Abstract

Renewable energy resources have become an increasingly popular choice for meeting
the world’s growing energy demand. More attention is being paid to green-house gases
(GHGs) emission and their impact on climate and the environment. The most common
method of integrating renewable energy resources is by connecting them to the distri-
bution network of existing power systems, and as such, they are generally referred to as
distributed generation (DG). The rise in the participation of distributed energy resources
(DERs) in electricity production has led to the development of “microgrids”. A major
challenge in all power systems is to ensure stability during steady-state and transient
conditions. Since the interconnection of large conventional power systems in the 1950s,
power systems oscillations are a well-known phenomena studied by researchers over the
years. Microgrid reliability and security are being improved by interconnecting micro-
grids to form multi-microgrid (MMG) structures. Because of the similarity between
conventional power systems and microgrids, oscillations are expected to be present in
microgrids and MMGs. However, due to diversity of DGs which make up MMGs, the
nature of oscillations inherent to MMGs differ from conventional power system oscilla-
tions. For microgrids comprising of inverter-based and synchronous-based distributed
generation, the impact of equal and unequal active power sharing conditions on the
dynamic stability is analyzed. Small-signal stability analysis is employed to charac-
terize the stability of the microgrid. The sensitivity of low-frequency eigenvalues to
changes in active power droop gains is studied and a “domain of stability” region is
proposed to assess the stability of a microgrid under different power sharing condi-
tions. The different operating regions within the domain of stability are defined. Based

on the sensitivity analysis and the domain of stability, the optimal droop gain for the
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diesel generator to improve the stability of the microgrid is determined. For MMGs, the
small-signal stability of a MMG consisting of inverter-based and synchronous-based
distributed generation is evaluated. Local and inter-microgrid oscillatory modes present
in the MMG are characterized by modal analysis. Local and inter-microgrid oscillatory
modes similar to conventional interconnected power systems oscillations are observed.
In addition, a different “dominant” oscillatory mode caused by interactions between
the synchronous generators and inverters in the MMG is identified. Parametric stud-
ies show that MMG oscillations exhibit undesirable damping characteristics for certain
conditions and trade-offs must be made between achieving good transient and dynamic
performances. Consequently, power system stabilizers (PSS) are developed for the DGs
to improve the transient and dynamic performance of the MMG. From the studies car-
ried out in this work, it is concluded that low-frequency oscillatory modes arise in mi-

crogrids and MMGs as a result of the interactions between the DGs.
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CHAPTER 1

Introduction

1.1 Background

With the growing focus on the rise in green-house gases (GHGs) emission and their
negative effect on the environment, renewable energy resources are being rapidly de-
veloped to replace conventional fossil fuel. Energy production is the largest contributor
to GHGs emission [1], hence, effective action in the energy sector is essential to limiting
harmful emissions into the atmosphere. As a result, the dependency on non-renewable
energy sources such as coal, oil, and other fossil fuels for electricity production has
reduced over the past few years. The alternative to generating electricity from carbon
emitting fuels is by harnessing clean and renewable energy from the sun, wind, water
and other natural sources.

According to International Energy Agency (IEA) [1], the installed renewable energy
capacity increased by 153GW in 2015, with wind and solar power accounting for about
75% of the total increase. This figure is expected to rise rapidly in the coming years.
This will require a systematic adaptation of the existing transmission and distribution

systems to ensure a smooth integration of renewable energy sources.



The most common method of integrating renewable energy resources is by connect-
ing them to the distribution network of existing power systems, and as such, they are
generally referred to as distributed generation (DG). DGs capacity could range from
about 10kW - 10MW [7]. DG technologies are not limited to renewables; diesel en-
gines, micro-gas turbines and other small-scale non-renewables can be considered as
DGs [7]. The ease of integrating these DGs has been a factor in the increasing pen-
etration of renewables [8]. Advantages of DGs include reliability, power quality en-
hancement, power factor correction, voltage and frequency regulation [8]. Also, DGs
can provide electrical power to remote and offshore locations that cannot be connected
to the utility grid due to geographical, economical or technical concerns [8]. The rise
in the participation of distributed energy resources (DERs) in electricity production has
led to the development of “microgrids” [6]. A microgrid can be defined as a low or
medium voltage power grid consisting of clusters of DGs and energy storage devices
supplying a dedicated load [6]. A microgrid can either be operated in grid-connected
mode, autonomous mode, or interconnected with other microgrids [6]. However, de-
spite the numerous benefits of microgrids, technical challenges arise in controlling the
DERs that make up such systems [6—8]. In addition, as a result of the presence of
low-inertia devices like photovoltaic (PV) systems and diesel generators, autonomous
and interconnected microgrids face stability issues after load disturbances and other

contingencies.

1.2 Research Problem Definition

A major challenge in electrical power systems is to ensure stability during steady-state
and transient conditions. Large conventional power systems are made up of large syn-
chronous generators and flexible AC transmission systems (FACTS) devices like, static
synchronous compensators (STATCOMs) and static VAR compensators (SVCs). Such
systems can maintain stability around an operating point after small disturbances due

to the inherently large inertia of the the generators. On the other hand, because of the



predominant presence of low-inertia DGs in microgrids, small perturbations in system
parameters such as solar irradiance, wind speed, and loading conditions could lead to
instability if the microgrid is not well designed.

During the 1950s, large utility grids were interconnected to improve overall sys-
tem reliability and robustness such as the eastern U.S./Canadian interconnected system.
However, as a result of the weak tie-lines used to connect power systems far away from
one another, low-frequency oscillatory behavior known as inter-area oscillations were
noticed [2]. Power system oscillations present in interconnected systems are safe as
long as they decay reasonably fast after a disturbance. In some cases, these oscillations
were so severe that they prevented the connection of large systems through AC lines
[2]. Examples of interconnected power system failures caused by unstable oscillations
include the Western North America August 1996 blackout and the September 8, 2011
South Western American blackout causing a loss of 4,300MW to about five million
people [3]. The nature and impacts of unstable power system oscillations led engineers
over the years to characterize these oscillations. In addition, the impact of power system
controls such as exciters and governors on power system oscillations were extensively
studied. As aresult of these studies, power system stabilizers (PSS), SVCs, STATCOMs
were developed to damp oscillations and, hence, improve the reliability and integrity of
interconnected power systems.

As previously stated, the increasing number of DGs have led to the rise of micro-
grids. Therefore, microgrid reliability and security can be improved by interconnecting
microgrids to form multi-microgrid (MMG) systems. Because of the similarity between
conventional power systems and microgrids, oscillations are expected to be present in
microgrids and MMGs. However, due to diversity of DGs which make up MMGs, the
stability challenges posed by microgrids and MMGs may differ from those of conven-
tional power systems. Consequently, an in-depth stability study to characterize micro-
grid and MMG oscillations is required. The impact of DG control on low-frequency
oscillations in MMGs has to be determined. Stability studies are needed to ascertain

how additional controls can be developed to improve microgrid and MMG stability.



1.3 Thesis Objective and Scope

The main objective of this work is to investigate the small-signal stability of micro-
grids and MMGs consisting of synchronous-based DGs (SBDGs) and inverter-based
DGs (IBDGs). The nature of oscillations present in such systems are fully explored and
characterized. In addition, the effect of DG controls, system configuration and param-
eters on the microgrid and MMG oscillations are determined. Consequently, strategies
and control schemes are developed to improve the stability and performance of micro-

grids and MMG:s.

1.4 Relevance to Masdar Institute and the UAE

Masdar Institute of Science and Technology and the United Arab Emirates will benefit
from an in-depth characterization of microgrid and MMG oscillations in the following

ways:

e With the rise in the number of renewable energy integration in the UAE, such
as the 1I0MW PV plant in Masdar city, the studies carried out in this work could
provide insight into the stability of these systems, especially in islanded mode of

operation.

e Many microgrids in remote locations and islands in the UAE can benefit from
interconnection from a reliability point of view. However, this work highlights
the impact of interconnecting microgrids on stability. Also, schemes and strate-
gies are proposed to maximize the gains that can be made from interconnecting

microgrids.

1.5 Thesis Organization

The remainder of this thesis is organized as follows. Chapter 2 presents a detailed liter-

ature survey for microgrid architecture and control. In addition, power system stability



issues are highlighted. Also, modal analysis techniques utilized to study power system
oscillations are reviewed. Finally, a detailed review of the existing work on microgrid
oscillations is presented.

In chapter 3, the mathematical models and structure of DGs with their dedicated
controllers are developed. Also, modal analysis concepts employed in subsequent chap-
ters are introduced.

In chapter 4, oscillations present in a hybrid microgrid are characterized using small-
signal analysis. The effect of controller gains on the stability of the microgrid is ex-
plored. A domain of stability region is employed to further characterize the stability of
the microgrid. Finally, the small-signal analysis results are validated through simulation
results in MATLAB/SIMULINK.

In Chapter 5, an in-depth analysis investigating the small-signal stability of a MMG
is presented. Inherent oscillations are characterized and control schemes are developed
to improve the stability and performance of the MMG. In Chapter 6, the final conclu-
sions derived from the preceding studies are presented in addition to recommendations

for future work.



CHAPTER 2

Literature Review

Conventional electrical power systems consisting of large synchronous generators are
usually located far away from load centers and are interconnected through long trans-
mission lines to generate electricity on demand. The present global focus on sustain-
ability and reducing GHGs emission has brought about rapid development of various
renewable energy resources and technology. Because of the nature and sparse availabil-
ity of renewable energy resources, they are mostly integrated into the existing electrical
grid through the distribution network. Consequently, these resources are referred to as

distributed generation (DG) or distributed energy resources (DERS).

2.1 Distributed Generation

DG is the interconnection of small-scale electric power generators to the consumer
side of the utility grid [4]. The size scale of distributed generation ranges from a few
kilowatts (kW) to tens of Megawatts (MW) [5]. Distributed generation is not limited
to renewable based energy resources, they also include synchronous based generators

and induction generators [4]. Examples of DG includes wind turbines (WTs), solar



photovoltaic (PV) systems, fuel cells (FCs), micro-turbines (MTs), internal combustion
engine (ICE) generators, energy storage systems (ESSs), gas turbines, diesel generators
and so many more [4-6].

Because of the diverse nature of DGs, they offer some advantages and disadvantages
when connected to an existing power system. Advantages of DG includes, providing al-
ternative to expansion, grid support, improved reliability, peak shaving, combined heat
and power (CHP) production and efficient use of fuel opportunities [6]. Disadvantages
of DG are power quality issues, protection issues, and reactive power support [6]. As
a result of the numerous advantages DGs can offer, there has recently been a rapid in-
crease in the penetration of distributed generation around the world [6]. DGs can also
be used to provide electricity in remote locations that cannot be interconnected to the
utility grid either due to economic or geographic reasons, forming systems known as

microgrids [5].

2.2 Microgrids

The initial microgrid concept was presented in [7] and [8]. A microgrid is a miniature
electrical power grid that consists of a cluster of several DGs or DERs operating as
a single entity whose main purpose is to supply electricity and heat to its local area
[5]. A typical microgrid structure defined by the Consortium for Electric Reliability
Technology Solutions (CERTS) is given in [5]. A microgrid can operate as a stand-
alone entity (autonomous mode), or can be connected to the utility grid (grid-connected
mode) through a point of common coupling (PCC) [9]. IEEE draft standard P1547 [10]
states that a microgrid capacity can range from as low as a few kW to 10MW. This
provides an opportunity for remote locations to have access to reliable electricity.

An appealing characteristic of microgrids is that they combine many advantages of
the different types of DGs and DERs to reliably meet the electricity and heating needs
of local consumers. Microgrids also make it convenient for “prosumers” existing in

a microgrid to sell bulk power to the utility during off-peak periods. In addition, mi-



crogrids also provide a means of controlling and coordinating DGs which would have
proven more challenging if connected directly to the utility grid. However, there are
technical challenges in the implementation of microgrids, especially the control, oper-
ation and protection. Therefore, a lot of research activities have recently been geared

towards the development and enhancement of microgrids to tackle these issues.

AC Bus ' Light
ﬁ— DC/AC § Bulb
ESS Mobile
—— AC Bus Phone PCC
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Fig. 2.1: Typical microgrid architecture.

2.2.1 Microgrid Architecture

A typical microgrid is composed of DGs like, PVs, WTs, ESSs and diesel generators in-
terconnected to provide electricity and heat to local loads. DGs and loads in microgrids
are interconnected through transmission lines/cables which makes up the microgrid net-
work, whose characteristics or length could vary depending on various reasons [9]. A
typical microgrid architecture is shown in Fig. 2.1. Typical loads found in microgrids
include, lightings, computers and chillers. This section provides a review of some mi-
crogrid components that has been studied in literature.

The generation part of microgrids typically consist of inverter-based DGs (IBDGs),
induction machine-based DGs, and synchronous-based DGs (SBDGs). IBDGs are gen-

erators that employ power electronics based devices to integrate DC energy sources to



an AC microgrid. Examples of IBDGs include fuel cells, PVs and ESSs. IBDGs are
included in the microgrids studied in[11-14].

Induction machine-based DGs use induction generators to incorporate energy sources
to the microgrid network. Fixed and variable speed WTs are examples of energy re-
sources that incorporates induction generators. In [15] and [16], microgrids consisting
of IDGs are studied.

SBDGs such as diesel generators and micro-turbines use conventional synchronous
generators to convert mechanical energy from gas turbines to AC electricity suitable for
microgrid operation. Microgrids consisting of such DGs are explored in [17] and [18].

These different types of electricity generation resources are used to supply electric-
ity to static and dynamic loads. The usual loads found in microgrids include, induction
motors, thermostatically controlled loads (TCLs), lightings and computers. Because
of the variety of components found in microgrids, it becomes challenging to design a
system that can suitably coordinate between the different energy resources to supply
electricity to the numerous loads that make up a typical microgrid. As a result, this the-
sis is focused on highlighting and solving some of the issues pertaining to the operation

and control of microgrids.
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Fig. 2.2: Microgrid hierarchical control levels.



2.2.2 Control and Operation of Microgrids

Microgrids, unlike conventional grids consist mainly of low inertia devices with fast
responses. This is as a result of the pervasive use of microgrids to integrate small-scale
DGs with low inertia into the existing power grid. As a result, microgrids are more
susceptible to disturbances and variations in system parameters [19]. Consequently,
control and stability are very important considerations in the reliable operation of mi-
crogrids. The control of microgrids generally have a hierarchical structure, this struc-
ture is divided into primary, secondary and tertiary control [9]. Fig. 2.2 illustrates the

hierarchical levels of microgrid control.

f 14
1 P — f droop t Q—V droop
fn Vn
f* V*
PP P 00 0, ¢
(a) (b)

Fig. 2.3: Conventional droop curves (a) P — f droop curve (b) Q —V droop curve.

(A) Primary Control

Primary control, also known as localized or decentralized control is the lowest level of
microgrid control [9]. It is incorporated at the DG terminals [20],[21]. Its application
includes the detection of islanding incidents, accurate active and reactive power sharing
among DGs in a microgrid and also DG output (voltage, frequency, current and power)
regulation [9]. Primary control involves the use of local measurements at the DG bus-
mainly voltage and frequency- for communication, and the control of the microgrid
electrical quantities [22],[23]. Therefore, primary control does not require the use of
wireless communication links. In literature, many papers have focused on different

primary control strategies which can be divided into two categories- droop based and

10



non-droop based strategies.

(i) Droop Based Primary Control: Primary control based on the droop strategy in-
volves using droop relationships between active power, reactive power, frequency and
voltage to achieve regulation of microgrid frequency and voltage to stay within ac-
ceptable limits and to share power accurately among DGs in autonomous microgrids
[24-26]. Equations (2.1) and (2.2) give the droop relationships between the system

parameters in question.

5= fo—myP 2.1)

vV =V,—ny0 (2.2)

Droop control is a well-known technique that has been implemented in conventional
power systems consisting of large synchronous generators to achieve accurate power
sharing and ensure synchronism between the machines [27]. The droop relationship
used in conventional power systems assumes a negligible P —V and Q — f relationship
because of high voltage levels and long transmission lines with high % ratio connecting
the synchronous generators. Although microgrids are typically connected at low and
medium voltage levels, these assumptions have been extended to microgrids and they
have been found to give accurate power sharing performance [28],[29]. Fig. 2.3 shows
the typical P — f and Q — V droop curves applied in microgrid control. Advantages of
droop control in microgrids include having all DGs cooperating to regulate the system
frequency and bus voltages, therefore if a single DG unit goes out of service, other DGs
can still effectively ensure a smooth microgrid operation provided the load demand
can still be met. Other advantages include, easy integration of other droop controlled
DGs into an existing microgrid network. The main disadvantages of the droop control
strategy in microgrids is the complexity of the control structure as opposed to other
non-droop based methods and steady-state deviations of system frequency and voltages

from their nominal values.
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(i) Non-Droop Based Primary Control: This primary control approach does not
incorporate the P — f and Q — V droops to regulate microgrid parameters. The most
common non-droop based control strategy for autonomous microgrids is the master-
slave primary control approach [22]. The master-slave control strategy involves the
use of a single “master” DG to regulate the microgrid frequency and voltage levels.
All other DGs in the microgrid are “slaves”. Slaves are controlled to inject active and
reactive power to meet the microgrid load requirement. Slaves can either operate as
constant power sources or constant current sources. The major advantage of the mater-
slave control strategy is that the control structure of the DGs are not as complex as their
droop controlled counterparts. However, if the master DG goes out of service during
autonomous operation of the microgrid, the frequency and voltage will start varying out

of control if preventive measures are not taken.

(B) Secondary Control

Secondary control is the next stage in the microgrid control hierarchy. In order to
achieve accurate power sharing, droop control primary control strategies may cause
slight deviations of microgrid voltage and frequency from their nominal values. As a
result of this, there becomes a need to regulate these parameters back to their nominal
values, secondary controllers serve this purpose. Secondary controllers, also known as
energy management systems (EMS) are also utilized to effectively manage the energy
resources in a microgrid. Communication is typically needed in microgrids with sec-
ondary controllers. Secondary control can be implemented in a centralized form or a

decentralized form.

(i) Centralized Secondary Control: Centralized secondary control is a strategy whereby
a central controller (CC) located in a microgrid is used to coordinate between different
DGs to ensure a stable operation of the microgrid. This strategy involves communi-
cation links between the central controller and the individual DGs [30]. Based on the

energy management strategy being employed in the operation of the microgrid, differ-
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ent set-point values are transmitted from the central controller to the individual DGs to
meet various requirement such as voltage and frequency regulation, load scheduling,
economic dispatch or power curtailment. In this strategy, if there is a problem with the

central controller, all secondary control capabilities will be lost.

(ii) Decentralized Secondary Control: The function of this approach is similar to
the centralized secondary control strategy. However, this control approach does not in-
clude a central controller. Secondary control decisions are made at the individual DG
buses [31-34]. In recent years, a lot of research focus has been on developing intelli-
gent controllers using artificial neural networks (ANNs) [35] and fuzzy logic to control
microgrids on a secondary level. In addition, decentralized cooperative control meth-
ods have been explored where DGs depend on getting information from one another in

order to achieve a reliable operation of microgrids.

(C) Tertiary Control

Tertiary control is the highest level of microgrid control. It comes into play when mul-
tiple microgrids are interconnected together, or when a microgrid is connected to the
utility grid. Its main purpose is for planning load scheduling, load forecasting, eco-
nomic and optimal dispatch [9],[36]. In a MMG for instance, tertiary control works by
scheduling the amount of power to be supplied by each microgrid and sending this set-
point value to the secondary controllers of each microgrids. The scope of this thesis is
limited to the primary control of DGs in microgrids. They have proved to be sufficient

in the effective and reliable control of microgrids [22, 28, 29].

2.3 Power System Stability

Power system stability is a very important consideration in the design of electrical power
systems. It can be defined as the ability of a power system to return to a stable oper-

ating point after experiencing any type of disturbance [37]. Power system stability can
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be classified into three major categories: Rotor angle stability, voltage stability and
frequency stability.

Rotor angle stability occurs when generators present in a power system remain in
synchronism after a disturbance. This concept is clearly explored in [27]. Voltage
stability relates to the ability of all bus voltages across a power system to stay within
acceptable limits after a disturbance. In [27, 38, 39], the factors affecting voltage sta-
bility in a power system are discussed. Frequency stability refers to the ability of a
power system to regulate system frequency to a steady acceptable value after a distur-
bance occurs in the power system that causes a mismatch in generator and load power.
In [27, 40, 41], ways in which frequency stability affect the performance of a power

system are shown.

2.4 Power System Oscillations

Electrical power systems have proven to be one of the largest and convoluted systems
designed by humans. Power systems usually consist of large synchronous generators
interconnected through long transmission networks delivering electrical power to load
centers, hundreds of kilometers away. Equipment such as transformers, circuit break-
ers and FACTs devices are connected along the way to ensure that electricity generated
is delivered effectively to the point of usage. As a result of the complex nature of
power systems, power system stability and control have become important considera-
tions while designing and studying power systems.

A power system is said to be stable if the oscillations that occur immediately after
a system disturbance is damped and the system stabilizes at the previous or a new op-
eration point [27]. From this definition, it can be inferred that the stability of a power
system is heavily dependent on the oscillations that occur after the system is disturbed.
Over the years, unstable oscillations have been witnessed across different electrical
power systems in the world. These oscillations have also been the cause of many black-

outs which leads to loss of lives and has major economic repercussions. Examples
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of major blackouts caused by sustained power system oscillations include the Western
North America July and August 1996 blackout [3], the March 11, 1999 blackout in
Brazil that caused a loss of 25GW and the September 8, 2011 South Western American

blackout causing a loss of 4,300MW to about Smillion people [3].

2.4.1 Classification of Power System Oscillations

Conventional power system oscillations can be broadly classified into two categories:
Local oscillations and Inter-area oscillations depending on the frequency of the oscilla-

tions and the group of generators involved in the oscillations [27].

Local Oscillations

Synchronous generators are one of the major sources of oscillations in conventional
power systems. The oscillations present when generators in a certain area oscillate
against each other are known as local oscillations. Local oscillations are typically in
the frequency range of 1-2 Hz [42]. In [2] and [43], local oscillations present in power

system are discussed in details.

Inter-area Oscillations

Inter-area oscillations as the name might suggest are oscillations that arise when a group
of generators in a certain area of a power system oscillate against another group of
generators in another area. The frequency of inter-area oscillations are typically within
0.2-1 Hz [42]. In-depth characterization of inter-area oscillations can be found in [2]
and [43].

Oscillations, also known as modes found in power systems can pose serious stabil-
ity and security problems if not adequately addressed [27]. Therefore, control tech-
niques have been developed over the years to damp out power system oscillations.
Power system stabilizers (PSS) presented in [27] are damping controllers incorporated
in the excitation control of synchronous generators to provide damping torque within

frequency ranges where these oscillations occur. In addition, with the growing popu-
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larity of FACTs devices such as static var compensators (SVCs) and static synchronous
compensators (STATCOMs), many of these devices have been implemented in power

systems to damp out oscillations [44].

2.5 Power System Modal Analysis

Modal analysis is a fundamental linear algebra tool used to study power system oscil-
lations [2]. Dynamic characteristics of excited systems have been studied using modal
analysis. In [2, 27, 43], modal analysis was applied to study and characterize oscilla-
tions that occur in conventional power systems. The underlying principles can be found
in the above references. All these techniques including small-signal analysis, partici-
pation analysis, eigenvalue analysis and sensitivity analysis will be extended to study

oscillations in this thesis.

2.6 Microgrid Stability Analysis

This involves the study of various stability phenomenon that affects microgrids. This
includes small-signal stability, transient stability and voltage stability analysis [45].
Small-signal stability of microgrids is related to the effect of disturbances such as
small load changes on microgrid stability [45]. The oscillations that occur during these
events can be classified as microgrid oscillations. Transient stability considers micro-
grid response to islanding events, large load changes, loss of DG and faults [45]. Voltage
stability deals with the effect of tap-changing transformers and reactive power compen-
sation devices on microgrid stability [45]. The analysis in this thesis focuses on study-

ing microgrid oscillations mainly as a result of small-signal stability phenomenons.

2.7 Microgrid Oscillations

Because microgrids are miniature versions of conventional power systems consisting of

varieties of DGs, loads and network interconnection, oscillations can also be expected
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to be found in microgrids. Oscillations present in microgrids are as a result of the
interactions between controllers and dynamics of the different low inertia devices that
are predominantly found in microgrids. With the rapid rise in the concept of microgrids,
so has the need to study oscillations in microgrids become more important.

One of the earlier works on microgrid oscillations reported in literature was in
[46], where a small-signal model of a microgrid consisting of droop-controlled parallel-
connected inverters was developed. Small-signal analysis results show the root loci of
the dominant system modes. However, in [46], the inverter model excluded the dy-
namics of the inner current and voltage controllers. Also, [47] shows using eigenvalue
analysis that the P — f and Q — V droop methods used to achieve load sharing exhibits a
slow and oscillatory dynamic response in a microgrid with multiple inverters connected
in parallel. Reference [47] developed additional terms in the droop controllers to im-
prove the transient response of the microgrid. Just like in [46], [47] failed to include
dynamics of the inner controllers present in most inverters nowadays.

In [19], a systematic approach was presented to develop a detailed small-signal
model of an autonomous microgrid consisting of inverters. The mathematical model
derived in [19] shows an improvement over those developed in [47] and [46] by in-
cluding the voltage and current controller dynamics. In addition, the dynamics of the
filters and interconnecting network were included in the model developed in [19]. The
results of the analysis in [19] highlights the high, mid and low frequency oscillations
(modes) present in microgrids consisting of inverters. The high-frequency oscillations
are caused by the fast filter and network dynamics, the mid-frequency oscillations are
due to the voltage and current controllers used to regulate inverter output voltage and
current while the low-frequency (dominant) modes are as a result of the interactions be-
tween the droop controllers of the parallel inverters. Furthermore, the stability margin
of the microgrid was identified which assists power system engineers to design reliable
and stable inverter-based microgrids.

In [48], the low-frequency stability of microgrids studied in [19] is further explored.

A proposal is made for an adaptive transient droop that improves the low-frequency
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stability of inverter-based microgrids. In [49], an adaptive feedforward using a recur-
sive least square technique to improve microgrid stability is proposed. In [45, 50, 51],
insights are provided into the stability of microgrids consisting of inverters in differ-
ent configurations. Most of the literature presented thus far on microgrid oscillations
focuses on microgrids consisting of IBDGs. However, because of the presence of syn-
chronous generators in many microgrids, it has become important to investigate the
stability of hybrid microgrids consisting of inverters and synchronous generators.
Models used to study the small-signal and transient characteristics of hybrid mi-
crogrids are presented in [52—-57]. Low-frequency oscillations are noticeable in hybrid
microgrids as a result of the interactions between the slow dynamics of diesel generators
and fast response of the inverters [52, 53, 56, 57]. Reference [57] focuses on improving
the transient power sharing between the IBDG and a diesel generator in a microgrid
using small-signal stability analysis. By examining the existing literature, there is a
necessity to further explore the small-signal stability study of hybrid microgrids. This
thesis provides an in-depth characterization, classification and qualitative analysis of

microgrid and inter-microgrid oscillations consisting of IBDGs and SDGs.
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CHAPTER 3

Modeling of Droop-Controlled Microgrids

3.1 Overview

Stability studies have always played an important role in the design of power systems.
The effectiveness of these studies depend on the accuracy of the mathematical models
used to represent the components that constitute the power system. This is also true
for microgrids. Therefore, this chapter is dedicated to developing the mathematical
models of DGs and the interconnecting microgrid network studied in this thesis. The
mathematical models developed here will be a fundamental part for all the stability

studies in subsequent chapters.

3.2 Detailed Model of Droop-Controlled IBDG

Since the fast switching dynamics of inverters are not considered for dynamic stability
studies, the IBDG is modeled as a three-phase controllable voltage source [19]. The
IBDG controller and filter actions are responsible for the important oscillations studied

in this thesis. Consequently, only the controller and filter constitutes the IBDG model
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developed in this section.
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Fig. 3.2: Droop-controllers of a typical IBDG.

Fig. 3.1 represents the structure of a typical detailed droop-controlled IBDG devel-
oped in the existing literature [19],[48],[51]. Decoupled current control is employed to
regulate the IBDG output current in the rotating d — g reference frame. An LC filter
blocks out high frequency components of the IBDG AC current. The IBDG could be
coupled to the PCC through an inductor or a transformer as shown in Fig. 3.1. The
power controller shown in Fig. 3.2 consists of droop controllers which allow active (p)

and reactive (q) power to be shared among the DGs. As shown in Fig. 3.1, p and g are

20

Coupling
Transformer



calculated from the dg components of the IBDG output current and voltage as follows:

P = Vodlod t Voglog 3.1

q = Voglod — Vodlog 3.2)

A low pass filter (LPF) extracts the fundamental frequency component from the power
signals. The cut-off frequency is to be selected such that only components lower or
equal to the fundamental frequency are passed. The filter output signal is then sent to

the power controller and is given by:

(0%
P= 33
chp, (3.3)

@
= 34
0 S+wcq 34)

where @, is the cut-off frequency of the filter. A droop in the power control loop is
implemented to coordinate active and reactive power sharing between multiple DGs in
a microgrid. The output of the P — f droop is integrated to determine the synchronizing
angle 0 used to convert IBDG voltage and current signals from the stationary abc-
frame to the individual IBDG dg-frame rotating at @ as shown in (3.6), where @y,
is the microgrid angular base frequency in (rad/s). Equation (3.7) gives the output of
the Q —V droop as the direct-axis voltage reference of the voltage controller (v} ;). The
quadrature-axis reference voltage (v;,) is set to zero. The droop gains m), and n, are
calculated based on the desired power sharing, inverter rating and nominal voltage and

frequency (V,, and w,,).

0 = w, —myP 3.5

0 = Wpy / wdt (3.6)
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Vog =V —n40Q, (3.7)

Voq = 0. (3.8)

The error difference between the dg reference and measured voltage signals are used to
drive PI controllers in the voltage control loops as shown in Fig. 3.3, and are given by
(3.9) and (3.10). Feed-back signals, representing the cross-coupling effect of the filter

and feed-forward signals are used to improve the performance of the voltage controllers.

é‘d = Vzd —Vod (3.9)

éq = V:q — Vogq (3.10)

The algebraic equations in (3.11) and (3.12) complete the model of the voltage con-

trollers.

ity = Hiog — 0,Cfvoq + Kpvéy + Kiv€y (3.11)

i;‘q = Hiyy + 0,Crvoq + Kpy€y + Kin &y (3.12)

where H is the feed-forward gain, Cy is the output filter capacitance, and K),, and K;, are
the PI regulator gains. The outputs of the voltage controllers (i}, and i}‘q) act as reference
signals for the decoupled inner current controllers, shown in Fig. 3.4, that regulate
the inductor filter current. Feed-back signals are included to account for the effect of
cross-coupling. Equations (3.13) -(3.16) completely model the current controller of the

inverter [19].

O = iy — i1 (3.13)
Og = iy —i1g (3.14)
Vig = —OuLgiyg+ Kpc9q + Kic§g (3.15)
Vi, = OnLyitg + Kpedg + Kic g (3.16)
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where Ly is the output filter inductance, and K. and K;. are the PI regulator gains. The
outputs of the current controllers (v;, and qu) are transformed back to the stationary
abc-frame using the synchronizing angle 6 from the outermost power controller. This
signal is the input to the controllable voltage source used to represent the inverter. The
ouput AC waveform of the voltage sources are filtered by the LC filter in Fig. 3.1. The
dynamic equations of the output filter and the coupling transformer are given in (3.17) -
(3.22). Vpa, Vbg» ioa and iy are the AC bus voltages and currents in the individual IBDG

reference frames.

szljdt _ —LI;f fra+ Oifg + Lif(v;;, Vo) (3.17)
w::::dt B _Lljcf fig = @lia + Lif(v?q ~Voq) (3.18)
wj:;;Zt = OVog + cif(ild ~lod) (3.19)
% = —WV,g + Cif(ilq —iog) (3.20)
wj::zdt _ —Lljc od -+ Wigg + Lic(vod —Vpa) (3.21)
wj:;th N _Lljc fog — Wloa Lic(v,,q ~ Vbg) (3.22)
lod
vzr&xpv 4 45)—%
Vod Vog* W, Cr

Vogq vwwan _J

il

Fig. 3.3: IBDG voltage controller.
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Fig. 3.4: Inner current controller of IBDG.

3.3 Detailed Model of Droop-Controlled SBDG

A synchronous generator (SG) produces electrical energy from the mechanical power
produced from a rotating prime mover. In microgrids, diesel engines are widely used
prime to power synchronous generators because of their size, low cost and high effi-
ciency. A governor system is used to control the generator speed, an automatic voltage
regulator (AVR) provides the exciter field voltage value that regulates the terminal volt-
age of the diesel generator. A complete model of a synchronous generator with controls
is developed in this section.

The electrical equivalent circuit of a typical synchronous generator is shown in Fig.

3.5 [27]. The electrical equations of the synchronous generator are given by (3.23) -

(3.28):
Va = Yy — 0 Wy — Rig (3.23)
Vg = Wy + O, — Ry (3.24)
Vid = Wra+Ryaisa (3.25)
Vkd = Yka + Rikalka (3.26)
Vigl = Wigl T Riglikg1 (3.27)
Vg2 = Ykq2 + Rig2ikg2 (3.28)

where vy, i, and Yy, are the stator voltages, currents and flux linkages in the rotat-

ing dg-reference frame, respectively. vyg, irq and Yyy represents the field windings
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voltage, current and flux linkage, respectively. vigg12, ikag12 and Wiqq12 denotes the
damper windings parameters, while Ry and ®, are the stator resistance and rotor speed,

respectively. The algebraic flux equations are as follows:

Wa = Lyiq + Lingifa + Lindita (3.29)
Wy = Lyiq + Lingikg1 -+ Lingikgo (3.30)
Vra = Linaia + (Lya + Lna)ifa + Lindixa (3.31)
Vid = Lingia + Linaita + (Lkg + Lina ) ika (3.32)
Vigt = Lingiq + (Ligt + Ling)ixgt + Lingixg2 (3.33)
Yig2 = Linglq + Lingixg1 + (quz + Lmq)iqu (3.34)

where Ly, are the dg-axis inductances and L4, are the mutual inductanes. The field and
damper windings inductance are denoted by Ly, and Ly4412, respectively. The equations

of motion for the prime mover of the synchronous generator are given as follows:

do, 1

= — (T, —T, .
ddo
= 3.36
wbasedt @ ( )

where &y, Hi, T, T, are the rotor angular position, rotor inertia constant, mechanical

torque and electrical torque of the synchronous generator, respectively. T, is given by

I, = lIfqid - lIfdiq (3.37)

The terminal voltage and speed of a synchronous generator must be regulated to ensure
efficient production of electrical power. Therefore, generators are always equipped with
AVR and speed governors to control the terminal voltage and prime mover speed, re-
spectively. Fig. 3.6 shows the AVR and governor model implemented in this thesis. The
synchronous generator are incorporated with droop controllers, the droop controllers

produce the reference speed and voltages shown in expressions (3.38) and (3.39) for the
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governor and AVR, respectively.

@, — Ky pPe (3.38)

Vy — KrgQe (3.39)

where K, K, denotes the droop gains and P,, Q. are the synchronous generator active

and reactive power output, respectively.
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Fig. 3.5: Eqivalent electrical circuit of a synchronous generator.

3.4 Detailed Model of Microgrid Network and Loads

DGs and loads are usually interconnected through transmission lines/cables in micro-
grids. Consequently, to determine the effect of the interconnecting network on micro-
grid stability, it is paramount to adequately model these transmission lines/cables and
loads. In this thesis, only static constant-impedance loads are considered. Therefore,
lines and loads are modeled as series R — L circuits. For illustration, assume a typical

microgrid whose network 1s shown in Fig. 3.7, the dynamic equations of the network
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are given in (3.40) - (3.45) below as:

acj:ize;’it B _LI;I liinea + Olineq + Lll(Vcn —Va) (3.40)
a‘j;ize;lt _ —Lljl Liineq — Oljined + Lll(vql — V) (3.41)
C;IZZJ;; _ _Llfl livadd1 + Olipaag + I%le (3.42)
Calf;i:jj;; _ _Llfl Loadqt — ®lioada1 + Lil 1 (3.43)
‘;Ill::j;i _ —Lljzlloaddz + 0ljpaqq0 + LLQV"Z (3.44)
a(;;iz:j;i - _Lljzlloadcﬂ — Olpqqq2 + Liz 72 (3.45)

where Liinedqs lioaddq12 are the line and load currents, respectively. R; and L; are the

line parameters, while Ry, Ry, L; and L, denotes the load parameters. The dq algebraic
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equations that completely model the network are:

Ly = lioadd1 + liined (3.46)
I = Lioadg1 + Liineq (3.47)
L2 = lipada2 — liined (3.48)
12 = Livaaq2 — liineq (3.49)
Va1 = Riljpagar — ©L110aqq1 (3.50)
Vgt = Riljpaaq + OL11pqaa1 (3.51)
Var = Rolipadar — ©Lalpaaqn (3.52)
Va2 = Raolipaaqn + ©L2lpadan (3.53)

where 1412 and V415 are the output currents and voltages of DGs connected at buses’

1 and 2, respectively.

3.5 Modal Analysis

To study oscillations (modes) present in microgrids, modal analysis techniques tradi-
tionally developed in linear algebra and successfully employed in conventional power
systems have proven to be very effective, as seen in [2, 19, 27, 43, 48, 51]. This section
gives a description of the techniques employed in this thesis to characterize microgrid

oscillations.

3.5.1 State-Space Modeling

The response of dynamic systems can be modeled using differential and algebraic equa-

tions (DAE) of the form [27]:

x = f(x,u,t) (3.54)

0 = g(x,u,t) (3.55)
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In order to employ linear techniques in the analysis of non-linear systems similar to
microgrids, it is important to determine the system operating point and linearize the
dynamic equations in (3.54) and (3.55) using linearization techniques such as Taylor’s
series expansion [58]. A resulting linear equation in the form of (3.56) - (3.58) is devel-
oped to determine the behaviour of a non-linear dynamic system around an operation
point. Equations (3.56) - (3.58) can also be referred to as the state-space equation of the
system [59]. In this thesis, state-space equations will be developed for various micro-
grid and multi-microgrid structures, and linear analysis techniques will be employed to

characterize the present oscillations.

x= f(x,u,t) (3.56)

y = g(x,u,t) (3.57)

A is the system matrix which contains the dynamic behaviour of the states x(z) that
define a given system. B is the input matrix which gives the relationship between the
inputs, u(r) and system states. The effect of states on the outputs y(¢) are represented
in the output matrix C. The direct matrix D is the relationship between the input and

outputs of the system. x is the specified equilibrium point.

3.5.2 Eigenvalue Analysis

The oscillations (modes) of a system can be determined from the system matrix, A.
The modes of a linear dynamic system are the complex eigenvalues of A. Therefore,
to characterize the oscillations present in microgrids, the eigenvalues of the linearized
system matrix must be first determined. From linear algebra, the eigenvalues of a system

can be ascertained from (3.59) below:

(A=A1) =0 (3.58)
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where A is the vector for which equation (3.59) is satisfied. I is an identity matrix with

the same dimensions as A. The elements of A are known as the eigenvalues of A[58].

3.5.3 Sensitivity and Participation Analysis

The effect of system parameters such as controller gains and cable lengths on microgrid
oscillations is determined using sensitivity analysis [27].

To determine which dynamic states of the microgrid has the largest effect on the
modes. Participation factor analysis presented in [27] for conventional power systems

will be extended to the study in this thesis. The participation factor matrix is given by

PFl'j = CD,'J'\PU (3.59)

where the elements of PF';; represent the degree of activity of each state in every eigen-

value, ®;; and ¥;; are the right and left eigenvectors of the state matrix, A, respectively.
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CHAPTER 4

Characterization of Hybrid Microgrid Oscillations

4.1 Overview

The presence of low inertia devices makes the stability of microgrids a pressing concern.
This chapter analyzes the impact of equal and unequal active power sharing conditions
on the dynamic stability of a microgrid comprising of inverter-based and synchronous-
based distributed generation. Small-signal stability analysis are utilized to characterize
the stability of the microgrid. The sensitivity of low frequency eigenvalues to changes
in active power droop gains is studied and a “domain of stability” region is proposed
to assess the stability of hybrid microgrids under different power sharing conditions.
The different operating regions within the domain of stability are defined. Based on the
sensitivity analysis and the domain of stability, the optimal droop gain for the diesel
generator to improve the stability of the microgrid is determined. Time domain simu-
lations are carried out in the MATLAB/SIMULINK software environment and used to

validate the small-signal stability analysis results.

31



4.2 System Description

The microgrid under study is presented in Fig. 4.1. The isolated switch shown is as-
sumed to be open. Therefore, the microgrid is operating in autonomous mode. The
system consists of a diesel generator and two IBDGs. The diesel generator is a typ-
ical synchronous machine with a prime mover that is driven by a diesel engine. An
automatic voltage regulator (AVR) and a governor system are used to regulate the ter-
minal voltage of the generator and speed of the prime mover, respectively. The total
maximum capacity of the microgrid is 6MVA with each DG rated at 2MVA. There are
three local load buses connected at the terminal of each DG. The terminal voltage of the
IBDGs is 381V, however, transformers are used to couple them to the medium voltage
(MV) buses at 11kV. The nominal terminal voltage of the diesel generator is 11kV. The

microgrid parameters are given in Table 4.1, 4.2 and 4.3.

Table 4.1: Nominal Network Parameters for Fig. 4.1

Line 1: Z=0.031+ j0.282Q
Line 2: Z =0.031 + j0.282Q
Load 1: Z =54.45+ j26.39Q
Load 2: Z = 54.45 + j26.39Q
Load 3: Z =54.45+ j26.39Q

Table 4.2: Nominal IBDG Parameters

o, = 31.41, m, = 0.0064, n;, =0.05, @, = 1,V, =1
K, =4, K;, = 180, K, = 4.5, K;c = 1600, H = 0.75
Ry =0.007, Ly =0.029, Cr = 0.228

Coupling Transformer: R. = 0.02, L. = 0.06

Damping Controller: D1 = 0.7, D, = 0.015, 7; = 0.001

The DGs in the microgrid are equipped with active power versus frequency P — f
and reactive power versus voltage Q —V droops. The DGs supply power based on the

values of their respective droop coefficients.
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Fig. 4.2: Reference frame for each DG used to derive the small-signal model. dy — qo,
d; — q1 and d, — g, represent the reference frames of the diesel generator and IBDGs,
respectively.
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Table 4.3: Nominal Diesel Generator Parameters

Hy =0.9s, ry = 0.0036, Ljs = 0.052, Lyg = 1.51, Ly, = 1.51

r;{d =0.01334, L;,/{d =0.08125, r;fd =0.001, L; = 0.1186

Fegt = 0-00178, Ly, | = 0.8125, 1, = 0.00841, Ly, , = 0.0939
Ti; = 0.01s, Ty = 0.005s, Ki = 100, T3; = 0.25s

Ty = 0.009s, T51 = 0.0384s, Tax = 1.1, Tyyin = 0.0

Tp = 0.02s, K, = 0.0064, K = 200, T = 0.01s, Kry = 0.1, V,, = 1

4.3 Small-Signal Modeling

In this subsection, small-signal models for the DGs, network and loads are developed

in their respective reference frames. The reference frame of the diesel generator is

arbitrarily chosen as the global reference frame as shown in Fig. 4.2 and all developed

small-signal models are shifted to this global frame using the transformation matrix 7.

The individual small-signal models are then combined to establish the microgrid model.
cos(6;) —sin(6;)

T — 4.1)
sin(8;)  cos(8;)

For the IBDGs, the small-signal model developed in [19] is used in this paper as

follows
. - T
my __ T T T T T
= 5i P Qi 8dqi (pdqi lldqi vodqi lodqi (4.2)
. - T
nv _ T
yl}’lv = iodql :| (44)
where x™ 4™ y" represent the state, input and output matrices of each IBDG, respec-
tively.

From [27], the small signal model of the synchronous generator in this paper is
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Fig. 4.3: Block diagram of complete small-signal state-space model of microgrid
under study.

developed such that
T
G _
% —{qu Yiea Vigz % wr] (4.5)
T
uc:[vd v Py Vf} (4.6)

T
sz{id i, a),] 4.7)

where V; is the field voltage and P, is the input mechanical power to the diesel genera-

tor. The governor model is also given as follows

r T

=1 B on B 76] (4.8)
- T

us? = O Vg Vg iy iq } 4.9)
- T

¥ =|p } (4.10)

where 7 is the dynamic state of the rotor speed regulator, }», 73,7 are the actuator
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states while 75, ¥ are the states of a second-order Padé approximation [59] of the diesel
engine time delay shown in Fig. 3.6.

The exciter model in Fig. 3.6 is modeled as

r T

=1y, } 4.11)
- T

U = | y, vy ia i } (4.12)
- T

e } (4.13)

where v,y is the state of the LPF in Fig. 3.6. A combination of (4.5) - (4.13) gives the

complete small-signal model of the diesel generator. For the microgrid network and

loads,
T

et — ,‘linegqlz iloadqu123 } (4.14)
- T

net _ | 4T 4T T

we = qu Iodql Ioqu Wy :| (4.15)
- T

net __ T T T

Yo = Vg Veag Veage ] (4.16)

where ilineyq12,iloadgg123 are the currents flowing through the microgrid lines and into
the microgrid loads, respectively; 14, loag12, Vag, Vbagi2 are the individual DGs terminal
voltage and current rotating in the global reference frame at w,. By combining (4.1),
(4.2) - (4.16), the complete small-signal model of the microgrid in Fig. 4.3 is derived in
the form of (3.56) and (3.57). A linearized [51 x 51] Jacobian matrix is therefore calcu-
lated around the nominal microgrid operating point using system parameters provided
in the Appendix. This derived Jacobian matrix is used as the basis for the subsequent

stability studies.
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Fig. 4.4: Dominant eigenvalues of the hybrid microgrid operating at 100% loading
condition.

Table 4.4: Dominant Eigenvalues

Modes | Real Imag. Damping | Freq.
(1/sec) | (rad/sec) | Ratio(%) | (Hz)
1,2 —1.69 | £36.32 | 4.64 5.78
3,4 —14.36 | £26.86 | 47.2 4.27

4.4 Eigenvalue Analysis

From the derived state-space model, the eigenvalues of the microgrid system are cal-
culated from the linearized Jacobian matrix developed in the previous section. Equal
active power sharing is assumed among the DG units with m;, = K;;, = 0.0064pu. Fig.
4.4 shows the distribution of the most dominant eigenvalues (modes) of a stable micro-
grid. The most dominant oscillatory modes are the complex eigenvalue pairs 1,2 and 3,4
highlighted in the figure. The damping ratio and frequency of these modes, as shown in
Table 4.4, which indicates that mode 1,2 has a low damping ratio of 4.64% while mode
3.4 exhibits a relatively high damping ratio of 47.2% at steady state. Mode 1,2 oscillates
at a frequency of about 5.78Hz, while mode 3,4 oscillates at 4.27Hz. Larger system dis-
turbances can cause instability as a result of the presence of the lightly damped mode

1,2.
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4.5 Sensitivity Analysis for Equal and Unequal Active
Power Sharing Conditions

As a result of the eigenvalue analysis, the sensitivity of the eigenvalues to changes in
system parameters is studied to further characterize the small-signal stability of the
microgrid shown in Fig. 4.1. The system parameters used for the sensitivity analysis
are the active power droop gains, m,, and K,,. The sensitivity of the eigenvalues of the

microgrid is studied for two conditions, equal and unequal active power sharing among

the DGs.

4.5.1 Equal power sharing

For equal active power sharing, the inverters and diesel generator share the microgrid
active power load equally, irrespective of the amount of load connected at each bus in
Fig. 4.1. Equation (4.17) gives the ratio of active power supplied by the diesel generator
and a single IBDG with respect to the ratio between their droop gains. The droop gains

of the DGs under consideration should be equal.

(4.17)

mp E
Kp P

Assuming equal active power sharing condition, a sensitivity analysis is carried out

Table 4.5: Damping Ratios of Dominant Modes for Different Droop Gains During
Equal Power Sharing Condition

Droop Damping Ratio (%)
Gains (pu) | Mode 1,2 | Mode 3,4
0.01 9.9 27.47
0.018 13.04 16.13
0.026 17.24 5.64
0.034 19.84 Unstable

to study the effect of increasing the system droop gains (m, = K;,) on the micro-

grid eigenvalues. The root locus of the dominant modes of the microgrid is shown
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Fig. 4.5: Eigenvalues sensitivity to droop coefficient changes for equal active power
sharing condition between DGs, K;, = m,.

in Fig. 4.5. It shows that as the system droop gains are increased equally for (0.01
pu< m, (Krp) < 0.034 pu), mode 1,2 moves further to the left of the complex plane,
slightly increasing the damping of this mode. However, mode 3,4 moves to the right of
the complex plane decreasing the damping of this mode as shown in Table 4.5. There-
fore, if there is a continuous increase in the droop gains, mode 3,4 crosses the imang-
inary axis and the system becomes unstable. From the root locus, the stability margin
(i.e., maximum droop gain) for equal power sharing is 0.031pu. Also, it can be noticed
that the effective damping of the microgrid improves as the droop gains are increased
up until the point where the negative real part of mode 3,4 becomes greater than that
of mode 1,2. The value of droop gains after which any other increase results in lower
overall stability of the microgrid is 0.02pu due to the resulting movement of mode 3,4

towards the right half plane.

4.5.2 Unequal power sharing

When the droop gains of the inverters and diesel generator are different (m, # K,,), the
DGs share active power unequally. Figs. 4.6 and 4.7 show the sensitivity of the individ-
ual DG droop gains on the eigenvalues of the microgrid during unequal active power
sharing condition. By keeping m;, = 0.01pu constant and gradually increasing K, from

0.01 to 0.034pu, it can be seen in Fig. 4.6 that mode 1,2 gradually moves to the right
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Fig. 4.6: Dominant eigenvalue sensitivity for different unequal power sharing
conditions. K;, = 0.01pu and m,, changes.
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Fig. 4.7: Dominant eigenvalue sensitivity for different unequal power sharing
conditions. m, = 0.01pu and K, changes.

until the microgrid system becomes unstable, while mode 3,4 remains constant. Table
4.6 shows the damping ratio of the modes for this power sharing condition. Mode 1,2
becomes more unstable as a result of the unloading effect, due to the increase in K,,,, on
the diesel generator, thereby reducing the penetration level of the diesel generator in the
microgrid. The increased loading of the diesel generator directly improves the damp-
ing of mode 1,2. The higher the ratio of K,,/m,, the less loaded the diesel generator
becomes, leading to a lower damping of mode 1,2 and vice-versa.

By gradually increasing m,, from 0.01 to 0.034pu and keeping K,, = 0.01pu, mode
1,2 seen in Fig. 4.7 becomes more stable as a result of more loading of the diesel

generator. However, mode 3,4 starts moving towards the imaginary axis as a result of
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Table 4.6: Damping Ratios of Dominant Modes for Different Droop Gains During
Unequal Power Sharing Condition

m;, = 0.01pu K., =0.01pu

K;p Damping Ratio (%) my, Damping Ratio (%)
(pu) Mode 1,2 | Mode 3,4 | (pu) Mode 1,2 | Mode 3,4
0.01 |99 27.47 0.01 |99 27.47
0.018 | 0.86 27.47 0.018 | 12.07 16.13
0.026 | Unstable | 27.47 0.026 | 124 5.64
0.034 | Unstable | 27.47 0.034 | 16.83 Unstable

its sensitivity to changes in m, as in [19]. At m, = 0.02pu, the negative real part of
mode 3,4 becomes greater than that of mode 1,2. Any more increase in m;, will worsen
the overall stability of the microgrid and mode 3,4 will eventually cross the imaginary
axis making the microgrid unstable. The changes in damping ratio for this condition is

illustrated in Table 4.6.

4.6 Participation Analysis

The dominant oscillatory modes calculated during the eigenvalue analysis are charac-
terized in this subsection to determine which dynamic states of the microgrid has the
largest effect on the dominant modes. The participation factor matrix is given by Equa-
tion (3.60) and calculated for the Jacobian matrix derived in section 4.3.

Fig. 4.8(a) shows the participation of states on the most dominant oscillatory mode
1,2. The state with the largest effect on this mode is the diesel generator speed @, with
a value of 0.4776. With respective participation factors of 0.2310 and 0.2016, the load
angle states &, and &, of the inverters have the second and third largest effect on the
dominant eigenvalue. The actuator and regulator states of the diesel generator gover-
nor all have a participation factor of about 0.1 each on mode 1,2. All other states have
negligible participation in the activity of mode 1,2. Because of the dominant partici-
pation of a dynamic state from each DG on this mode, mode 1,2 can be characterized

as an inter-DG oscillation. The two inverters in the microgrid swing against the diesel
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generator at a frequency of 5.78Hz.
The participants in the activity of mode 3,4 are shown in Fig. 4.8(b) as 6, &, P>
and P in that order. This mode is an inter-inverter mode. The inverters swing against

each other at a frequency of 4.27Hz.
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Fig. 4.8: Participation factors of states on dominant modes. (a) Mode 1,2 participating
states. (b) Mode 3.4 participating states.

4.7 Domain of Stability

It can be seen that the low frequency stability of the microgrid shown in Fig. 4.1 is
greatly determined by the droop gains of the IBDGs and diesel generator. Equal power
sharing among DG units might not always be the best way to operate a microgrid in
terms of stability. It was concluded that by loading the diesel generator more than
the IBDGs (K, < m,), the overall stability of the hybrid microgrid can be improved
depending on the value of m,. However, such improvement is limited by the overall
loading condition of the microgrid and the capacity of the diesel generator. As a result
of the sensitivity of the dominant modes to changes in droop gains, a domain of stability

defined by the droop gains of the IBDGs and diesel generator is presented in this section.

4.7.1 Equal and Unequal Power Sharing

The shaded region in Fig. 4.9 bounded by [(0,0), (0,0.031),(0.013,0),(0.04,0.031)]

are the values of K, and m, for which the microgrid with a 100% loading is stable. The
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Fig. 4.9: Microgrid domain of stability for 100% loading condition depicting various
operating regions with different active power sharing conditions.

unshaded portion of Fig. 4.9 represents unstable values of the droop gains. Values of
equal droop gains represent equal active power sharing among the DG in the microgrid.
The maximum value of equal droop gains is 0.031pu as seen in Fig. 4.9. This gives
an indication of the maximum droop gain value that ensures equal sharing before the
microgrid becomes unstable.

For unequal active power sharing among the DGs, by setting m, = 0.01pu while
increasing K, it is shown in Fig. 4.9 that increasing the value of K, gradually moves
the microgrid to an unstable region due to the fact that an increase in K, reduces the
loading of the diesel generator and, hence pushes mode 1,2 to instability. The maximum
value of K, before the system becomes unstable from Fig. 4.9 is 0.018pu for m, =
0.01pu which is also shown in Fig. 4.6. Also, the maximum achievable K, value
increases as the set value of m,, increases.

For a given value of K;, in Fig. 4.9, for instance 0.01pu, an increase in m,, as
earlier discussed improves the damping of mode 1,2 while mode 3,4 becomes more
lightly damped. An increase in m,, improves the overall stability of the microgrid for
m;, < 0.02pu and decreases the microgrid stability for m,, values greater than 0.02pu.
Consequently, as K, reduces horizontally in Region A of Fig. 4.9, the damping of mode
1,2 increases and damping of mode 3,4 remains constant. Therefore, a reduction of K,

in Region A generally improves the overall stability of the microgrid. Any increase
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of m, in Region A causes mode 1,2 to be more stable and has an opposite effect on
mode 3,4. In this operating region (Region A), an increase in m,, improves the overall
stability of the microgrid because the real part of mode 1,2 is larger than that of mode
3,4. However, any further increase in m, moves the microgrid to operate in Region B.
This worsens the overall stability of the microgrid due to mode 3,4 becoming the most
dominant mode in this region. The effect of changing K, in region B on the overall

stability of the microgrid depends on the initial value of mode 3,4.

001 002 003 004 005 001 002 003 004 005 001 002 003 004 0.05

p Kip Kp

Fig. 4.10: Microgrid domain of stability for different loading condition. (a) 25%. (b)
50%. (c) 75%.

Therefore, operating in Region A where K,, < m, offers the best system perfor-
mance in terms of stability because generally, the damping of mode 3.4 is good and the
diesel generator has a higher penetration in this region. Fig. 4.10 shows the domain of
stability of the microgrid operating at different loading conditions respectively. These
results show that loading conditions only have a slight effect on the overall size of the

microgrid domain of stability.

4.7.2 Effect of IBDG Damping Controller

From the eigenvalue and sensitivity analysis studies, it was shown that the microgrid
in Fig. 4.1 is lightly damped, and large enough disturbances could cause instability.
Therefore, the integration of damping controllers can improve the stability of the micro-

grid. In this work, a damping controller proposed in [60], is implemented in the power
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controller of the two IBDGs. The new structure of the power controller becomes:

1 D
8(s) = (@ —mpP(s)) - Tdsi -P(s) (4.18)
D
Vils) = (Vo = ngQ0s)) = - 2 P() (4.19)

where D and D, are the gains of the low-pass and high-pass filters in (4.18) and (4.19),
respectively, while 7, is the time constant of the filters. The parameters for the damping
controller are given in Appendix I. The domain of stability for the microgrid with the
damping controller at a 100% loading condition is shown in Fig. 4.11. By comparing
this domain of stability with that of Fig. 4.9, it can be noticed that the microgrid do-
main of stability boundaries have been extended, thus increasing the number of stable
microgrid operating points. For microgrid operators who prefer equal power sharing,

the damping controller in the IBDG offers additional operating points that achieves this

purpose.

4.7.3 Optimal Droop Gain for Diesel Generator

As explained earlier, hybrid microgrid stability can be improved by increasing the active
power contribution of a diesel generator compared to the IBDG. Thus, the aim is to
decrease the K, /m,, ratio. However, the capacity of the diesel generator as well as the

overall active power loading of the microgrid greatly affects where the microgrid can

0.12
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Fig. 4.11: Microgrid domain of stability with damping controller implemented in the
IBDGs.
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be safely operated in the domain of stability shown in Fig. 4.9. The minimum value of

Krp/mp assuming a constant 7, 1s given by

(4.20)

where (P,)mqx is the maximum active power that can be supplied by the diesel generator.

For the microgrid shown in Fig. 4.1, (4.20) can be further simplified to

_)min B %( (PS;ax a 1>

(4.21)

where Pr is the total active power of the load in the microgrid. Assuming a microgrid
with 7 number of equally rated IBDGs and k number of equally rated diesel generators,

(4.21) can be further generalized as follows:

— k) (4.22)

From the preceding analysis, the optimal droop gain of the diesel generator maximizes
its loading and, hence, improves the overall stability of the microgrid. The value of this
gain can be either adjusted online or adaptively. For the system in Fig. 4.1, the optimal
droop gain of the diesel generator depends on the total active load power and maximum

loadability of the diesel generator and is given by

—1) (4.23)

4.8 Time Domain Simulations

The small-signal stability results in the previous sections are validated using time do-
main simulations on MATLAB/SIMULINK software environment. The microgrid sta-

bility is tested for equal and unequal active power sharing using the optimal droop gain
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Fig. 4.13: Reactive power output of DGs for different power sharing conditions. (a)
Equal power sharing with m, = K,, = 0.0064pu. (b) Unequal power sharing with
m;, = 0.0064pu and K;, = 0.00595pu.
for the diesel generator in (4.23). In addition, the damping controller in (4.18) and

(4.19) is implemented and the results are presented in this section.

For the case of equal power sharing among the DGs, at steady state, Fig. 4.12(a)
shows that the active power is shared equally (m, = K,, = 0.0064pu) among the DGs
at 0.81 pu each. At ¢ = 15s, 0.15pu of load was switched out at Bus 1. It can be

seen that the active power in Fig. 4.12(a) changes accordingly and remains equally
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shared. It can also be observed from the results that the system responds slowly to the
disturbance before it finally stabilizes. This is a result of the presence of slow modes
with light damping as discussed in Section 4.5. For the next simulation case in Fig.
4.12(b), the droop gains of the inverters and diesel generator are not equally matched,
m,, = 0.0064pu and K, = 0.00595pu, representing the optimal droop gain for the diesel
generator for this loading condition, therefore an unequal active power sharing can be
noticed. At steady state, the diesel generator supplies more power because of its lower
droop gain. After a load change occuring at t = 15s, active power is still shared based
on K,,/m, ratio. In this unequal active power sharing case, it can be observed that
the response of active power output of the DGs in Fig. 4.12(b) are slightly faster and
exhibit slightly better damping when compared to the results in Fig. 4.12(a). This is as
a result of the higher loading of the diesel generator as explained in Section 4.5. The
overall loading condition of the microgrid limits the value of the optimal droop gain in
this case, which in turn restricts the achievable improvement. Further improvement can
be obtained if the overall loading of the microgrid was lower. In addition, the reactive
power outputs, m icrogrid frequency and bus voltages for equal and unequal active
power sharing condition are shown in Figs. 4.13-4.15, respectively.

As a result of the low damping in the active power response of the DGs in Fig.
4.12(a), the damping controller is implemented and Fig. 4.16 shows improved damping
of the diesel generator and IBDGs active power output for equal power sharing condi-
tion. The reactive power outputs, bus voltages and microgrid frequency are shown in

Figs. 4.17-4.19, respectively.

4.9 Conclusion

Small-signal stability studies have been applied in this chapter to characterize oscilla-
tions present in microgrids with hybrid generation. The impact of equal and unequal
active power sharing conditions on the low frequency stability of the microgrid was

assessed. The active power droop gain values of the DGs were employed to develop
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a “domain of stability” region. The “domain of stability” was also utilized to assess
the stability of the microgrid for various active power sharing conditions. Different op-
eration regions in the domain of stability are highlighted and the performance of the
microgrid in these regions was explained. It was concluded from the domain of sta-
bility and sensitivity studies that equal active power sharing in a microgrid might not
offer the best performance from a small-signal stability viewpoint. In addition, it was
highlighted that by increasing the loading/penetration of the diesel generator in the mi-
crogrid, the small-signal stability can be improved. Furthermore, the optimal droop gain
for the diesel generator for any particular loading condition was determined to improve
the stability of the microgrid. From the small-signal analysis, domain of stability and
time domain simulation results, it can be concluded that active power sharing conditions
have varying effects on microgrid stability. Therefore, by adjusting the droop gains of
DGs in a hybrid microgrid accordingly, small-signal stability can be improved.

The analysis done in this chapter was focused on a single microgrid comprising of
IBDGs and SBDGs. As stated earlier, microgrids are being interconnected to improve
the reliability of microgrids. As a result, subsequent studies similar to what has been
done in this chapter will be extended to determine and characterize the stability of

MMGs consisting of IBDGs and SBDGs.
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CHAPTER 5

Characterization of Multi-Microgrid Oscillations

5.1 Overview

This chapter provides a critical assessment of oscillatory modes for a droop-controlled
multi-microgrid (MMG) consisting of inverter-based and synchronous-based distributed
generation (DG). Local and inter-microgrid oscillatory modes similar to conventional
interconnected power systems are observed. However, an additional new and more
“dominant” oscillatory mode caused by interactions between close-by coherent syn-
chronous and inverter-based DGs in the MMG is identified. Sensitivity analysis is em-
ployed to assess the impact of various MMG configurations and parameters such as:
interconnecting line length, droop gain, exciter gain and governor gain on MMG oscil-
latory modes. Parametric studies are conducted to highlight the impact of oscillatory
modes on MMG transient and dynamic performances. Consequently, power system
stabilizers (PSSs) are developed for both inverter-based and synchronous-based DGs to
improve the transient and dynamic performances of the MMG. Residues are calculated
and therefore utilized to determine the effect of PSS placement on the MMG oscillatory

modes. Finally, small-signal stability analysis results and the performances of the PSSs
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are validated through time domain simulations on MATLAB/SIMULINK.

5.2 Background

Power system oscillations are a well-known phenomena in large interconnected power
systems [61, 62]. Since power system oscillations were initially noticed in the 1960s,
significant research efforts have been devoted to understand the nature of this phenom-
ena [27, 43, 63, 64]. Oscillations typically noticed in conventional power systems are
local and inter-area oscillations with frequency ranging from 1-3Hz and 0.1-1Hz, re-
spectively [43]. Inter-area oscillations are important because of the low damping they
exhibit and their dominance of power system dynamics. Power flow through tie-lines
are limited by these oscillations. To improve the reliability and security of intercon-
nected power systems, several techniques to damp local and inter-area oscillations have
been introduced in the literature. Power system stabilizers (PSSs) were historically de-
veloped to damp power system oscillations [65], [66]. In addition, various flexible AC
transmission systems (FACTS) devices, such as shunt static synchronous compensators
(STATCOMs), static var compensators (SVCs) and energy storage systems (ESSs) have
been deployed to improve the damping of power system oscillations [44, 67, 68].

With the increasing penetration of distributed generation (DG) and renewable en-
ergy resources, microgrids are becoming a viable and attractive solution for integrating
these technologies into the existing power network. When DGs are clustered together
to meet the power and heating demand of a dedicated load, the resulting system is
known as a microgrid [6],[7]. Microgrids can either operate in connection with the util-
ity grid (grid-connected mode) or as a stand-alone entity (autonomous mode) [9]. The
most common control strategy for autonomous microgrids is the droop control strategy
[9, 24, 26]. In droop-controlled autonomous microgrids, individual DGs participate
in the regulation of microgrid voltage and frequency [24]. As in conventional power
systems, microgrids are interconnected to improve reliability and security [51, 69-72].

The interconnection of two or more microgrids form a multi-microgrid (MMG) system.
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Due to the presence of fundamentally different DGs with low inertia in MMGs, inter-
actions between their controllers and load dynamics introduces system oscillations that
need to be studied for optimal microgrid design [45].

Inter-inverter oscillations in droop-controlled microgrids and MMGs are discussed
in [19] and [51], respectively. In [19], the effect of droop gains on inter-inverter oscilla-
tions are highlighted, while [51] analyzes the impact of the interconnecting line param-
eters and MMG configurations on the present inter-inverter osillations. Furthermore, it
is shown in [60] that the presence of asynchronous motors introduces low-frequency in-
stabilities in inverter-based microgrids (IBMGs). In addition, [60] proposes additional
damping control in the inverters to mitigate the instability. In [53], the small-signal sta-
bility of a microgrid consisting of inverters and synchronous generators was evaluated.
The sensitivity of microgrid stability to changes in droop gains was also studied. The
damping of oscillations and its effect on the stability of a microgrid consisting of an
inverter, asynchronous generator and synchronous generator (SG) was investigated in

[52].

5.3 Multi-Microgrid System Description

The MMG under study is shown in Fig. 5.1. There are three microgrids (M1, M2,
M3) connected in parallel through medium voltage (MV) lines. M1 is a synchronous-
based microgrid with two SBDGs. Two IBDGs are interconnected in M2 to form an
inverter-based microgrid. M3 consists of an IBDG and a SBDG, forming a microgrid
with hybrid generation. Switches SW2 to SW4 act as means to disconnect or reconnect
the individual microgrids to the MMG structure. For this study, it is assumed that SW2
to SW4 are closed, thereby forming a MMG, M1-M2-M3. In addition, the isolating
switch SW1 is disconnected, therefore making the MMG operate in autonomous mode.
The interconnecting lines and load parameters for the MMG are also given in Fig. 5.1.
All DGs in the MMG are equipped with droop controllers to collectively meet the load

demands and regulate the system voltage and frequency. The DGs in Fig. 5.1 are
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designed to share active power equally by selecting the appropriate droop gains.
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Fig. 5.1: Multi-microgrid system under study.

5.4 Modal Analysis

Modal analysis has been widely applied to study oscillations in power systems for
decades [63], [43]. Consequently, it will be extended to study MMG oscillations in
this paper. In this section, the state-space model for the MMG in Fig. 5.1 will be devel-
oped. Subsequently, eigenvalue, participation and sensitivity analyses will be employed

to characterize the MMG oscillatory modes.
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Fig. 5.2: Block diagram of complete small-signal state-space model of the MMG.

5.4.1 State-Space Modeling

The MMG in Fig. 5.1 is modeled by a non-linear set of differential and algebraic

equations, given by:

X = f(x,y,t,k) )

0 :g(x7y7t7k)

where x is the dynamic states of the MMG generators, controllers and network; y is
the algebraic variables of the system, for instance, network bus voltages; ¢ denotes
time; and k represents scalar parameters such as droop, exciter and governor gains. By
combining the non-linear state-space model of the MMG components and performing
a linearization around an equilibrium point (xo, yo,%,ko), the small-signal state-space
model can be developed in form of (3.56)-(3.58). The block diagram of the complete

small-signal state-space model of the MMG is shown in Fig. 5.2.

56

T

Aw,3




Table 5.1: Summary of Critical Eigenvalues of the MMG in Fig. 5.1

Eigen- Real | Im. Type

values s Y | (rads™h)

1,2 -3.35 | £32.663 | Local/

(mode 1) Inter-microgrid
mode

3,4 -4.21 | £37.596 | Inter-microgrid

(mode 2) mode

5,6 -4.63 | £38.843 | Local

(mode 3) mode

7,8 -15.86 | £21.425 | Inter-microgrid

(mode 4) mode

9,10 -16.27 | £22.763 | Local

(mode 5) mode

5.4.2 Eigenvalue Analysis

In large interconnected power systems, local oscillatory modes arise when generators
in a certain area oscillate against each other, while inter-area oscillatory modes are
characterized by generators in an area oscillating against generators in another area [63],
[27]. In this chapter, for microgrids, local oscillatory modes are designated to modes
that arise when DGs in the same microgrid oscillate against each other. While, inter-
microgrid oscillatory modes are designated to modes where DGs in a certain microgrid

oscillate against DGs in another microgrid.

[ [N
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Fig. 5.3: Normalized participation factor of states in critical modes.

Participation Factor

Mode 1 Mode 4 Mode 5

The oscillatory modes present in the MMG shown in Fig. 5.1 are determined by cal-

culating the eigenvalues of the matrix, A, derived for the system with parameters given
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in the Appendix. Table 5.1 gives the basic properties of the most critical oscillatory
modes of the MMG shown in Fig. 5.1. In addition, the dynamic states participating
in the activity of these modes are also provided in Fig. 5.3. Also, Figs. 5.4, 5.5 and
5.6 are the mode shapes of the critical modes summarized in Table 5.1 which is a com-
mon representation for visualizing oscillatory modes [63], [27]. Mode 1 is the most
“dominant” oscillatory mode. This mode represents the SBDGs oscillating against the
IBDGs in the MMG, which can be seen in the mode shape shown in Fig. 5.4. Mode 2 is
an inter-microgrid oscillatory mode resulting from SBDG1 and SBDG?2 in microgrid,
M1 oscillating against SBDG3 in M3, as seen in Fig. 5.5(a). Mode 3 whose shape is
shown in Fig. 5.5(b) is an oscillatory mode local to microgrid, M1. Mode 4 is an inter-
microgrid mode resulting from IBDG3 oscillating against IBDG1 and IBDG2 as shown
in Fig. 5.6(a). Mode 5 is a local mode that arises due to IBDG1 and IBDG?2 oscillating
against each other, as seen in Fig. 5.6(b). Furthermore, it should be noted that the fre-
quency of the modes shown in Table 5.1 are higher than those of typical conventional
power systems due to the low inertia of DGs in the MMG structure under study. The
critical oscillatory modes will be further characterized in the subsequent subsections to

determine their behavior under various conditions.

90 0.06

150, IBDG1’ 30

210 30

240 300
270

Fig. 5.4: Mode shape of local/inter-microgrid mode (mode 1).

5.4.3 Effect of Interconnecting Lines

The effect of interconnecting line length in the MMG shown in Fig. 5.1 on the small-

signal stability will be studied in this subsection to demonstrate how the coupling be-
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Fig. 5.6: Mode shapes of MMG inter-IBDG modes. (a) Inter-microgrid mode (mode
4). (b) Local mode (mode 5).

330

tween the DGs and microgrids affect the damping of the dominant oscillatory modes.
The results of this study also show which mode would be affected when different line
parameters changes. Fig. 5.7 shows the root loci of the dominant oscillatory modes
when the length of line 1 is gradually increased. Line 1 is the interconnecting line be-
tween the two synchronous generators in M1 as shown in Fig. 5.1. The increase in
length of line 1 weakens the interconnection between SBDG2 and SBDG1 and also the
interconnection between SBDG2 and SBDG3. Therefore, the resulting movement of
the local mode (mode 3) and the inter-microgrid mode (mode 2) seen in Fig. 5.8 is
expected [63]. Also, by increasing the length of line 1, oscillatory mode 1 gradually
moves to the right. However, to draw a more general conclusion on the impact of the
MMBG interconnection on the oscillatory modes, further analysis must be carried out.
Consequently, the sensitivity of the dominant modes to an increase in length of lines 2

to 5 of the MMG are shown in Fig. 5.8. Fig. 5.8 shows that increasing the length of
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Fig. 5.7: Root loci of dominant modes showing the impact of increasing the length of
line 1 on MMG oscillations.
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(a) Line 2, (b) Line 3, (¢) Line 4, (d) Line 5 on MMG oscillations.

lines 2 to 5 have no effect on the local mode (mode 3) as this mode is only affected by

the interconnection between SBDGI1 and SBDG2 in M1. In addition to this, Fig. 5.8

shows that changes in the length of lines 2 and 4 have an impact on the damping of

mode 2, an inter-microgrid mode between SBDG2 and SBDG3. These results correlate

with studies done in [63]. In contrast, the behavior of mode 1 shows a different trend.

Figs. 5.8(a), 5.8(b) and 5.8(d) show that changes in the length of lines 2, 3 and 5, re-

spectively, affect the damping of mode 1. However, in Fig. 5.8(c), it is shown that the

interconnection between M2 and M3 (line 4) has no effect on mode 1.

From the shape of mode 1, given in Fig. 5.4, and the results in Figs. 5.7 and 5.8,

it can be concluded that mode 1 arises as a result of the SBDGs in M1 (SBDG1 and
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SBDG@G2) oscillating against the IBDGs in M2 (IBDG1 and IBDG2) and at the same time
SBDG3 oscillating against IBDG3 in M3. From the results presented in this subsection,
it can be concluded that oscillatory modes 2 and 3 are local and inter-microgrid oscilla-
tions similar to local and inter-area oscillations prevalent in large interconnected power
systems, respectively. On the other hand, mode 1 is a hybrid local/inter-microgrid oscil-
latory mode which arises as a result of close-by coherent SBDGs and IBDGs swinging

against each other.

5.4.4 Effect of System Configuration

To further determine the factors affecting the characteristics of the dominant oscillatory
modes of the MMG, different configurations of the MMG in Fig. 5.1 are considered
and the impact of various system configurations on the dominant modes are discussed.
For the base case of the MMG which is shown in Fig. 5.1 (M1-M2-M3), the three
dominant modes are shown in Fig. 5.9. Fig. 5.9 also shows the dominant modes for
configurations: M1-M3-M2, M2-M1-M3, M2-M3-M1 and meshed M1-M2-M3. The
results for mode 1 show that the stronger the interconnection between M1 and M2, the
better the damping of this mode. This is due to the interactions between the DGs in
M1 and those in M2 as discussed earlier. It can also be noticed that from the results in
Fig. 5.9, the radial configurations with M3 in the middle show the worst damping for
mode 1. This is as a consequence of the longer distances between M1 and M2 in these
cases. It is also important to note that for MMG radial configurations with a microgrid
with hybrid generation like M3 at an extreme end (M1-M2-M3 or M2-M1-M3), the
line interconnecting this microgrid to other microgrids (line 4 in the case as shown in
Fig. 5.1) would have negligible impact on the characteristics of a present oscillatory
mode similar to mode 1 (hybrid local/inter-microgrid mode). The meshed M1-M2-M3
configuration offers the best damping for mode 1 and mode 2, because of the reduced
power flowing through the lines interconnecting the microgrids [63]. The various MMG
configurations have similar impact on mode 3 because it is a local mode which is only

affected by the interconnection between SBDG1 and SBDG2 in M1.
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Fig. 5.9: Dominant modes for different MMG Configuration.

5.4.5 Effect of Droop Gain

Considering the MMG shown in Fig. 5.1 and assuming equal active load sharing con-

dition (m, = K,,) for the IBDGs and SBDGs, Fig. 5.10 presents the root loci of the

critical modes when the droop gains (m,, K,,) are increased. An increase in K, causes

modes 2 and 3 to move towards the instability region. Also, modes 4 and 5 which are

inter-microgrid and local inter-inverter oscillatory modes studied in [19] move to insta-

bility as a result of an increase in m;,. However, increasing m, and K, at the same time

has a stabilizing effect on mode 1. In other words, an increase in droop gains of the DGs

during equal active load sharing condition improves the stability of mode 1 while desta-

bilizing modes 2 to 5. The stability margin of the MMG, which is the maximum value

of the droop gains before the MMG becomes unstable[19], is given as m))™ = K;I/* =

=

0.0240 p.u. From Fig. 5.10, the marginal stability point for equal active load sharing

condition is a result of mode 2 becoming unstable. The sensitivity of the eigenvalues

to an increase in K, only is shown in Fig. 5.11. The root loci of the dominant modes

shows that as K, is increased, modes 1, 2 and 3 become more unstable and the MMG

eventually loses stability due to mode 1 crossing the imaginary axis. By increasing m,,

only, Fig. 5.12 shows that mode 1 becomes more stable, and the eventual MMG insta-

bility is caused by the local inter-inverter oscillatory mode in M2 represented by mode

5.
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In Figs. 5.10-5.12, it is important to note that by reducing the droop gains (m,
and K;,), the damping of the critical MMG oscillatory modes will generally improve,
except for mode 1 which becomes unstable when m,, is reduced. Figs. 5.10 and 5.12

show that the damping of mode 1 decreases when m,, is reduced.

5.4.6 Effect of Exciter Gain

The impact of fast exciter gains on local and inter-area oscillations in conventional
power systems have been well documented. Studies in [63] and [43] show that fast
(high) exciter gains cause local and sometimes inter-area oscillations to become unsta-
ble. Therefore, unstable oscillatory modes in conventional power systems are usually
stabilized by reducing exciter gains [63]. As a result, it is necessary to understand the
impact of exciter gains on the dominant MMG oscillatory modes, especially modes 1,
2 and 3 introduced earlier.

Fig. 5.13(a) shows the effect of reducing the exciter gain, K, shown in Fig. ?? of
the SBDGs that make up the MMG in Fig. 5.1. By reducing exciter gain, it can be
seen from Fig. 5.13(a) that the local and inter-microgrid oscillatory modes which are
similar to the oscillations studied in conventional power systems become more stable.

However, the hybrid local/inter-microgrid oscillatory mode (mode 1) becomes less sta-
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ble. This observation is noteworthy because the practice of reducing exciter gains to
improve stability cannot be translated to MMGs of the type shown in Fig. 5.1 due to the
different effects of reducing exciter gains on mode 1 and the other dominant oscillatory
modes. Assuming the IBDGs in Fig. 5.1 are replaced with SBDGs, Fig. 5.13(b) shows
the sensitivity of the present oscillatory modes to decreasing exciter gains. It can be
seen that as the exciter gains of SBDGs are reduced, the dominant modes become more
stable. Similar to a conventional power system, there are three local modes for each mi-
crogrid and two inter-microgrid modes. Therefore, the results highlight the differences
in the sensitivity of the hybrid local/inter-microgrid oscillatory mode (mode 1) and the

local and inter-microgrid oscillatory modes (modes 2 and 3) to changes in exciter gains.

5.4.7 Effect of Governor Gain

Because of the slow response of speed governors in the SBDGs, they are expected to
play a role in the stability of MMGs. Fig. 5.14(a) shows the effect of reducing gov-
ernor gain, K, shown in Fig. 3.6 on the damping of modes 1, 2 and 3. By reducing
the governor gains, the oscillatory modes become better damped. However, by taking
a closer look, it can be noticed that slow eigenvalues shown clearly in Fig. 5.14(b)
become slower for every reduction in the governor gain. Therefore, although decreas-
ing the governor gain increases the damping of the dominant MMG oscillatory modes
(transient performance), the speed in which the system reaches steady-state (dynamic
performance) suffers. Thus, a trade-off would have to be made between the MMG
transient and dynamic performance.

To further highlight the impact of governor gains on the stability of the MMG,
consider the time domain simulation results shown in Fig. 5.15. In these cases, the
MMG is operating in equal power sharing condition at steady-state. Fig. 5.15(a) shows
the active power output of each DG in the MMG shown in Fig. 5.1 while considering
SBDGs equipped with low gain governors. After a slight perturbation is applied to the
MMG, the oscillations present in the responses shown in Fig. 5.15(a) decay reasonably

fast. However, the active power outputs exhibit slow responses as a result of the slow
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eigenvalues shown in Fig. 5.14(b). In Fig. 5.15(b), the governors are tuned to have

a high gain.

In this case, the active power outputs of the DGs exhibit poor damping.

However, the response speed is fast when compared to the case in Fig. 5.15(a) with low

governor gain. The simulation results validate the sensitivity analysis results in Fig.

5.14. Finally, it is important to note from Fig. 5.15 that the oscillatory mode observed

corresponds to the “dominant” hybrid local/inter-microgrid oscillatory mode (mode 1)

by realizing how the IBDGs’ responses swing against the SBDGs’ responses.

40_***| l***l*l** T T T T ]
- iﬁﬂgﬂgﬁt&
- ~— -
E 20 Decreasing governor
‘0 0 - = gain, K, = -
e}
g 20 -
> _40_***#*%W*M. . . Lo
= -6 -5 -4 -3 -2 -1 0
£ 002 : : @) , ,
of ok R T — s 0 -
-0.02 ' 1 ' L L
-0.08 -0.075 -0.07 -0.065 -0.06 -0.055 -0.05
(b)
Real (s

Fig. 5.14: Impact of reducing governor gains on dominant eigenvalues. (a) Root loci of

0.66

© o
So o
oN R

o1
(00}

o U
o O

Active power (pu)
o
D

coo oo

© o
o RN

0.58
0.56

Fig. 5.15:

dominant modes. (b) Root loci of slow eigenvalues.

$

IBDG1

SBDG1

IBDG2

IBDG3

SBDG2

SBDG3

12 (b) 15
Time (s)
Active power outputs of DGs. (a) Low gain governors. (b) High gain

governors.

The summary of the keypoints drawn from the preceding eigenvalue and sensitivity
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analyses are highlighted below:

e Eigenvalue and participation analysis results show that for a MMG of the type
shown in Fig. 5.1, a more “dominant” mode different from the inter-area mode
studied in conventional power systems exists. This mode (mode 1) is a hybrid
local/inter-microgrid oscillatory mode where close-by coherent inverters and syn-

chronous generators swing against each other.

e From the sensitivity analysis, it is shown that the dominance of this hybrid mode
is dependent on the active power droop gains. Therefore, for an autonomous
MMG operating very close to no-load frequency (low droop gain), mode 1 be-
comes more dominant. However, if the IBDGs’ droop gains are increased, mode
1 becomes less dominant, as shown in Figs. 5.10 and 5.12. In addition, for equal
active power sharing condition, reduction in droop gain decreases the damping of

mode 1, but increases the damping of modes 2-5.

e The impact of exciter gain on the hybrid oscillatory mode is different from its
effect on classical local and inter-microgrid modes. In other words, reducing ex-
citer gains to stabilize conventional local and inter-microgrid modes destabilizes

the hybrid mode (mode 1).

e Modal analysis and simulation results show that low governor gains enhances
the transient performance of the MMG. But in turn, it degrades the dynamic per-
formance. Additional controls can be incorporated to simultaneously improve

transient and dynamic performances.

5.5 Damping of MMG Oscillations

In Fig. 5.15, simulation results show that high governor gains improve the response
speed of the MMG. However, the MMG oscillatory modes become poorly damped.

Therefore, the aim of this section is to develop additional controllers to improve the
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Table 5.2: Residue Index Showing the Effectiveness of Placing a PSS at Each DG

SBDG1 | SBDG2 | SBDG3 | IBDG1 | IBDG2 | IBDG3
Mode 1 | 0.1753 | 0.1844 | 0.0929 | 0.9097 | 0.8663 | 0.8469
Mode 2 | 0.055 0.0254 | 0.339 0.0225 | 0.0249 | 0.4602
Mode 3 | 0.2386 | 0.2219 | 0O 0.0221 | 0.0212 | O

damping of the MMG oscillatory modes while maintaining an improved dynamic per-

formance.

5.5.1 Power System Stabilizers

PSSs have been employed to damp oscillations in conventional power systems for
decades [27],[44]. The basic concept behind the operation of PSSs is that it pro-
vides damping in-phase with rotor speed oscillations through the excitation of the syn-
chronous generator. Fig. 5.16 shows the typical control structure of a PSSs used in syn-
chronous generators. The synchronous generator PSS comprises of a high-pass filter
and a lead-lag controller which provides compensation for the rotor speed oscillations.
Ks7ap is the PSS gain; Tyy is the time constant of the high-pass filter; 77 and 7> are the
time constants of the lead compensator; while 73 and 7; are the time constants of the
lag compensator. The PSS in Fig. 5.16 can also be used to damp oscillations when im-
plemented in the IBDG controller. The major difference is the control input, the IBDG
PSS provides compensation in phase with the IBDG phase angle (0). The IBDG and

SBDG PSSs are tuned to capture only dynamics in the frequency range of the MMG

oscillations.
High-Pass
Filter Lead-Lag Compensator
8 - h} r A )
Additional Tivs Tis+1 Tys + 1
Input >ECsrag—> Tws + 1 g Tys + 1 —> Tys+1 P U

Fig. 5.16: Power system stabilizer implemented in SDG and IBDG.

68



50

I T T T T
% No PSS -- ) <
*spGpss | K ¥ F g
% IBDG PSS ol
"
g * *
> OF %* ¥* ¥ Mk K % AFkK -
]
£ * *
>
m -
E _1Mode1
i_") Mode 2 o i
\’_‘,\ Mode 3 ¥ XOIRE i
50 I I I I I
-8 -7 -6 -5 4 -3

Real sh

Fig. 5.17: Impact of PSS placement on dominant oscillatory modes.

5.5.2 Optimal Placement of PSS

To determine which DG type offers the best damping performance when fitted with
a PSS, the residues of the MMG eigenvalues are calculated. Residues corresponding
to a certain eigenvalue tell how effective output feedback would be in controlling that
eigenvalue. Therefore, the effect of placing a PSS at each DG shown in Fig. 5.1 on the
MMG oscillatory modes is determined by calculating the corresponding residues, and
the results are given in Table 5.2. The residues in Table 5.2 show that placing PSSs at
the IBDGs would provide better damping of mode 1 than when placed at the SBDGs.
By locating PSSs at the IBDGs, the damping of mode 2 will be slightly improved but
the damping of mode 3 will not be affected. However, by placing PSSs at the SBDGs,
the damping of all the modes can be improved. In Fig. 5.17, the impact of PSSs on
the MMG oscillatory modes are shown. Without PSSs, the oscillatory modes exhibit
poor damping (< 5%). By adding PSSs to the IBDGs, the damping of mode 1 is greatly
improved, but modes 2 and 3 still exhibit poor damping. However, by placing PSSs at
the SBDGs, all the dominant modes show acceptable damping (> 5%). It should be
noted that because of the good damping of mode 1 when PSSs are used in the IBDGs,

better damping of modes 2 and 3 can be achieved by reducing the droop gains (m, and

Kyp).
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Fig. 5.18: Active power outputs of DGs showing the performances of designed PSS.
(a) IBDGs fitted with PSS. (b) SBDGs fitted with PSS.

5.5.3 Evaluation of PSS Performance

Time domain simulation results showing the performance of the PSS designed in the
preceding sub-sections will be presented here. The PSS parameters are provided in the
Appendix. The SBDGs are fitted with high gain governors similar to Fig. 5.15(b). In
Fig. 5.18(a), the PSS shown in Fig. 5.16 is incorporated in the controller of the IBDGs
while the SBDGs operate without additional damping controls. The active power re-
sponse of each DG shown in Fig. 5.18 exhibits a better damping (transient response)
when compared to the responses presented in Fig. 5.15(b). Also, the DGs’ responses
settle to their steady-state values faster when the IBDGs are equipped with a PSS than
the case without additional damping control shown in Fig. 5.15(a). In Fig. 5.18(b), the
PSS shown in Fig. 5.16 is implemented in the SBDGs while the IBDGs operate nor-
mally. The responses in Fig. 5.18(b) also show improved damping when compared to
responses in Fig. 5.15(b). In addition, the settling times of the responses in Fig. 5.18(b)
are better than those of the responses shown in Fig. 5.15(a). It can also be noticed that
the active power output of SBDG3, Psgpg3 in Fig. 5.18(b), exhibits a better damping
than the case in Fig. 5.18(a). This is due to the SBDG PSS providing better damping of
mode 2 than the IBDG PSS as previously discussed. The results presented in this sec-

tion show that PSSs fitted in the IBDGs or SBDGs is equally effective in damping the
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hybrid local/inter-microgrid oscillatory mode (mode 1) with almost identical transient
and dynamic performances. However, the IBDG PSS is not as effective in damping

local and inter-microgrid modes, 2 and 3, respectively.
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CHAPTER O

Conclusion and Future Work

6.1 Conclusion

This work characterizes oscillations present in microgrids and multi-microgrids consist-
ing of synchronous generators and inverters. Oscillations arise in microgrids as a result
of the low frequency interactions between the DGs. Modal and small-signal stability
analysis are employed to study these oscillations. For the studies in this work, detailed
mathematical models of microgrid and multi-microgrid components were derived and
they served as basis for the results attained thereafter.

For microgrids, small-signal stability studies were applied to characterize the exist-
ing oscillations in a hybrid microgrid. The impact of equal and unequal active power
sharing among the DGs on the small-signal stability was assessed. Sensitivity analy-
sis results show that in microgrids comprising of inverter-based and synchronous-based
distributed generation, by increasing the loading of the synchronous generators, the sta-
bility of the microgrid can be improved. Furthermore, a “domain of stability” region for
the microgrid was developed to complement the sensitivity results. The different oper-

ating regions in the “domain of stability” were highlighted and the effect of operating
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in these regions on the microgrid stability was discussed.

For multi-microgrids comprising of synchronous generators and inverters, local and
inter-microgrid oscillations that exist were highlighted and their characteristics under
various conditions were evaluated. In addition to conventional local and inter-microgrid
oscillations occuring between the synchronous generators in the MMG, a different type
of hybrid local/inter-microgrid oscillation caused by the interaction between close-by
coherent synchronous generators and inverters was noticed. Furthermore, the frequency
of the MMG oscillations were found to be higher than oscillations observed in conven-
tional interconnected power systems. This is as a result of the low inertia of DGs in
microgrids. Based on parametric studies, the impact of control parameters such as:
droop, exciter and governor gains on the MMG oscillations was evaluated. Sensitivity
analysis results revealed that trade-offs would have to be made between good transient
and dynamic performance. Consequently, damping controllers (PSS) were developed

for the DGs to improve transient and dynamic performance.

6.2 Future Work

The importance of studying the stability of microgrids has been highlighted in literature
and in this thesis. Therefore, there is need to further consider the other aspects of micro-
grid stability. The voltage stability of microgrids consisting of various load types, such
as: constant-power loads, constant-current loads, induction motors and thermostatically
control loads, should be investigated because of the pervasiveness of such loads in mi-
crogrids. In addition, the transient stability of microgrids is a topic of great importance

that should be carefully studied.
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APPENDIX

System Parameters

PSS parameters:
Ty = 0.15s, T = 0.009s, T; = 0.004s, 73 = 0.03s, Ty = 0.08s, IBDG Ksrap = 4.7,
SDG Ksrap = 27
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