grid. In the islanded conditions,

the microgrid internal voltage is regulated by using the battery module.

DC microgrid can be islanded when the primary grid operates under faulty conditions,
at system blackouts, due to intentional tripping conditions in the protection schemes
and unintentional VSC failure situations. Under any condition, the islanding must be
detected using proper mechanism under the supervisory control scheme and direct the
appropriate signals to the primary controller of the DC microgrid. The primary
controller immediately isolates the system from the primary grid with a switchgear
system located near to the point of common coupling. Thus, the DER operates as the
main power supply to DC microgrid during the islanded mode of operation while
regulating the internal voltage and the DES compensates the power mismatch between
the generation and load requirement with the help of battery energy management
system (BEMS).

In most cases, the generation of the DER is insufficient to meet the internal demand in
islanded mode. In such a situation, BEMS enables the discharging mode of the battery
and regulates the internal DC voltage. Furthermore, the situation in which the battery
module cannot cater the power mismatch in microgrid due to the power limitation of
the DER, the load shedding scheme is carried out to supply uninterrupted power to

critical loads.



1.7.2 Grid connected mode:

The DC microgrid connects to the primary grid via a VSC and switchgear system at
the point of common coupling (PCC). In the grid-connected operation, the switchgear
system is in closed status and DC microgrid is synchronized with the AC system with
the internal control system. There are various types of grid synchronizing strategies
used in the DC microgrid system. In all the strategies, the variables such as grid voltage
and frequency in the upper stream are fed into microgrid to ensure the better working
of internal controls. The DER fully contributes to the internal demand of the DC
microgrid system and the power mismatch is accomplished with direct power-sharing

with the primary grid.

The VSC is responsible for managing the power exchange with the primary grid and
the DC microgrid system. The DC microgrid system imports power from the primary
grid in a power deficit condition, where the internal generation is lower than the power
demand. The VSC exports power to the primary grid in power surplus situations where
the system has more internal generation than the demand. Therefore, The VSC has
fully controlled the energy exchange between the DC microgrid and the primary grid
while regulating the system parameters. Sometimes, due to the internal limitations, the
VSC cannot handle transient situations including fault conditions, significant load
switching, and large capacitors switching. Under such situations, BES compensates

for the sudden variations in the DC microgrid system.

1.8 Challenges and motivation

Despite many advantages, implementation of DC microgrids are limited due to
significant disadvantages like, lack of proper standards, compliance and testing
procedures. However, some international bodies such as the Institute of Electrical and
Electronics Engineers (IEEE) have published some relevant standards, including IEEE
1547 relevant to these areas. IEEE 1547 states that the main requirement need to be
satisfied in detection of islanding in an electrical power system, is to detect the
islanding situation in less than two seconds.Any islanding detection method needs to
have fast and accurate detection to secure the proper functioning of the DC microgrid

system. The following are some other challenges associated with islanding detection,
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Voltage is the unique parameter, which can be measured at any point in the
system irrespective of the operating mode of the system.

Available islanding detection methods are mostly explored for AC microgrids,
but the heavily used parameters like frequency, phase angle in AC systems are
not existing in DC systems.

Transient conditions like islanding, in the primary grid are slightly reflected in
the measurable parameters in DCMG system.

Under the critical power condition in DC microgrid: where the power
generation and load are matching, islanding transients are hardly visible on the
locally measured parameters.

Active methods have low power quality.

Passive methods have generally larger non detection zones (NDZ) and longer

detection times.

In any microgrid system, detection of islanding under critical power condition is

challenging as there is near zero power flow through the point of common coupling

(PCC). As a result, any measurable changes cannot be observed in the DC microgrid

system. Therefore, it appeals for some sophisticated methods to detect the islanding.

This condition is infrequent due to the real-time load fluctuations and the intermittent

nature of the distributed generators.

However, any islanding detection method needs to have fast, accurate and robust

detection even under rare cases including critical power condition. An illustration of

critical power condition is given in shown in Figure 1-7[7]. The NDZ needs to be

maintained at a minimum range to ensure the accurate operation under the different

operating conditions of the DC microgrid system.
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Figure 1-7 Non-Detection Zone at Critical Operating Mode[7]

1.9 Objectives

The main objective of this research to, design a fast, accurate, reliable, and

unsophisticated Islanding Detection Method (IDM) for DC Microgrids. This main

objective is accompanied by the following sub-objectives:
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To design and model the DC microgrid (DCMG) and validate using a transient
simulation software

To analyze the transient behavior of the DCMG during islanding operation
To design a suitable IDM for reliable detection of islanding in a DCMG

To evaluate the performance of the designed method in terms of detection

accuracy and time under different network configurations



1.10 Thesis Outline

This thesis workflow has eight chapters.

Chapter one contains the introduction to the microgrids and islanding detection of
these systems and research problem and objectives.

Chapter two contains a literature review on the modeling of the single-phase DC
microgrid system while introducing its significant components with possible modeling

techniques of it.

Chapter three extends the literature review on islanding detection of DC microgrid

systems.

Chapter four provides the details of the modeling and simulation of the designed DC

microgrid system.

Chapters five gives the details of the proposed islanding detection method and the
selection of the important parameters of the algorithm.

Chapter six contains the performance evaluation of the proposed islanding techniques

with simulations and case study under different scenarios.

Chapter seven contains the sensitivity analysis on proposed islanding detection method
based on accuracy and detection time.

Chapter eight extends with conclusion and recommendation for the islanding detection

in DC microgrid system.
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2. LITREGER REVIEW ON DC MICROGRIDS

2.1 DC microgrids architectures

DC microgrid (DCMG) concept is opening the new era for the higher penetration
levels of renewable resources like solar PV technologies which are naturally producing
DC but, highly intermittent in nature[8][9]. Interfacing the DC microgrids with a

primary grid is highly essential for improving system reliability and stability.

There are many DC microgrid architectures and each type has its own advantages and
disadvantages[9][10][11]. The radial type is considered as the mostly used type in DC
microgrid systems, which includes some advantages like simplicity, ease of

commissioning, and low initial cost involved.
2.1.1 Radial configuration

The radial network is the most deployed architecture in the distribution phase. In this
configuration, DC microgrid is connected to the primary grid from the one end, and
the loads are consuming power from one direction. The single line diagram of this type
is shown in Figure 2-1[10][12]. It is mostly useful in residential buildings, where low

voltage system preferred.
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Figure 2-1 Radial Configuration[10]
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This concept is not only applicable for small scale projects, but also, they can be
extended to complex systems such as multi-storied buildings and locally distributed
systems, where the system has many energy storage systems, renewable energy
sources, and AC loads and DC loads. In such network, every building is acting as a
cluster to the DC microgrid, which accepts the power exchange with the neighboring
clusters. The main disadvantage of this architecture is that it has low reliability than
the other available systems because the radial system powers its loads in a single
direction[10]. If there is any breakdown in the DCMG, it causes a blackout in the whole

system. Radial DCMGs are interconnected to the AC grid from one point.

2.1.2 Ring configurations
This microgrid approach was introduced as an alternative to the radial networks to
improve the reliability. This architecture is named as a loop configuration as well[10].

The main characteristic of these networks is they have more power flow paths from
the AC grid interface to the loads as shown in Figure 2-2[10][12].
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Figure 2-2 Ring Configuration[10]
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Each grid subsections of the grid contain a DC switchgear system in both directions to
isolate the system when there is any faulty situation in the grid. This system has some
additional electronics called intelligent electronic devices to detect and isolate faulty
buses from the system. It ensures secured the uninterrupted power flow to the end-
users by isolating the faulty feeders in the microgrid. Therefore, it enhances the
reliability of the system. Moreover, these systems are much expensive compared to the
radial systems as this need additional devices, including switches, breakers, and

conductors in construction[10][12].

2.1.3 Interconnected configuration

The interconnected configuration increases the reliability of the system by the
integrating of multiple AC grid interfaces to the microgrid. This approach ensures the
power to its end users even the situations that have failures occurred in multiple feeders
in the distribution system. These architectures are quickly adopted in Zonal and Mesh

type of DC microgrid systems as shown in Figure 2-3[10].
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Figure 2-3 Interconnected Configuration (Zonal Type)[10]
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2.2 AC interface of DC microgrid

The modern DC microgrids are integrated with the primary grid to enhance the
reliability of the system. However, there are some microgrids, which are implemented
for the rural electrification, as isolated microgrid systems without any connection to
the primary grid.

Integration of microgrid to the primary grid attracts more importance as it enhances
the power quality, reliability of the system and availability of RES. Hence, most of the
newly commissioned microgrid projects are proposed with grid interface converters to

harness those benefits.

There are many types of grid interfacing converter topologies[10]. These converters
must be capable of handling bi-directional power flow to ensure proper power
exchange with internal power resources and utility. grid interfacing converters can be

categorized as:

1. Diode Controlled Converter
2. Active Front End Converter
3. Other special technologies

2.2.1 Diode and controlled rectifiers

This technology is considered as a unidirectional power converter and currents
consists of some low order harmonics less than 2 kHz. The passive filters connected
to the DC link or front end of the diode rectifier is used to eliminate the harmonics
and improve the quality of the line current of the system. This topology can be applied

into the single-phase and three-phase system as shown in Figure 2-4[10]
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Figure 2-4 Diode Controlled Rectifier (a) Single Phase (b)Three phase[10]
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2.2.2 Active front end converter

Active front end converter is the mostly used converter topology for interfacing DC
microgrids to the AC systems. The design system has a bi-directional converter and
pure sinusoidal waveforms capability and shows significant advantages over other
available techniques. These converters are constructed with switching devices like
IGBT or MOSFETS as relevant for applications. Those switching devices are
controlled through pulse width modulation (PWM) signals generated with an internal
control module[10]. The filters such as L, LC, LCL arrangements are deployed in the
system to control the frequency ripple in a front end as shown in Figure 2-5 . It removes
the high-frequency components from the line current in the primary grid. For that, it
needs some additional damping method to ensure the stability of the system as

mentioned below,

1. Passive Damping Methods
A resistor in series with the capacitor is used in the design, and it may affect

the total efficiency of the system [10].

2. Active Damping methods
This design overcomes the issues in passive damping method. It is creating
a virtual resistance with help of one of the state variables within the system
such as capacitor current [10]. This method requires some additional sensors
for measuring internal parameters and it will boost the system efficiency than

previous method.

3. Proper Control Design
This method is mainly focused on the proper selection of the L and C
parameters in the filter to avoid the unwanted oscillations of the system [10].
However, it is an advanced and challenging technique due to the system

poles close to the origin and complexity of the initial implementation
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2.2.3 Other special technologies

Some additional topologies have been featured in addition to the technologies
mentioned above with additional features to improve the power quality of the systems.

Boost Converter Boost Converter
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Figure 2-6 Different AC-DC topologies (a) Single-Phase PFC (b) Three phase electronic inductor (c) Three
Phase Vienna rectifier[10]
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Figure 2-6(a)[10] illustrates one of the technologies where there is a diode rectifier
with a parallel-connected boost converter. The main advantage of this system is that it
improves the current quality of the system with an additional feature called power
factor correction (PFC) in a single-phase system. The same approach can be used in a
three-phase system, as shown in Figure 2-6(b)[10]. The main advantage of this
technique is the function of regulating the current and voltage in variable load
conditions in the grid. The Vienna rectifier, which is shown in Figure 2-6(c)[10] has
the unidirectional capability with sinusoidal line current. The main advantage of this
topology is the application of lower power switches compared to the active frontend
converter, and it enhances the reliability and lowers the cost of the system.

2.3 DC microgrid link configurations

DC-based applications in the power system are intensively popular among the power
system due to the compact devices with power electronic applications and modern
transportation trends in the industry. Although, the major voltage levels can be
categorized as 12 VDC, 24 VDC, and 48 VDCJ[13], the most popular among
commercial projects, such as data center and telecommunication related microgrid
projects is 48 VDCJ[10][13].

The DC microgrid system with a 48 VDC range motivates the direct connection of
these devices by reducing the redundant power conversion stages. DC microgrid

concepts improve the system efficiency as well as reliability.

The isolated DC microgrid projects mostly use 12 VDC as the base voltage. It is used
for rural electrification, where general power transmission lines cannot reach terrain
areas with mountain ranges. The 12 VDC voltage is used for general lighting
applications. However, these low voltage DC microgrids have some limitations of
power carrying capacity and power transmission over the long-distance, which needs
large conductors for supplying the power to the end-users. It may cause massive
system losses due to the large currents and drastically reduce system efficiency.
Therefore, 380VDC voltage level is used at most of the commercial projects with
higher capacities[10][13][14], which allows maintaining the system losses below 5%

- 8% range to improve the system efficiency. In this research, 48 VDC low voltage DC
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microgrid is modeled considering small scale residential type applications for the

smart house with IoT based technologies.

In the typical AC systems, the power is transmitted through two-wire (single-phase)
or four-wire (three-phase) systems[10]. In the same way, DC microgrid has different
power transmitting scenarios based on the number of voltage levels and polarities in
the DC-link as indicated below[10],

1) Unipolar DC microgrid systems
2) Bipolar DC microgrid systems
3) Homo polar DC microgrid systems

2.3.1 Unipolar DC microgrid systems

Unipolar DC microgrid systems have a single voltage level. Then the loads are
connected to the positive and negative poles as shown in Figure 2-7[10]. In any DC
microgrid, the selection of the appropriate voltage level is a crucial factor. In this type
of system, high voltage levels improve power transmission over long distances.
However, it reduces the safety of the personals in the microgrid. In addition to that, it
needs some additional power electronic converters such as DC-DC converter to supply
loads of end-users, which requires the lower voltage level other than the DC-link
voltage level. The low voltage level is suitable for short power transmission. The
selection of proper lower voltage level reduces the redundant power conversion stages.

It improves system efficiency.
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Figure 2-7 Unipolar DC Microgrid[10]
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The unipolar system does not create an asymmetry between the DC poles. However,
this system does not provide any redundancy, or any backup in the fault situation,
whereas it can lead the overall system into the complete shutdown. Also, this does not

offer any multi-voltage level capability to its customers.

2.3.2 Bipolar DC microgrid systems

Bipolar DC microgrid system is introduced as a solution to the issues with unipolar
DC microgrids. It is known as the three-wire system too. This system consists of +V,
-V and neutral wires as shown in Figure 2-8[8][10][15], where it enhances the options
in voltage levels: +V, -V and 2V for the customers and improves the flexibility.
Furthermore, when the system is undergoing a fault situation in one pole, the rest of
the system can be operated by isolating the faulted feeder. It improves the reliability,
power quality, and availability system of the system even in fault situations.
Sometimes, bipolar DC microgrid causes asymmetry in the DC link due to the
unbalance loading in different voltage levels. Therefore, proper control system for the
front-end converter or advance voltage controller to the DC microgrid is highly

recommended in the implementation.
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Figure 2-8 Bipolar DC Microgrid system[10]
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2.3.3 Homo polar DC microgrid systems

Homo polar DC-link configuration is another type of DC microgrid system. It consists
of two or more DC links with the same polarity, as illustrated in Figure 2-9[4]. These
systems mostly consist of multiple negative polarities at low voltage levels with the
ground return or metallic return. However, it creates undesirability in the controlling
of the microgrid compared with the other available types mentioned above. Typically,

those systems this has low insulation cost as the main advantage of this configuration.
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Figure 2-9 Homopolar DC Microgrids System[4]

The figure mentioned below consists of three wires, two of them have the same polarity
level and another one is the neutral wire. In this configuration, the voltage is divided
into two or more wires. It is mainly useful in the distribution level power transfer. If
the 400VDC homo polar network, domestic customers can be supplied with 220VDC
by voltage difference in between the one set. furthermore, if anyone needs 400VDC
for the industrial purpose that can be catered with the neutral and outer wire together

in higher voltage.
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2.4 Hierarchical control architecture

The hierarchical control system consists of three major categories: primary, secondary,
and tertiary control topologies [6]. This control architecture is mainly responsible for
sensing, processing, monitoring, supervising, optimization, etc. The hierarchical
control system for the DC microgrid is illustrated in Figure 2-10[16]. The sequence of
the hierarchy is based on the response time of control function of each category. In the
bottom contains the primary control section with quick response and the top contains
tertiary control section with large response. The secondary control system is positioned
as intermediate section in between aforementioned sections. The primary section
relates to the tertiary control and secondary control with hierarchical bidirectional data

path to ensure the continuous monitoring and control functions in the system.
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Figure 2-10 Control Architecture of Microgrids[16]

24



2.4.1 Primary control

Primary control stage has a faster response and higher bandwidth compared to
secondary and tertiary control stages. It has a higher priority level in the control
hierarchy which mainly responsible to the power-sharing, protection and reliability
of the system[14]. The primary control is mainly responsible for regulating the voltage
of the system even in the islanded situations. It provides the proper control reference
to DER and maintains power-sharing between the utility and DC microgrid. Those
control functions are mainly located in elements such as power electronic converters
(AC-DC converter and DC-DC converter), which creates the controllable platform
between the loads and the power resources. The outer control loop of the cascade
control system mainly consists with the primary control. These cascade control
systems mainly available in the current and droop control system in the dc microgrid

environment.

2.4.2 Secondary control
The, power flow, power quality, and frequency synchronization are performed at the
secondary control section. The secondary controls ensure that the essential parameters
within the microgrid are maintained within the predefined value. As an example, when
the system has higher droop gain in power-sharing control, it ensures the precise
control of the power exchange between the microgrid and utility[14] [16]. However,
the main problem is that the voltage shows some voltage variations while operating
with the higher droop gains. At such situations, to maintain the voltages at its nominal
value, the system needs to have a secondary control system to maintain the control
parameters within the acceptable range. Figure 2-11[16] illustrates the function of the
secondary control. The system is incorporated with the primary control as indicated in
the figure; the no-load operating point is the Vo point, it will shift to the PT (operating
point 1) under the lqc1(Current 1) load condition and, it will shift to PT2 under the lqc.
condition. After that the secondary control system is coming to the action, and it will
shift the OP1 to OP1_new and OP2 to OP2_new and control the voltage level at the
nominal voltage. Likewise, it always maintains the control parameters at its nominal

values with the help of the secondary control system.
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Figure 2-11 Secondary Control of the DC microgrid[16]

2.4.3 Tertiary control

It is the highest control level in the DC microgrid control hierarchy. Tertiary control is
responsible for the power and energy management, system optimization, load
forecasting and economic dispatch of the distributed energy resources at the
distribution grid [4][14][16].Compared to the secondary control, tertiary control has a

lower control bandwidth concerning the higher response time.
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3. LITERATURE REVIEW ON ISLANDING DETECTION OF
DC MICROGRID SYSTEM

A microgrid can be defined as an electrical network that compromises of distributed
generation, storages, and loads at the distribution level, which can operate either
connected to the utility grid following it or as an island in autonomous operation
[17][18]. A typical DC microgrid is shown in Figure 3-1. DC microgrids are using DC
power transmission lines to transfer the power to its loads. The renewable generation

is increasingly popular among those DC microgrid systems.

The microgrid systems need to have greater control over the operations related to
distributed generation, handling system disturbances, such as islanding situations
including blackout, brownouts and voltage fluctuations due to the power quality issues.
In most of the microgrid systems, the primary grid is used as the main power source.
Hence, the probability of loss of the primary grid connection is a severe issue and
detection of the microgrid islanding has been recognized as an emerging research area
over the past decades. Most of the reported research are focused on islanding detection

techniques in AC microgrids.

Each islanding detection technique has its pros and cons specific to its application.
Most of the available islanding detection techniques cannot be used in DC microgrids
due to the unavailability of the core parameters in the AC networks such as, phase shift
and frequency [19]. Therefore, further research on fast and reliable islanding detection
methods for the DC microgrid systems is highly recommended [15][20]. DC
microgrids eventually have a limited number of measurable parameters compare to the
AC networks[19]. Hence this is the most challenging protection design issue in the DC
microgrid concept. Most of the explored islanding detection techniques in the DC
microgrid systems have referred to the IEEE 1547 standard [19][21][22]. IEEE 1547
standard is mainly focused on distributed energy resources, and it has discussed about
the interconnection of the distributed generators to the electrical power system. The

detection of the islanding has recognized as more influential in areas such as worker
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safety, equipment safety, power quality, and distributed energy resource management
[22][23].

The available islanding detection techniques in AC microgrid system are also
investigated as they are highly influential and mapping of those techniques into the
DC microgrid systems would lead to achieve a reliable detection method. Moreover,
the concerns about the lack of standards in this area yet filling this gap to develop and

demonstrate the more reliable method with theoretical and technical approaches [14].
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Figure 3-1 Islanding of Microgrid system[17]

3.1 Classification of islanding methods in microgrids

The detection of islanding can be broadly divided into the two main categories known

as remote and local based techniques [23][24].
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3.2 Remote islanding detection techniques

In remote islanding detection techniques, which is known as grid resident detection
techniques as well, islanding detection is related to some change(s) in parameter(s),
which is then informed among the resources of the microgrid through a communication
method [19][23][25]. Hence, the reliable data transfer [6][8][19] between the utility
and the distributed generators becomes the vital requirement in this approach. There
are some available detection methods such as transfer trip method (TT) [25], power
line carrier communication method (PLCC)[25][26], Signal produce by disconnect
method (SPD), supervisory control and data acquisition method (SCADA)
[8][16][23][25]. Almost all the methods are highly acceptable for the detection of the
islanding because remote islanding detection techniques do not encompass any NDZ
compared to the other available detection methods found in recent publications. Hence,
remote islanding detection techniques ensure reliable and accurate detection. In
addition, it is allowing single and multiple inverter operation. It does not rely on the
power flow in

between the grid and microgrid or effect to the regular operation in the typical
microgrid operation. The complexity of the design and the high implementation cost
are recognized as the major disadvantages of this method [24]. Hence, this system is
highly adaptable for the microgrid networks with high penetration levels of distributed

generation.

3.3 Local islanding detection

Local islanding detection techniques, which is also known as the inverter resident
detection techniques operate based on the local monitoring of the system parameters
in the microgrid, like the voltage, frequency, etc. It does not need any external
equipment as in remote techniques for the detection process. The local technigues can

be further classified as active, passive and hybrid as shown in Figure 3-2.
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Figure 3-2 Available Islanding Techniques[27]

3.3.1 Active islanding detection techniques

The active islanding detection method is based on injecting a pre-defined perturbation
level for selected parameters in the microgrid to enhance the measurement of the local
parameter variations [28]. Detection of the islanding is based on monitoring the real-
time variations of the grid parameters by comparing the predefined threshold values.
The injected perturbations do not introduce any measurable variations in the measured
parameters during the grid-connected status. However, measurable variations are
observed during the islanded condition. Among some active islanding detection
techniques, single injection [15], positive feedback [28] or controlled distortion [29]

can be identified.

Active islanding technique typically has low NDZ [25] as well as a high accuracy
level. The level of perturbation injected would increase the harmonic level of the
inverter and reduce the power quality of the system by creating unnecessary transients
in the grid. The implementation of active techniques is hard due to its complexity of
the control system integration. The basic working procedure is shown in Figure
3-3[30].
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Figure 3-3 working principle of Active islanding detection[30]

3.3.2 Passive detection techniques

Passive detection techniques can be used when there is a significant power mismatch
in the islanded system. These techniques detect the islanding condition through the
measuring of the local parameters such as voltage, current, frequency and comparing
with the predefined threshold values, as shown in Figure 3-4. These techniques have
not created any disturbances to the regular operation of the microgrid but encompass
higher NDZ. The basic operation of these techniques is illustrated in Figure 3-4 [30].
Many passive islanding techniques are already introduced for the AC microgrid related

applications.
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3.4 Comparison of the islanding detection techniques

Pros and cons of existing islanding detection techniques discussed in the previous

section is summarized in Table 3-1[31].

Table 3-1 Comparison of the islanding detection techniques[31]

Islanding Detection Advantages Disadvantages
Techniques
Remote Techniques Highly Reliable High initial cost
Local Passive e Small detection time. e Large NDZ
Techniques e Doesn’t perturb the system. o Difficult to detect islanding in

critical condition.
e Selection of the threshold
values in  comparatively

difficult.
Active Smaller NDZ e Apply perturb to the system.
e Low efficiency in system.
Hybrid e Smaller NDZ. The design is complexed with

e Perturb the system when the | both  active  and  passive

system is triggered islanding | techniques.
condition High detection time
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3.5 Standards related to islanding detection

The main reason why the microgrids are still not widely popular among the power
system developments is due to the lack of standards and related testing procedures in
this area. Specifically, Islanding detection is an essential area in the microgrid concept
because of the difficulties of islanding detection under critical operation conditions
such as when the power generation and consumption slightly match each other.
Inaccurate islanding detection creates a higher danger to the maintenance people as
well as the safety of the equipment in islanding conditions and creates unwanted
hazards in the microgrid systems. There IEEE 1547[22][32] is being extended to
incorporate microgrid concepts. In addition, there are several standards related to
specific utilities and standard bodies specific to the limited regions with their own
recommendations, standards, practices, and guidelines as per their requirements. Some

of the related standards for the DC microgrid systems are as mentioned below,

s |EEE C37.95-2014: IEEE Guide for Protective Relaying of Utility-
Consumer Interconnections[33].

< |EEE 929-2000: IEEE Recommended Practice for Utility Interface of PV
Systems[22].

s IEEE 242-2001: Recommended Practices for Protection and
Coordination of Industrial and Commercial Power Systems[34].

s IEEE 1547-2018: |IEEE Standard for Interconnection and
Interoperability of Distributed Energy Resources with Associated

Electric Power Systems Interfaces[32].

From those, the IEEE 1547-2018 is the latest and the most adaptive standard, which is
most relevant for the islanding detection of the microgrids and yet to be extended this
for the DC microgrid system. The IEEE 1547-2018 defines unintentional islanding as
situations in which distributed energy resources are energizing the portion of the area

in the electrical power system that is disconnected from the point of common coupling.
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Then the islanding should need to be detected, cease the energy supply of DER, and
avoid the forming of the electrical power island in less than 2 s [22]. The present
standard is to avoid unintentional power islanding. The IEEE 1547-2018) [32] brings
down the technological barrier to some extent towards intentional islanding or
microgrids. This thesis has also given some inspiration for the extension of IEEE1547
standards to the microgrid area.

3.6 Active islanding techniques for DC microgrid systems

Active islanding techniques are mainly integrated with the system’s distributed
generators, which are interfaced with the DC-DC converters. The basic concept of
these systems is the injection of disturbances into the controls of the converters.
However, these perturbations have not affected the system in grid-connected status
because the voltage source converter (VSC) controls compensate those variations with
the help of the primary grid. In the islanded condition, the disturbances are expanded
with the perturbation method due to the loss of the VSC controls without the primary
grid connection. It creates some measurable variations to the system, and it may use to
detect the islanding of the system very easily. The active method related approaches
are more economical compared to the other available islanding techniques because
these techniques do not need any major changes to the existing system other than
updating of the control algorithm of the system. Also, these techniques have shown a
small NDZ due to its feedback control approach along with perturbation. It shows
measurable variation in parameters such as voltages/ current near the distributed
resources even under the power mismatch within the system stays close to zero levels
[15]. However, repetitive injection of the perturbation to the DC microgrid causes
significant loss of power while reducing the power quality in the system. That is
recognized as the major disadvantage of these active techniques. These techniques
contain some complex control algorithms and it may slow down the detection of the
islanding. The mostly used active islanding detection methods in DC microgrids are
positive feedback, harmonic injection and insertion of the controllable load into the
DC microgrid [15][30].
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3.6.1 Positive feedback-based method

Positive feedback-based method of islanding detection techniques are tested under
various scenarios, including multi DGs operation, different load conditions, and load
quality factors and under load switching [27]. In Positive feedback-based method of
islanding detection, the parameters in the primary grid side is measured at the PCC
and transferred to the microgrid for creating the perturbation in the DER to detect the
islanding [15][35]. It needs some additional information exchange form the primary

grid system that reduces the reliability of the system [27].
3.6.2 Current perturbation-based techniques

In current perturbation-based islanding detection techniques, current perturbation has
been introduced to create the current imbalance [29]in the DC microgrid with a
specific frequency. The current perturbation is implemented with the solar PV MPPT
tracking algorithm. It does not show any measurable variations of measured
parameters in the grid-connected operation but shows significant variation in islanded
operation. In this technique, the injected perturbation amount is continuously
increasing with variations of the parameters thus, reducing the detection time. This
method is also tested in different network configuration and it has fast detection of less
than 0.2s [32]. The MPPT efficiency of the PV modules is near 99.7% [15]. However,
this was not tested for the multi distributed generators and variable load conditions. In
addition to that, this technique needs to optimize further to improve the power quality

of the system.
3.6.3 Controllable load base method

Controllable load base islanding detection method is designed based on adding real-
time variation to the controllable loads connected parallel to the DC link [14]. The
MPPT of the distributed generators is not discussed in [14] and islanding detection is
tested only for the worst-case scenario in which power generation is closely matched
with loads within the system. In addition, the system is tested for the different
irradiance levels but still, this islanding detection method needs to be optimized by
further testing under different scenarios. The perturbation introduced by the insertion
of real-time variation of the loads is normally compensated by the VSC and it does not
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show any measurable voltage variations in the DC microgrid in normal operation.
However, in the unstable condition of the system under the islanded condition has
created measurable variations to its parameters and it is used to detect the islanding of
the system with pre-defined threshold values. The major disadvantage of this technique
is the degradation of system efficiency over time due to continuous perturbation
activity in the system and, this technique is only applicable in the fixed load conditions,

which is practically scarce.
3.7 Passive islanding techniques available for the DC microgrids

Passive islanding techniques are designed with continuous monitoring of the
predefined system parameters such as voltages and current. The system creates some
abnormal variations in the system parameters in the islanded condition and it is
detected as islanding with pre-defined threshold values. After the detection of
islanding, it initiates signals to the appropriate control modules in the microgrid
system. These techniques are straightforward and productive when there is a high-
power mismatch in the DC microgrid system, but these techniques have a higher NDZ
than other available techniques. There are important passive islanding techniques such
as the rate of change of voltage and under/over voltage methods.

3.7.1 Rate of change of voltage and current based method

Rate of change of voltage and current based islanding detection methods are mainly
based on the voltage and current signatures captured locally near the distributed
generators. The rate of change in voltage and current in the system is observed to detect
the islanding status of the microgrid [29]. Proposed techniques are tested with different
scenarios. The rate of change in voltage and current are measured at the local terminal
of the battery and PV. The major disadvantage of this system is the higher NDZ and
limitations on the differentiation of islanding status and the high impedance fault
situations in the microgrid. In [7], it is stated that the passive islanding techniques like
rate of change in voltage (ROCV), rate of change in current (ROCC) types are not
suitable for the reliable detection of islanding in DC microgrids due to their limitations

in the typical operation.
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3.8 Remote islanding techniques for the DC microgrid systems

Remote islanding detection methods are based on the information exchange between
the various systems through the communication links [24][31]. Mainly these
techniques are based on the basic relay operation and other abnormal changes in the
parameters such as voltages and currents. Remote islanding detection methods have
higher reliability and better performance compared with other available techniques.
These systems have zero NDZ as well as the high immunity to the system disturbances.
However, these systems typically have a sophisticated design and high initial cost as
disadvantages over the others [36]. In addition, these telecommunication technologies
create new challenges such as cyber-security issues in power system protection.
Transfer trip method and power line carrier-based methods are the common methods

of remote islanding detection.
3.8.1 Transfer trip method

This method is based on the monitoring of the circuit breakers and re-closers in the
system in the DC microgrid and analyzes this information to detect the islanding of
the microgrid [37]. For the successful operation of this method, islanding detection is
incorporated with SCADA to build up proper communication between the utility and
distributed generators. When disconnection from the utility is detected at the substation
level, it sends the appropriate control signals to the distributed generators and the main

controller of the microgrid that may needed to be changed for islanded operation.

Transfer trip has very accurate detection with recent machine learning concepts. The
DC microgrid with limited distributed generators in a radial network can be easily
equipped with this method. This method can be used in microgrids with multiple grid
interfaces and ring architectures as well but, the decision making becomes complex.

The major weaknesses of these techniques are the complex control approach and high
implementation cost[23]. The reliability issues with data transferring over the distance
are the common challenges of these systems[23][30]. However, it has not existed in

any non-detection zone in the DC microgrid systems.
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3.8.2 Power line carrier-based communication methods

The power line carrier-based communication method for islanding detection is
designed as to transfer the information through distribution feeders to the distributed
generators as a signal carrier [30][23]. In these systems, receivers are placed close to
the distributed generators and continue monitoring signals from the transmitters. When
the system has detected an interruption of the signal while system transition from grid-
connected status to islanded status, it will trigger the islanding of the system quickly.
Not like previous cases, this can be used with the multiple distributed generators as
well as future expansions without any effect on the detection of islanding in the system.
The frequency of the signal transmitting through the network needs to be determined
as close or below to the fundamental frequency of the utility but, with minimum

inference to the detection of the islanding.

This method has advantages, such as high accuracy and fast detection. The radial
network can be operated with a single transmitter, which improves the design
simplicity compared to the transfer trip method. There are some situations including
faulty and interconnecting breaker open situations where the transmitting signal can
be interrupted other than the islanding situation. Therefore, these methods need to have
further optimized with the recent machine learning concepts to avoid unrealistic
detections. Requirement of additional electronics to connect with high voltage system
and requirement of proper isolation and higher cost in the multi inverter operation are

some of the disadvantages of this technique.
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4. MODELING AND SIMULATION OF THE DC MICROGRID

4.1 Proposed DC microgrid system
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Figure 4-1 Proposed DC Microgrid system

The proposed DC microgrid system was designed for a residential application. The
basic structure of this design is illustrated in Figure 4-1. A simple radial DC microgrid
system was designed and it was configured as a mono-polar DC-link system. This
microgrid consists of a 3-kW solar PV system, a 4-kW battery system, and several DC
loads. The grid interfaced AC-DC converter regulates the DC voltage at 48 VDC. It
enables the reliable power exchange between the primary grid and DC microgrid. The
solar PV system operates with maximum power point tracking (MPPT) algorithm
made to harness the maximum power output form the PV modules. A Lithium-lon
based battery model is used and the battery system rated at the 240 VDC is interfaced
through the DC-DC bi-directional buck-boost converter. All the modeling and
simulation was done in the PSCAD EMTDC V4.6. The main characteristics of the

system are shown in Table 4-1.
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Table 4-1 Characteristics of the DC Microgrid

DC nominal bus voltage 48 VDC
Utility nominal voltage L-N (single phase) 230 VAC
AC side voltage L-N 14 VAC
G-VSC nominal power 7 kKW
Battery nominal power 4 kW
Battery terminal voltage 24 VDC
Battery Capacity 250 Ahr
Battery internal resistance 0.1 ohm
PV maximum power 3 kw

PV short circuit current 15A

PV array Open circuit voltage 260 VDC
MPPT algorithm P&O

4.2 Modeling and simulations of DC microgrid system

4.2.1 Voltage source inverter design

Grid interfaced converter design consists of a bi-directional AC-DC converter. This
proposed system has a voltage source converter with the active and reactive power
control method with Pl-based direct and quadrature axis current control design (DQ
control) [38]. In this proposed method IGBTSs are controlled with sinusoidal pulse
width modulation (SPWM) signals.

The reference of the quadrature current referred to the reactive power was taken as
zero due to the nonexistence of the reactive power in the DC microgrid systems. Then,
the reference of direct current is referred to the active power and was given by the DC
voltage PI loop. Accordingly, the phase lock loop (PLL) was used to synchronize the
AC side of the VSC with the primary grid [39]. The PLL control module takes the
voltage of the primary grid as the reference signal. It creates the actual DQ components
of the primary side into the Pl-based control loops. It can regulate the DC microgrid

voltage while exchanging power between the DC microgrid and the utility.
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In the Pl-based DQ control strategy, first it compares the actual DQ axis current
components with the reference DQ components. The error between the actual value
and reference value is fed into PI control loops and output signals are injected into the
SPWM generator. The SPWM generator controls the IGBT bridge with the appropriate
control signals.

4.2.1.1 Mathematical modeling and design of grid interfaced controller

-
LE
F !

L' Current Controller

r Veay wVws | | Vet | 7,

F O

= | Y
Eaf —Hl- D aB ..ET f e
(e q d
E'.' , -
f 1 7w (Yee Dol fl prr
. PM & e
P O Gate Driver Igg | lga

F 3
i 056
Ig

L y
RES —|< Filter GTM:D[:} -

Figure 4-2 block diagram of the DQ controlled single phase grid connected inverter [40]

The single line schematic diagram of the single-phase Pl-based DQ current-controlled
grid interfaced converter is shown in Figure 4-2 [40]. This VSC topology consists of
a single-phase H bridge, which is interfaced with the grid through the line reactor filter
and grid-connected transformer as illustrated in Figure 4-2. The system filter is
consisted of an inductor and leakage reactance due to the transformer-coupled with the

grid. Also, it adds some internal resistance to each phase.
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Figure 4-3 relationship in between rotating reference frame and fixed reference frame[38]

Gating Signaly

This section discusses the mathematical model of the VSC controller. When the
switching losses are ignored, the transient equation for voltage in the rotating reference
frame of VSC can be written as referred with Figure 4-3 [38]. As the first step, we
need to derive the basic electrical equation with instantaneous parameters for the VSC

in abc reference frame as shown in Equation 4.1.
Via =R X I;q+ Ly x (242 + v, (4.1)

In which, VSCs’ primary grid side terminal voltage is denoted as V,, and, L, and R,
are represent the parameters of the line filter. The line current, I, is measured

between the utility and VSC.

Veapo = Re X Toapo + Lo x (L)) 4 v, (4.2)

Equation 4-2 can be obtained by transforming Equation 4-1 (abc reference frame) into
the aB reference frame. It consists of the two orthogonal parameters known as af,

and it can be treated as complex numbers such as (Pgg = P, + Pgj). This static
reference frame equations can be transformed into the rotating reference frame

(ap to dq) as shown in Equation 4-3 by using, Pgq = Pgg * e 1@t

Vt,dq = Rt X It,dq + Lt ( (tdq)) + jw X Lt X Itdq + qu (43)

After simplification of Equation 4-3, the real and imaginary terms in the above
dynamic equation can be separated as given in Equation 4.4 and Equation 4.5,
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Figure 4-4 Current Control Diagram[40]

The current control diagram of the system refers to Equation 4.4 and Equation 4.5 is
illustrated in Figure 4-4 [40]. It contains the coupling terms (w X L;) to generate the
Vaiand V, components. Besides that, this control approach needs DQ current reference
from the primary grid named Ia and Iq in Figure 4-2 The output of the current control
module, which is fed through the dq to af block, is used to create the reference signal
to the SPWM generator. This method is preliminary discussed with the three-phase
grid connection. However, this control method can be extended to the single-phase
system by using additional control module: an orthogonal signal generator (OSG)
module, to generate the virtual orthogonal signal (ff components of the signals)
because, single-phase systems have only a single voltage [41]. Furthermore, the PLL

is an important requirement in the system to synchronize with the utility grid.
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4.2.1.2 Mathematical modeling of phase look loop controller
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Figure 4-6 Quadrature Signal Generator[39]

The designed system contains the single-phase grid interfaced converter, as illustrated
in Figure 4-5 [39]. The VSC needs to be synchronized with the primary grid to ensure
the power exchange between the primary grid and DC microgrid. The control modules
of the phase lock loop design have taken the responsibility of the grid synchronization
while doing the power exchange. In every islanded to grid-connected transition

situation, the PLL handles the synchronizing with the grid.

PLL controller is a feedback-controlled system, which adjusts the phase angle of the
locally produced signal to match the phase of the grid reference. The primary function
of this PLL design is to synchronize the voltage angle of the inverter, 8;,,,, with the
angle of the voltage of the utility, 84,4 accordingly to obtain the unity power factor.
The working principle of this PLL is to control the error between the frequency of the
inverter output, @, and the w 4,44 as shown in Figure 4-5 and Figure 4-6 [39]. In the
situations where the inverter voltage signal lags the grid voltage signal, the PLL will

decrease the frequency, w;,,, until the voltage signal is in phase with each other. In the
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same way, if the inverter voltage signal leads the voltage signal, w;,,,, will be increased

until both signals are in phase with each other.

Many PLL topologies have been established in most of the grid-interfaced converters,
which need synchronizing with the primary grid. In this proposed method, the creation
of the virtual orthogonal voltage is the major challenge in the single-phase PLL design.
Most of the grid interface converters are based on the three-phase supply due to some
advantages like easy accessibility, availability and large capacity. Therefore, most
simulation software like PSCAD contains three phase-related libraries other than the
single-phase models but, inbuilt model of single phase PLL is not available in the
libraries. Hence, a single-phase PLL was successfully designed as a requirement of
this research.

The designed PLL module is based on the Park transform and inverse Park transform
(dq to af) method, as illustrated in Figure 4-6. The single-phase primary voltage

(Vin ) and internally generated orthogonal signal V g are injected as inputs to the park
transform block. One of the outputs from the inverse park transform block, Vs is used

as the input to the park transform block (af to dq). The DQ components of the Park
transform block are fed into the inverse Park transform block through the low pass
filter (LPF), which adequately needs for the proper operation of the PLL. Although the
PLL topology can be implemented easily by using the Park transform, inverse Park
transform, two low pass filters, and PI controller, of the PI controller is quite tricky
due to the interdependent two nonlinear loops, and the selection of the proper time
constant for the low pass filter is also complicated for the smooth operation of the PLL.

4.2.2 Solar PV with MPPT design

The solar power is the widely spread renewable technology in the world because of
the recent price reduction and technological advancements in solar PV technologies
gained in past decades. The solar PV modules with series and parallel arrangements
are connected to the DC microgrid by considering the system requirements.
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(b)

Figure 4-7 V-1 characteristic curve of solar PV system (a) P-V characteristics (b)V-1 characteristics

Every PV cell converts the energy of the sunlight into electrical energy as a result of
the photovoltaic effect. Typically, PV systems generate DC power output. Thus, the
solar PV modules are more popular in DC microgrid applications. The voltage of the
no-load condition of the PV panel is equal to the sum of the voltages in series-
connected solar cells. The designed solar PV module consists of a 3-kW rated capacity
module. The P-V curve, and the voltage and current characteristics of the designed

solar PV system is demonstrated in Figure 4-7.

4.2.3 Maximum power point tracking (MPPT)

The voltage of the PV cell terminals mainly depends on the amount of the energy
received from the sun and current flowing through the solar cells. The P-V curve of
the solar PV module is shown in Figure 4-7 (a) and it indicates the maximum power
delivering point at a certain voltage level. That point can be recognized as the
maximum power point, which can be delivered from the solar PV cell under the given
conditions. Each maximum Power Point has the appropriate combination of the
voltage and current, as indicated in Figure 4-7(b). Nowadays, most of the solar PV
based power converters and inverters are operated with the maximum power point
tracking mode to harness the maximum power from the solar PV module. There are
many MPPT algorithms like perturb and observe (P&O) method, incremental
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conductance, and fractional open-circuit voltage introduced in the previous literature
[42][43]. The perturb and observe method was used in the solar PV model in the

proposed microgrid model.

Perturb and observe method is one of the popular MPPT algorithms used in the solar
industry. This method injects small perturbation to the operating voltage and measures
the power generated from the solar PV array. If the controller detects any incremental
power situation, it continues the perturbation process until no longer there is a power
increase in the PV system. It adversely affects the system with continuous power
oscillations and degrades the overall efficiency of the system. This technique was
inspired by the “hill-climbing” technique, which monitors the rise of the power in the
voltage vs. power curve below the maximum power point and falls after the above
point. The significant advantage of this technique is the higher efficiency and ease of

implementation than the other available techniques.

4.2.4 Bi-directional battery controller design

Battery systems deployed in the DC microgrid system ensure maintenance of power
quality of the system even in the islanded mode of operation. Battery modules are
typically consisted of series and parallel-connected battery cells to ensure the desired
voltage level and current concerning their applications. The battery converts the
chemical energy into electrical energy and vice versa in its basic operation. In the DC
microgrid, the battery module is operating under both charging and discharging to
ensure the reliable operation of the system. There are many battery types like lithium-
ion, nickel-cadmium, and nickel-metal hydride available to use and the designed

system considers a lithium-ion battery technology.

4.2.4.1 Lithium-ion battery technology

Having higher energy density, higher cycle life, lower self-discharge effect, and higher
efficiency, Lithium-ion battery technology is widely accepted for DC microgrid
projects. Lithium-ion battery modules are typically consisting of internally connected
battery cells up to the rated voltage requirements in the system. These technologies

have few drawbacks like rapid rising of cell temperature, and it will course thermal
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runaway to further increase in cell temperature. The thermal runaway is defined as the
triggering of the unstoppable chain reaction and rapidly releases a higher amount of
stored energy in the millisecond range. There is also a higher risk of explosion happen

in the battery.

Currently, the transportation sector is converting to the fully electric vehicle concept
with recent technological advancements in battery technologies in the world.
Typically, those batteries required to be replaced when it reaches 80% of its usable
range of the original capacity. The disposal of those used batteries needs a highly
complex recycling process. However, those batteries can be used for the DC microgrid
projects at a low cost. These concepts will reduce environmental pollution, and it will
improve the reliability of the system. Most of the time implementation of these projects
face financial difficulties and low return on investment with the high-cost energy

storage system.

4.3 Multi-mode energy management system

The battery module of the designed system is working with the multi-mode energy
management system. The battery module used in the designed system has a capacity
of 0.25 kAhr and terminal voltage of 0.024 kV. The selection of the proper battery
chemistry and sizing of the battery is highly vulnerable in designing the DC
microgrids. Mainly, these battery modules have the prime responsibility to cater to the
power requirements of the DC microgrids in grid-disconnected mode and
compensation of grid transient conditions in the grid-connected mode of operation.
However, the cost and size of the battery module proportionally increase along with

the capacity of the battery system.
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Figure 4-8 DC-DC battery control module

Hence optimizing the DC microgrid with an appropriate capacity of the battery module

is highly recommended to reduce the cost burden of these new technologies.

The main control objectives in the usage of the energy storage systems are to regulate
the DC-link within the acceptable limit and maintain the smooth functioning of the DC
microgrid. This control function has become more challenging in the islanded mode
of operation because, the energy storage device is the only responsible resource for
managing the internal energy requirements in a microgrid at that time. In addition, if
any voltage fluctuation happens in the grid-connected mode of the microgrid due to
the intermittency nature of the distributed power generation or due to sudden load
variations then also energy storage system can be used to compensate the energy
imbalance. The battery module also has its limitations with its effective state of charge
(SoC) range and SoC balancing method integrated with an energy management system
(EMS) of the DC microgrid. Therefore, a proper energy management system is
required to regulate the DC-link voltage by considering the variations in power
generation, loads, SoC, and voltage requirements for the internal loads. This designed
system is introduced to the reliable battery energy storage system for DC bus voltage
regulation, SoC regulating under the different modes of operation. The proposed
battery energy management system is introduced to stabilize the DC bus voltage even

in extreme grid fluctuations such as fault conditions too.
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4.3.1 Bidirectional DC-DC converter control method

Several types of grid-interfaced technologies have been introduced in recent works of
literature for the connection of the energy storage systems to the DC microgrid
systems. Figure 4-8 demonstrates the bi-directional DC-DC converter topology used
in the microgrid model. The control algorithm for this converter consists of the dual-
loop control structure with outer and inner control loop configuration, as shown in
Figure 4-9. The battery energy management system works as the supervisory control
system, which selects the appropriate reference voltage (Vees_Ref) to the DC-DC
converter considering the parameters like the SoC level of battery module / DC bus
voltage (Vdc) and microgrid operating mode. The control block diagram of the DC-DC
converter is illustrated in Figure 4-9. The Vges rer Values; Vges_Disref and
VBes_Chgref set the discharging and charging control mode in the DC-DC converter.
The reference current for the inner current loop, lses™ is given by the outer DC-link
voltage control loop. The outer loop solves the error between the Vees™f and Vdc and
injects into the PI block for creating the Ises"™". The current error in the inner loop is
fed through the PI controller and generates the PWM signals to drive the IGBT
module. The appropriate output signals from the drivers: G1 and G2, are used to
control the IGBTs in the DC-DC converter.
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Viss cng™ Viss pis™/ BEMS 3 l.s'Ithmdiffg
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Figure 4-9 dual loop P1 based controller
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4.3.2 Control scheme and operating modes of the energy storage

system
- | PV generation | Temporarily
Load curtailment shutdown the
shedding | ] . system

Mode 111

Figure 4-10 State Diagram of Control Operation

The battery energy management system is an essential feature for the smooth operation
in DC microgrid as a supervisory control level. It has some main useful features:
controlling the charge-discharge operation of the battery, regulating the proper SoC
range in a battery, and regulating the DC-link voltage during the islanded operation of
the DC microgrid. Also, it can be used as a backup power source to maintain the
transient grid conditions, such as sag and swell situations in grid-connected situations.
The proposed DC microgrid system is designed with a multimode supervisory battery
energy management system (BEMS). The proposed systems consist of three modes of
operation. The control operation will work in both grid-connected and islanded
situations. All three operating modes are based on the SoC level of the battery, the
real-time operating condition of the DC microgrid, and voltage fluctuations in the grid
(4V4c). The state diagram in Figure 4-10 illustrates the different operating conditions
in the proposed algorithm. The conditions adequate for each transition are shown in
Table 4-2. Each operating mode of this proposed system is discussed in the following

sections.
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Table 4-2 Conditions for the states

Transition Conditions

1 Islanded AND 30% < SoC < 90%

2 (SoC < 50% OR SoC > 80%) AND Grid-connected AND
|AVc| < 0.03 pu

3 SoC =70%

4 Grid-connected AND (0.11 pu>|AVqc| > 0.09 pu) AND 30%
< SoC < 90%

5 [AVac| > 0.11 pu

6 Islanded AND SoC < 30%

7 Islanded AND SoC > 90%

Mode 1T

No

No

i

Mode I

0% < So€ < 90

L4 Load
peneration
:u rtailment shedding

{ Set Vaes_ni "f;

X

Z H
<
~

Made 111

Set Faes ong™

Set Vaes on"™

Temporarily
shutdown the
system

52

(Retura )

Figure 4-11 BEMS control algorithm



The selection of the operating mode of the BEMS operation is carried out by the
supervisory control algorithm shown in Figure 4-11. Different reference voltage levels
are defined in the BEMS algorithm for different modes of operation of the microgrid
thus, operating mode can be identified without the requirement of any additional data

transfer method.
4.3.2.1 Operation in mode |

This mode refers to the islanded operation of the DC microgrid, which needs to
regulate the DC bus voltage using battery energy storage. In this system, BEMS
manages the SoC level of Battery Energy Storage. Any Battery Energy Storage has its
operating SoC range within maximum SoC level (S0Cmax) and minimum SoC level
(SoCnin). Based on the charge-discharge profile and safe operating temperature levels
of the appropriate battery type, the typical operating range of the battery is maintained
within 30%-90% range: S0OCmax=90% and SoCmin=30%.

When the battery has acceptable SoC level as mentioned above, BEMS access the
voltage variations (4Vqc) in the DC-link in real-time as given in Equation 4.6. If the
AVy> 0, BEMS sets the reference voltage of DC-DC converter (Veesref) t0 VBES Disref
which enables the discharging mode of operation of the energy storage to regulate the
DC voltage of the microgrid. If the system is undergoing with 4Vqc. < 0 conditions,
BEMS sets the Vees_chgref to the Veesrer and enables the charging mode of the BES.
However, when the SoC level reaches its lower or upper bound (S0Cmax and S0Cmin)
levels, the BEMS cannot regulate the DC bus voltage. Hence, if the BES is undergoing
SoC < SoCin condition, loads are shedded, and the battery is operating in charging
mode to regulate the DC-link voltage. Moreover, if SOC > SoCmax condition, solar PV
is curtailed. The battery is operating in discharging mode to maintain the voltage
within its acceptable limits. Mode-1 operation of the BEMS algorithm is shown in
Figure 4-11.

AVidc = Vdc_nom - Vdc (4.6)
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4.3.2.2 Operation in mode-11

The mode 11 operates under the grid-connected operation of the DC microgrid in which
BES needs to compensate for the power variations in the network to support the VSC
in the regulation of voltage at significant disturbance conditions of DC microgrid. The
control algorithm relevant for the mode Il operation is illustrated in Figure 4-11. In
this operating mode, the BES is acting as a backup power source to the primary grid
connection. When the system is operating under SoC < 90% and 4V < -0.09 pu
condition, BEMS enables the charging mode while setting up the Veesref = VBES_Chgref.
In addition, if the SoC > 30% and 4V > 0.09 pu, then BEMS enables the discharging
mode while setting up the Veesret = VBEes_pisrer. However, if |[4Vq| > 0.11pu, the
microgrid is temporarily shut down and terminate the operation under this operating

mode.

4.3.2.3 Operation in mode-111

This mode refers to the grid-connected operation of DC microgrid to maintain the
acceptable SoC rage in the battery. This mode is essential to ensure the effective
operation of the battery under other operating modes (Mode I/11) of proposed BEMS.
The selection of the charge-discharge condition only relies on the SoC level of the
BES. This model avoids the undesirable network interruptions due to the overcharging
and deep discharging of the battery module.

The operation of the Model Il in the BEMS is shown in Figure 4-11 This mode is
activated only under the stable operation of the DC microgrid and based on the
available SoC level it decides the charging and discharging operation. When the SoC
level reaches the 50% margin with AVq < 0.03pu, BEMS triggers the charge mode
until the SoC reaches to the 70% margin. If the SoC level of BES goes beyond the
80% margin with AVqc < 0.03p condition, BEMS triggers the discharge mode until
the SoC level of the BES reaches the 70% margin. Therefore, Mode 11l operation
ensures the continuous stable operation of the DC microgrid in the islanded situation
(Mode 1) or during transient conditions within the grid (Mode 1) to regulate the DC-
link voltage.
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4.3.3 Simulation of the proposed BEMS algorithm

The accurate operation of the proposed BEMS algorithm validated through
simulations using PSCAD/EMTDC transient simulation software. The operating
conditions appropriate for each mode are discussed under the selected case studies

discussed in the following sections.

4.3.3.1 Case I: Mode | operation of the proposed BEMS
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Figure 4-12 Case | simulations
Case | simulations correspond to the Mode | operation of the proposed BEMS and
results are shown in Figure 4-12. The designed DC microgrid system is initially
operating in the grid-connected mode, and the system is islanded at t = 1 s. At the
islanded situation, solar PV generation (Ppy) is lower than the power consumption or
power demand of the DC microgrid (Pioad ); (Ppv < Pioad).In that instance, the system
experiences energy deficit and BES enables the discharge mode to regulate the DC
link voltage (Vac). Att = 1.5 s, all the connected loads are switched off and it creates
an energy surplus situation in the system (Ppy > Pioad). Then BES starts to operate in
charging mode to regulate the Vg within its acceptable operating levels around

nominal voltage. In this case study, the Vaes pis™ and Vees_cng™ parameters are set
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0.96 pu and 1.04 pu accordingly to maintain the voltage within the stable limits of the
designed system. When the system is operating in this operation, the current and SoC
variation is shown in Figure 4-12(b) and (c) respectively. The battery current is varied
smoothly with the help of the DC-DC converter controller and SoC of BES is changed

with reference to the operating mode of the battery.

4.3.3.2 Case I1: Mode 11 operation of the BES
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Figure 4-13 Case Il simulations

Case Il simulation corresponds to the Mode Il operation of the BES as shown in Figure
4-13. This mainly corresponds to the grid-connected operation of the DC microgrid
but, under transient situations, and that is the leading specialty of the proposed BEMS
of this thesis. The grid connected VSC has maximum loading capacity of 10kW, which
happens due to the control limits of the bi-directional converter. The system is initially

operating in the grid-connected operation and at t = 0.9 s, the loads are connected to
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the system. However, PV generation and grid connected VSC cannot handle total load
power requirement at the instant of the load variation in the grid. Hence, the support
of the BES to suppress such disturbances in the system is highly required for Vqc
regulation of the system. As in the case Il analysis, the BEMS system enables the
discharging mode and regulates the Vqc at 0.95 pu. In this proposed algorithm, it
distinguishes the different modes of operation based on the relevant reference voltages.
That is convenient for the other controllers to detect the working mode of the battery
without any additional communication method in the proposed decentralized control
system. When all the connected loads are switched off from the system att = 1.5 s the
grid connected VSC takes over the DC link regulation. Mode Il operation operates
only when the SoC level of the BES are within the acceptable limits; if not, it operates

in idle mode to avoid an unnecessary charge and discharge operation of the BES.

4.3.3.3 Case I11: Mode | and Mode 111 operation of the BES
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Figure 4-14 Case 111 simulations
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Mode | and Mode I11 operation of the BES is evaluated in this scenario and simulation
results for different events are shown in Fig. 4-14. The availability of an ideal
islanding detection technique (which does not have any time lag for detection) was

assumed throughout the study.

The DC microgrid system is islanded at t = 1 s. At the instant of receiving the islanding
detection signal from the modules, the BEMS takes over the Vqc regulation of the
system to maintain the DC-link voltage within acceptable limits. In this situation, the
system is undergoing an energy surplus situation (Ppv > Piead) as shown in Figure 4-
14. It contains the SoC variation with the time, and the SoC level increases beyond the
80% limit during the BES charging in the islanded voltage regulatory mode. If the
system experiences redundant charging or discharging situations, there might have a
higher risk of maintaining the SoC level at the acceptable range. Therefore, the system
requires a proper mechanism to control the SoC level of battery module at the desired
level. Therefore, 70% SoC margin is considered as the effective range to ensure
smooth, reliable operation. When the grid connects back with the DC microgrid at 2.5

s, the BES starts to discharge until the SoC level reaches the 70% margin.
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5. PROPOSED ISLANDING DETECTION METHOD

5.1 Mathematical analysis for the frequency analysis of single-phase

DC microgrid system

L Ve L /
" 1YY, DC/AC ,_IYYY\_I_\,.;
l‘c vl"l' Va
Array ke [ Grid

Figure 5-1 grid connected two stage solar PV Module with cascade inverter

In the figure 5.1 contains the simple microgrid designed with grid connected inverter
which operates in unity power factor [44][45], the equation for the instantaneous

output power of Inverter (P,,.) is derived as follows,

V, =V, Xsin(wt) 5.1
[ =1, Xsin(wt) 5.2
Poye = Vg X Iy X sin(wt )2 5.3

The V,, I and w variables are known as Inverter output voltage/current and angular

frequency in rad/s respectively.

Iq Iq Iq
Pyt =V, X 0 X (1 —cos(Rwt)) =V, X 7= V, X > X cos(2wt) 5.4

The average part of the inverter output power is equal to the solar PV output power.
When the system losses are neglecting compared to the total power[45].
va = lge X Vg 5.5

The second term of the equation 5.4 represents the oscillations of the grid power with
double frequency component[44][45]. The P, I 4 and V 4. represent instantaneous

solar PV output power, dc link current and voltage, respectively.
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The equation for the input power of the inverter can be derived as follow while
neglecting the other losses in the dc microgrid side[44][45]. The instantaneous power

consumption of the capacitor denotes as P ¢qp,.
Py = Pyy — Pegyp 5.6

Where the Ig¢ ¢qp(t) and (Vg cqp) illustrate the instantaneous current and voltage of

the capacitor.

d (Vdc_cap)

Feap = Vac X lac_cap (t) = Ve X Cge X It 57

While assuming the inverter input power equal to the output power[45],

Pi = FPout 5.8

Iy
Idc X Vdc = Va X 5 5.9

In below represent the relationship between the DC link parameters with the grid

parameters. Where the “m” denotes for the modulation index of inverter[44].

[=mxIy, 5.10
m XV 5.11
VdC = 2 =

The AC power oscillations in the latter part of the equation 5.4 is reflected the DC side

resulting oscillating power at the DC link capacitor as follows,

Vie X Cye X

d(Vd(;Ecap) _L >2< fa X cos(Zwt) 5.12

Vo x I,
4w X Vd(: X Cdc

Vic cap = X sin(2wt) 5.13

Hence the double frequency term in the ripple frequency is sourced by the capacitor

power oscillations as shown in equation 5.13.

d(Vdc_cap) V, X1, 5.14
dt = 2xV, X cos(2wt)

Idc_cap (t) = Cgc X

5.15

_ Iz cos(2wt) N 2 X By

Lippue = 1 + 14 =
input dc_cap dc m m X Va
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The “Iq¢ cap” term represents the instantaneous current in the capacitor .Where the
input current to the inverter is known as the "I,,,,” which contains the double

frequency components . The inverter operation is carried out with the SPWM function

“m(t)" ,therefore instantaneous current can be derived as follows,

, I, cos(Qwt) 2 XP,
Loyt = M(t) X lippye (£) = m X sin wt X ( 2 — + — ;:) 5.16
2X By _
out = X sinwt + I, X sin wt X cos 2wt 517
a
Towe = B0 o in oot + 22 x (sin 308) — 2 (sin wt

out = 7 sinwt + - (sin 3wt) > (sinwt) 5.18
2XP I I

Loye = (( 22— 2)sin wt) +— X (sin 3wt) 5.19
V. 2 2

The output current term is consisted with w and 3w angular velocities which is known
as fundamental and third harmonics, respectively[46][47]. This series of odd harmonic
components in output current of the DC link capacitor are enabled by the double
frequency voltage ripple and repetitive iterations of the control system as shown in
equation 5.19 [46].

5.2 Selection of proper threshold value for the islanding detection of

single-phase grid interfaced DC microgrid

The proposed algorithm was designed based on the idea that the frequency signatures
in voltages waveforms can be employed to obtain a reliable islanding detection in DC
microgrids. Therefore, to analyze the frequency signatures in the DC-link voltage, Fast
Fourier Transform (FFT) based model was adopted. The VSC module regulates the
DC link voltage, but still it contains some frequency components as described in
chapter 5.1 .But it contains in smaller magnitudes as shown in Figure 5-2(a) , which
illustrates the variations of the frequency components up to seventh order in single-
phase grid interfaced DC microgrid system. Figure 5-2(b) shows the variation of
dominant frequencies (50Hz, 100Hz) and Figure 5-2(c) illustrates the real-time load

variation during a selected time duration .The double frequency component of the
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dominant frequencies (100Hz) has been sourced by the capacitor voltage ripple as
represent in equation 5.13.The fundamental component(50Hz)in the dominant
frequencies has been introduced by the series of odd harmonic components in output

current of the DC link capacitor as shown in equation 5.19.

Isonded

|dardng Foel

Figure 5-2 Variation of the Frequency components in diff;:fent load conditions (a) frequency analysis up to
seventh order (b)50Hz and 100Hz frequency variation (c)load variation
The system is initially operated in grid-connected condition and it is islanded at the
3.5s. A considerable frequency variation can be seen during the load switching as well
as at the instant of transition from the grid-connected operation to islanded operation.
Compared to the grid-connected mode of operation, when the system is islanded at 3.5
s, the magnitudes of the dominant frequency components have decreased to lower
values after the initial transient, and then they are maintained around minimum values
as illustrating in Figure 5-2(b). Hence, this variation can be used to identify the
islanded situation from other operating conditions in DC microgrids by setting up

proper threshold values for the dominant frequency magnitudes.

62



T Ref=AVG(FG_L & FI_H)

-------------------------------------------------

Figure 5-3 Operating ranges of frequency magnitudes

As the initial step, the maximum possible magnitude range of dominant frequencies
(minimum and maximum) in the DC link voltage were identified in grid-connected
mode (FG_H and FG_L) and islanded mode (FI_H and FI_L) considering possible load
variations in the network. Then, the appropriate threshold values for each dominant
frequency were selected to separate the islanded mode from grid-connected mode. As
illustrated in Figure 5-3, threshold was selected by finding the midst value of the
lowest value of grid-connected mode (FG_L) and the highest value of islanded mode
(FI_H). The detailed procedure of threshold value selection is described in Table 5.1.

Table 5-1 Case study on selection of threshold value

Threshold Threshold
Frequenc . Range Value(T_Ref)
y (H2) Level Grid connected Islanded (FG_L- Avg((FG_L-
FI_H) FI_H)
100 FG_H =1.469x% FI_H =5.38x
- -9
Upper 10-4 10 (7.346x10°-
-9 -6
FG L=7346x10- | FIL= 538x| >38*107) 3.5¢10
Lower 6 10°
50 FG_H=1.869x 10- Fl H
Upper 4 =1.169x10-8 (5.645x105-
1.169x 10%) =
FG_L =5.645x 10- Fl_L=1.169x 3.0x10
Lower 5 108
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5.3 Analysis of the factors that affect the selection of threshold
5.2.1 Effect of noise level

Figure 5-4 Effect of the Noise to the variations of frequency components. (a)SNR=30dB (b)20dB (c) 10dB

To analyze the effect of measurement noise on the selection of the threshold for
islanding detection, Gaussian white noise (GWN), which is a random signal with zero
means was introduced at the voltage measurements. In order to define the noise levels
of the system, signal to noise ratio (SNR), which compares the actual signal with the
background noise, (see Equation 5.20) is employed. Generally, the signal with SNR
level of 30 dB or more is highly recommended for applications that can be interfered
with the background noise [48][49]. In this research, noise level at 10 dB,20 dB and
30 dB with fixed load condition were used for the simulation.

S
SNR of signal = 20 logﬁ 5.20

Figure 5-4 illustrates dominant frequency variations under different noise levels. The
system was initially operating in the grid-connected mode and at time 0.6 s, system
was islanded. The impact of noise levels on the pre-defined threshold values is not
significant, at noise levels above 20 dB. When the SNR is 10 dB, some random
variations can be observed (Figure 5-4 (c)) in the dominant frequencies. Therefore,
agreeing with literature the SNR level require to be maintained at 30 dB or
above[48][49]. Table 5-2 presents a summary of the operating ranges of the frequency

magnitudes and comparison with the predefined threshold values (T_Ref).
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Table 5-2 Case Study on effect of the noise to the frequency variations

50 Hz (T_Ref =3.0x 10%) | 100 Hz (T_Ref =3.5x10)
SNR FG_L FI_H FG_L FI_H FI_ H<T Ref<FG_L
Noise=0 | 5.7x 105 | 6.9x10¢ | 0.000141 | 2.8x10%® True
30dB | 4.7x10° | 1.37x10° | 0.000118 | 6.7x 10 True
20dB | 4.6x10° | 1.6x10° | 0.000116 | 9.0x 10 True
10dB | 1.3x10° | 7.8x10° | 0.000106 | 3.1x 10 False

5.2.2 Effect of AC loads

Mostly, DC microgrids consist of DC loads only. However, in some situations, the
microgrid may contain some AC loads connected through DC-AC inverters. These
inverters add some frequency components to the DC microgrid side that may affect

the variation of the dominant frequencies and predefined threshold values (T_Ref).

In this analyze, the effect of AC loads on the variation of dominant frequencies was
observed considering a hypothetical case of having 100% AC loads ina DC microgrid.
It is known that the overall efficiency of the system decreases if the AC load margin
increases. Figure 5-5 illustrates the dominant frequency variations and Table 5-3
compares the threshold margins with the pre-defined threshold values for the
hypothetical case of having 100% (7 kW) AC loads. The designed AC loads are
connected to the system via square wave inverters. Due to the higher harmonic content
in the outputs of the inverters, slight variations in the magnitudes of the dominant
frequencies can be observed. However, these variations have not affected the

predefined threshold values.
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Table 5-3 Case study on effect of AC loads on threshold value

50 Hz (T_Ref = 3.0x10®) 100 Hz (T_Ref = 3.5x10%)
Load FG L Fl_ H FG L Fl_ H
AC Load (AC full load)
5.47x 10°® 1.45x 10°® 0.0002117 7.14x 10°®
FI H<T Ref<FG L True True

DC Loads o

Gt Conrwetnd Harend saten

| AC Losachs iy

Figure 5-5 Effect of the types of the loads into the variations in frequency components. (a) Frequency
variation (DC loads) (b) DC load (c) Frequency variations (three phase) (d) AC loads

5.4 The Islanding detection algorithm

The proposing islanding detection algorithm for DC microgrid systems is discussed in

this section. The proposed algorithm is illustrated in Figure 5-6. The initial inputs to

the proposed algorithm are dominant frequency components and relavent reference

threshold values (T_Ref (50 Hz), T_Ref (100 Hz), T_Ref (150 Hz), T_Ref (300 Hz)).

Then, the magnitudes of dominant frequencies and their corresponding reference

threshold values are compared. If the condition is satisfied, the algorithm detects the

islading condition and sends the appropriate signals.
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Figure 5-6 Proposed Islanding Detection Algorithm
5.5 Application of proposed islanding detection method for DC

microgrid connected to three phase system

The proposed algorithm was applied to a DC microgrid connected to a three-phase
system. In applying the technique, the dominant frequencies and thresholds have to be
identified. Therefore, a frequency analysis was carried out for the DC microgrid
connected to the three-phase system analyzing harmonics up to seventh order using a
base frequency of 50 Hz as shown in Figure 5-7(a). In this analysis, 150 Hz and 300
Hz were identified as the dominant frequency components as shown in Figure 5-6(b).
The real-time variations of the loads in the system are shown in Figure 5-7(c). The
same method used to analyze the single phase system is employed for the three phase

systm as well.
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Ianded Syvem

Figure 5-7 variations of the frequency components in different load conditions. (a)frequency components
up to seventh order (b) 150Hz and 300Hz frequency variations (¢)DC loads

The range of the threshold values were recognized by analyzing the maximum-
minimum values of the frequency signatures in both grid-connected and islanded
condition. The threshold values of the 150 Hz and 300 Hz frequency components are
selected as 1.3x 10°and 1.0x 10 respectively. These values are also verified to be
valid with high penetration of AC loads in the DC microgrid and with measurement
noise (SNR ratio 30dB or above range) as in the previous analysis.
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6. PERFORMANCE EVALUATION

The evaluation of the performance of proposed islanding detection algorithm under

various system conditions is presented in this chapter.

6.1 Islanding detection with multiple solar PV generation

Figure 6-1 Multiple PV Generation (DC microgrid connected to Single Phase)

Figure 6-2 Multiple PV Generation (DC microgrid connected to Three Phase)

The analysis was carried out with different arrangements of DER including single PV
and multiple PV. Figure 6-1 and Figure 6-2 present the variations of the dominant
frequency components for an islanding of the DC microgrid. Initially, the system is
operated in grid-connected conditions and it is islanded at the 0.6 s. At the islanding

point, the dominant frequencies in both systems indicate some random variations and
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then stabilizes at the lowest magnitude after some time. The islanding detection takes
0.06 s and 0.11 s respectively to identify the islanding of the DC microgrid from single
phase system and three phase system. It can be stated that the detection time does not
depend on the type of PV system (single PV system or multiple solar PV system), as
in both cases, same power output is given to the system.

6.2 Islanding detection with noise

The analysis was conducted to evaluate the behavior of the proposed islanding
detection with measurement noise. As shown in Figure 6-3, system response for an
islanding of DC microgrid connected to the three phase and single-phase system under
SNR level of 20 dB in measurements was observed. The system is islanded at 0.6 s
and it is detected after 0.06 s and 0.07 s in DC microgrid connected to single phase
and three phase systems respectively. Therefore, the detection time has not affected by

noise.

Figure 6-3 Islanding detection in the noise environment (a)150Hz and 300Hz frequency variation three
phase(b) Islanding detection three phase (c)50Hz and 100Hz frequency variation in single phase (d)
islanding detection in single phase
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6.3 Islanding detection with different power generation and Load

variation

Figure 6-4 Islanding detection in the different loading condition in the system(single phase (a) PL.<Pc (c)
PL and Pg slightly match (e) PL >Pg (b)(d)(f)islanding detection

To evaluate the impact of loading on the proposed islanding detection method, the

system was analyzed under three different loading conditions as listed below:
Case 1: generation exceeds the demand (PL<Pg)
Case 2: generation slightly match with demand

Case 3: demand exceeds the generation (PL >Pg)

Figure 6-4(a),(c),(e) shows the dominant frequency variation for each conditions and
the system are islanded at the 0.6s. The islanding detection time for the condition 1,
the condition 2 and the condition 3 are 0.08s, 0.03s and 0.07s respectively.
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Figure 6-5 Islanding detection in the different loading condition in the system(three phase) (a) PL<PG (c)
PL and PG slightly match (e) PL >PG (b)(d)(f)islanding detection

In the same manner, the detection time for for the condition 1, the condition 2 and the

condition 3 are 0.07s, 0.05s and 0.11s respectively as shown Figure 6-5.

6.4 Islanding detection with AC loads

Figure 6-6 illustrates the islanding detection of DC microgrid under 10% of AC loads
form rated power of the DC microrgrid for both single phase and three phase. Figure
6-6 (a) and (c) shows the variation of the dominant frequency components of the
single-phase and three system when DC microgrid is islanded at the 0.6 s. The
islanding detection time for DC microgrid being dicsonnected from single phase and
three phase systems are 0.09 s and 0.07 s respectively. It shows that having few AC
loads connected to the DC microgrid does not affect the response time of the proposed

islanding detection method.
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Figure 6-6 Islanding detection with AC loads (a) AC loads in three phase connected dc microgrid (b)
islanding detection three phase connected dc microgrid (c) AC loads in single phase connected dc
microgrid (d)islanding detection in single phase connected dc microgrid

6.5 Behavior of the proposed algorithm under fault condition in the
grid

In order to observe the effect of fault conditions for the proposed islanding detection

method, faults are created at the AC grid side at 0.6 s and fault duration was changed

in three different cases (case 1 : 0.01 s, case 2: 0.04 s and case 3: 0.06 s) for both single

phase and three phase systems.

Figure 6-7 Behavior of detection algorithm in fault situation in AC side (single phase) (a)fault duration
0.01s(b)islanding detection (c)fault duration 0.04s (d)islanding detection (e) fault duration 0.06s
(Hislanding detection
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Figure 6-8 Behavior of detection algorithm in fault situation in AC side (three phase)) (a)fault duration
0.01s(b)islanding detection (c)fault duration 0.04s (d)islanding detection (e) fault duration 0.06s
(Hislanding detection

The variation of dominant frequencies in the system show random variations while it
is undergoing different fault situations are shown in Figure 6-7(a), (c), (e) for each
case. As shown in Figure 6-7(b), (d), (f), the proposed islanding detection method
accurately operates under the fault conditions, without any unwanted triggering of
islanding. Similar accurate operation of the proposed method was observed for the DC

microgrid connected to a three-phase system as illustrated in Figure 6-8.
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6.6 Behavior of the proposed algorithm under faults in microgrid

Figure 6-9 Behavior of detection algorithm in fault situation in DC side (single phase) (a)fault duration
0.01s(b) islanding detection (c)fault duration 0.04s(d)islanding detection (e) fault duration
0.06s9(f)islanding detection
To further analyze the effect of fault conditions, faults were created within the DC
microgrid system. An earth fault was created at 0.6 s and fault duration was changed
in three different cases (case 1: 0.01 s, case 2: 0.04 s and case 3: 0.06 s) for both single

phase and three phase systems.

In the DC microgrid connected to the single-phase system, the variation of dominant
frequencies shows random variations while it is undergoing different fault situations
as shown in Figure 6-9(a), (c), (e) for each case. However, as shown in Figure 6-9 (b),
(d), (f), the proposed islanding detection operates accurately without triggering an

islanding.

Similar performance was observed for the DC microgrid connected to the three-phase

system as illustrated by Figure 6-10.
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Figure 6-10 Behavior of detection algorithm in fault situation in DC side (three phase) )(a)fault duration
0.01s(b) islanding detection (c)fault duration 0.04s(d)islanding detection (e) fault duration
0.06s9(f)islanding detection

6.7 Behavior of the proposed algorithm under variation of solar

Irradiance

To evaluate the performance of the proposed islanding detection method under varying
solar irradiance, system behavior was observed under varying irradiance levels of 1300
Wm2to 1500 Wm=2 at 1 s and 1500 Wm2 to 1300 Wm2 at 1.6 s. The 6-11 (a), (d)
illustrates the variation of dominant frequency components for the DC microgrid
connected to the single-phase system and Figure 6-11 (b), (e) show the change of solar
irradiance levels. As shown in Figure 6-11 (c), (f) the proposed islanding detection

method accurately operate without triggering for solar ramping conditions.
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Figure 6-11 effect of the variation in solar irradiance for detecting the islanding status in DC microgrid
connected to single phase system (a)Frequency variation(TP) (b)Irradiance(c)islanding detection
(d)frequency variation(SP) (e)irradiance variation (f)islanding detection

Figure 6-12(c), (f) illustrates the islanding detection of DC microgrid for different solar
irradiation levels (1300 Wm™2 and 1000Wm2) when connected to three phase system.
Figure 6-12 (a), (d) shows the variation of the dominant frequency components. The
detection time for solar irradiation with 1300 Wm™2is 0.06 s and with 1000 Wm-™ 2

solar irradiation it is 0.07 s.

Figure 6-12 Islanding detection in different irradiance levels (three phase)
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Figure 6-13 Islanding detection in different irradiance levels (single phase)

Figure 6-13(c), (f) illustrates the islanding detection of DC microgrid connected to the
single-phase system under different solar irradiation levels (1500 Wm™2 and 1300Wm"
2). Figure 6-13 (a), (d) shows the variation of the dominant frequency components .
The detection time for solar irradiation with 1500 Wm™2 is 0.07 s and with 1300 Wm

2 solar irradiation, itis 0.12 s .

Therefore, the response time of detecting islanding with the proposed methods do not
depend on the solar irradiance levels.

6.8 Behavior of the proposed algorithm with grid parameters

(voltage and frequency)

Typically, the voltage at the point of common coupling (PCC) of the DC microgrid to
the grid is maintained at a rated value with a tolerance (x10%) and the frequency is
maintained at a rated value with a tolerance (x1)[50]. To observe the performance of
the proposed islanding detection algorithm, system parameters were varied within their

limits.
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Figure 6-14 Behaviors of the proposed algorithm in different conditions in primary grid(single phase)

The 6-14 (a) illustrates the variation of dominant frequency components for the DC
microgrid connected to the single-phase system. Figure 6-14 (b) shows the variation
of voltage having a change between the time period of 0.5 s- 1.5 s whereas the variation

of frequency is changed between 1.5 s - 2.5 s as illustrated in Figure 6-14 (c).

Figure 6-15 Behavior of the proposed islanding detection method in different primary conditions (three
phase)

79



The 6-15 (a) illustrates the variation of dominant frequency components for the DC
microgrid connected to the three-phase system. Figure 6-15 (b) shows the variation of
voltage having a change between the time duration of 0.5 s- 1.5 s whereas the variation

of frequency between 1.5 s-2.5 s illustrated in Figure 6-15 (c).

Above analysis indicates that the grid side parameters do not affect the islanding
detection with the proposed system.

6.9 Islanding detection with different islanding instances

To evaluate the dependence of instance of islanding is initiated, the performance of the
proposed islanding detection method was observed under islanding created in steps of

0.05 s differences in time.

Figure 6-16 (a),(c),(e) illustrates the variation of dominant frequency components for
DC microgrid connected to single phase AC system. Figure 6-16 (b), (d), (f) shows the
islanding instances along with the islanding detection signal for three cases where the

instances time is changed with a step of 0.05 s.

Similarly, Figure 6-17 (a),(c),(e) illustrates the variation of dominant frequency
components for three phase system. Figure 6-17 (b), (d), (f) shows the islanding
instances along with the islanding detection signal for three cases where the instances

time is changed with a step of 0.05 s.

Even though the instance time is changed, the detection time remains at constant values
for both DC microgrid connected to single phase AC and three phase AC system.
Therefore, it can be said that irrespective of the instance when islanded, the proposed
method detects the islanding event and the detection time does not depend on the

islanding instance.
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7. SENSITIVITY ANALYSIS

In this chapter, the reliability of the proposed islanding detection method was assessed
under various cases, discussed in Chapter 6. Case studies with forty individual events
(twenty events for each case) were considered for the two cases: DC microgrid
connected to single phase AC system and DC microgrid connected to the three phase

AC systems.
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Figure 7-1 Islanding detection (single phase)

The detection time analysis for the twenty individual events for the case, DC microgrid
connected to the single-phase system is shown in the Figure 7-1. It has minimum
detection time of 0.025 s and maximum of 0.12 s. The average detection time for the
single-phase grid interfaced configuration is 0.0765 s. Figure 7-2 illustrate the same
analysis carried for DC microgrid connected to the three-phase system. It has
minimum detection time of 0.05s and maximum detection time of 0.12s. The average
value is 0.0865s. Hence, it can be stated that the average time taken to detect the
islanding situation for DC microgrid connected to single-phase system is less than that
for DC microgrid connected to the three-phase system. Behavior of the proposed
islanding detection method in the both network configuration is illustrated in Figure
7-3. More importantly, the accuracy of the proposed islanding detection algorithm is
100% as shown in the Figure 7-4.

82



Time(s)

Time{s)

83

014 - ° °
®  Detection Time
s Average Detection Time
DAz
° ° °
LRE o ° °
°
00865
°
( TR ] . ° © © © °
006 = ° °
o
0.04 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 J
0 1 2 k) Kl 5 6 7 L] 9 " 1" 12 13 1 15 16 17T 18 9 N
Events
Figure 7-2 Islanding detection (Three Phase)
LRE N .o [. etection Thme
—— Average Detection Time
02 ® . L]
LR .
[RY LY °
. e oo
00815 L] L
e 00 L L L L . o M
QG- o o e o0 L L L] L] L]
L
00 -
a
LY o
0 S D A0 I Y AT ISR MR S B Gt B YU WOR ZOW v S B N B DN WP SO BOh BN AR ES  JOeY W £ BT

Pipvg _popg g
012345067

RO 1R213 1415161718 19200 202223242526 272829 30 31 32 3 M4 3536 37 38 19 40
Evenss

Figure 7-3 Islanding detection time analysis

e |
-t
=t |

-

Z

B o

5

e

- -
= L
b ld
wh
o

N Ty

Figure 7-3 Islanding detection accuracy



8. CONCLUSIONS AND RECOMMENDATIONS

The main objective of this research was to design a reliable islanding detection method
(IDM) for DC microgrids. As the first step, DC microgrid was modeled considering
distribution generation (solar with MPPT), loads (AC and DC), battery Energy Storage
Systems and power electronic interfaces. In order to observe the reliable operation of
the proposed DC microgrid for both islanded and grid connected mode considering
battery SOC, Energy Management System was introduced to select the control mode
of the DC-DC converter.

This proposed method is a passive islanding method developed based on analyzing the
frequency components in DC link voltage. Most of the passive islanding methods fail
in the critical mode of operation, but the proposed islanding detection method
accurately operate in any loading condition of the DC microgrid system (when
generation and demand are balanced, generation exceeds demand and demands
exceeds generation). Typically, active islanding techniques have low power quality,

but this proposed algorithm does not affect the system power quality.

The proposed algorithm was tested under different case studies as illustrate in the
chapter 6. The proposed algorithm presented a high accuracy level with fast detection
time. The performance of the proposed islanding detection method was evaluated for
all the possible system conditions including noise interfere, AC load integration, solar
variation, etc. for both cases: DC microgrid connected to single phase system and three
phase system. Results indicated the proposed islanding detection method is highly
robust under all the tested conditions. However, the noise content of the measured
voltage waveforms affects the detection of the islanding. Therefore, it can be
concluded that proposed algorithm performs reliably if the SNR ratio is maintained
above 30dB range for the measurement purposes.

It can also be concluded that the proposed algorithm is less complex compared to the
other available detection techniques. Hence, this can be easily adapted to any DC
microgrid configuration at lower cost. Finally, it can be concluded that the proposed
islanding detection method for islanding detection in DC microgrids is accurate, fast,

reliable, robust, simple and easily adaptable any system.
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