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Abstract

This dissertation focuses on improving the dynamic behavior of microgrids during the ab-
normal conditions. For this purpose, novel approaches are presented to turn the conventional
inverters implemented in distributed generation (DG) units into smart inverters capable of
dealing with disturbances. In the context of microgrids, the smartness of an inverter is tied
to its ability to cope with abnormalities such as sudden load changes, loss of generation, and
transitions between different modes of operation. Founded on these principles, this disser-
tation advances the state-of-the-art in enhancing the dynamic response of microgrids. To
this end, firstly, a new approach of forming smart loads in a fleet of nanogrids, which is
also referred as a grid of nanogrids (GNG), is presented in this dissertation. The proposed
smart load configuration is obtained via series connection of electric dampers (EDs) with
critical loads to cope with disturbances at the point of critical loads. A systematic approach
is presented for modeling of the proposed smart loads considering the switching states of
EDs. The stability of the smart loads is then studied using the developed state-space model.
Secondly, the conventional controllers of battery energy storage system (BESS) and photo-
voltaic (PV) units are modified in this dissertation in order to enable them to participate
in dynamic-response enhancement of islanded mixed-inertia microgrids. For this purpose,
two piecewise linear-elliptic (PLE) droops are proposed and employed in BESS to improve
the voltage and frequency profiles during abnormalities. Besides, the controllers of PV units
are equipped with an adaptive piecewise droop (APD) to cope with disturbances. Lastly,
an approach is presented in this dissertation for seamless interconnection of three single-
phase feeders at distribution level for residential communities that are suffering from power

imbalance within the phases during islanded mode. To attain this, a seamless transition



algorithm is presented which monitors the system condition in real time and sends appropri-
ate commands to the static transfer switches (STSs) and modified controllers of single-phase
inverters. Using the proposed method for interconnecting the isolated single-phase feeders
results in forming a unified single-phase residential microgrid and maintaining the power
balance and voltage level within all three phases. Moreover, the proposed approach enables
the residential community to seamlessly reconnect to the main grid after resolving the ab-
normal condition on the grid side. In this dissertation, numerous case studies are carried
out in PSCAD/EMTDC environment to validate the viability of proposed approaches in

improving the dynamic behavior of microgrids.
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algorithm is presented which monitors the system condition in real time and sends appropri-
ate commands to the static transfer switches (STSs) and modified controllers of single-phase
inverters. Using the proposed method for interconnecting the isolated single-phase feeders
results in forming a unified single-phase residential microgrid and maintaining the power
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Chapter 1

Introduction

The objective of this dissertation is to present novel approaches to improve the dynamic
behavior of microgrids during abnormal conditions such as sudden load changes, loss of
generation, and transitions between different modes of operation. This introductory chapter
includes four sections. The motivation and objectives of this dissertation are outlined in Sec-
tion 1.1. Subsequently, a review of the existing state-of-the-art solutions to achieve enhanced
dynamics in microgrids is provided in Section 1.2. The main contributions of this disserta-
tion are summarized in Section 1.3, while Section 1.4 briefly describes the organization of

the dissertation.

1.1 Motivation and Objectives

Microgrids are becoming an important part of the energy infrastructure, representing a
paradigm shift from remote central station power plants toward more localized distributed
generation, especially in cities, communities and campuses. A microgrid is a small-scale
electrical grid with its own power system that can operate separate, i.e., islanded, from or
alongside the electrical grid, i.e., grid connected. The power to isolate from the larger grid
makes microgrids resilient, and the ability to conduct parallel operations permits delivery

of services that make the grid more competitive. By “islanding” from the grid during emer-



gencies, a microgrid can both continue serving its included load when the grid is down and
serve its surrounding community by providing a platform to support critical services from
hosting first responders and governmental functions to providing key services and emergency
shelter. Microgrids provide low-cost clean energy, enhance local resiliency, and improve the
operation and stability of the regional electric grid. The U.S. Department of Energy (DOE)
Smart Grid R&D Program considers microgrids as a key building block for a smart grid and
has established microgrid R&D as a key focus area.

Despite all the benefits that implementing microgrids bring to the electrical grid, low-
inertia distributed generation (DG) units make microgrids vulnerable to the voltage and
frequency fluctuations caused by abnormal conditions. The conversion of critical loads to
smart loads is a potential solution for maintaining their desired voltage level, and conse-
quently, improving the stability and power quality in microgrids. Besides, due to the voltage
and frequency regulation by low-inertia DG units in islanded microgrids, it is necessary to
employ effective control approaches to improve the dynamic performance of islanded micro-
grids during short-term voltage and frequency deviations, resulting in stability enhancement
of overall system. To this end, the conventional control scheme of inverter-based DGs, e.g.,
photovoltaic (PV) units and battery energy storage systems (BESSs), can be modified in
such a way to enable the microgrids to cope with abnormalities. Nevertheless, most of re-
search studies on microgrids have been focused only on three-phase systems. However, over
the past few years, there has been a huge rise in installation of rooftop PV panels and house-
hold BESSs at residential settings. Considering the fact that multiple houses are generally
supplied by a single phase in residential applications, improving the dynamic performance

of single-phase/residential microgrids deserves more attention.

1.1.1 Voltage and Power Fluctuation Issue in a Fleet of Nanogrids

Nanogrid is defined as a medium-to-low voltage power grid with a maximum consumption
of a commercial building. In other words, nanogrid can be considered as a small-scale

microgrid with the capability of operating in islanded mode. Implementation of a fleet of
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Figure 1.1: Grid of nanogrids (GNG) forming power systems of smart cities.

nanogrids, which is also referred as a grid of nanogrids (GNG), is a potential solution that
will pave the way toward smart cities [1-3]. The traditional grid was not designed for high
penetration of renewable energy resources with their reverse power flows, thus a traditional
grid cannot appropriately accommodate the transformation from consumer to prosumer.
Simply patching the traditional power system beyond its original design and safety margins
will not alleviate the complications of power delivery congestion, reactive power support,
feeder voltage regulation, and the other challenges of the way in which the grid is now

being used. A potential solution is to separate the bulk power delivery from point of load



generation and control [4]. In a GNG, the loads and DG units are interconnected into a
local power and energy system. Similar to the traditional microgrids, a GNG can operate in
either grid-connected mode or off-grid mode known as islanded operation.

GNG has the potential for many technological benefits, but major limitations exist that
prevent truly widespread adoption, especially the low inertia of DG units and highly fluctu-
ating renewable energy generation which can lead to active and reactive power imbalances
between generation and consumption in an islanded GNG. This results in voltage and power
fluctuations which are not desirable, especially for the critical loads that require a well-
regulated voltage, see Fig. 1.1. In a high-penetration PV scenario, the continuous fluctua-
tion in PV generation presents considerable operational challenges for maintaining the power
balance and stability in GNG [5-8]. Nanogrids are suffering from these fluctuations more
than larger distributed generation systems due to their low inertia. Thus, it is necessary to
explore innovative configurations and control schemes on demand side to avoid instability,

and even improve the power quality [9,10] of nanogrids.

1.1.2 Voltage and Frequency Fluctuation Issue in Islandeed Mi-
crogrids

Islanded microgrids are suffering from short-term voltage and frequency fluctuations
caused by abnormal conditions such as sudden load changes, deviations of power genera-
tion, and transition from grid-connected to islanded mode of operation. This vulnerability
to the transients is because of the voltage and frequency regulation by low-inertia power
generation units in islanded microgrids. However, in grid-connected microgrids, due to the
tight regulation of voltage and frequency by high-inertia utility grid, the dynamic behavior
of the system is not a challenging issue. Therefore, it is necessary to employ effective control
approaches to improve the dynamic performance of islanded microgrids during short-term
voltage and frequency deviations, resulting in stability enhancement of overall system.

Islanded microgrids can be supplied by a combination of synchronous-based and inverter-

based DG units, forming islanded mixed-inertia microgrids, see Fig. 1.2. Diesel generators as
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Figure 1.2: Configuration of an islanded mixed-inertia microgrid.

synchronous-based DGs have been widely used in islanded microgrids, especially in remote
areas [11-13]. This extensive utilization of diesel generators is due to their low cost [14] and
high reliability [15]. Typically, in the presence of diesel generators, inverter-based DGs are
equipped with renewable energy resources, e.g. PV systems and wind turbines, to reduce
the fuel consumption [16-18]. However, the unpredictable and stochastic output power of
renewable energy resources has led to the implementation of BESSs to inject/absorb the
deficit /extra power in real time. In such condition, the diesel generator operates in grid-
forming mode by taking responsibility for controlling the voltage and frequency of ac bus
using an automatic voltage regulator (AVR) and governor, respectively. On the other hand,
in order to take the full advantage of clean and inexhaustible solar energy, the PV units
are traditionally operating in active and reactive power (P(@)) control mode, which is also

referred as grid-following mode, in which the reactive power, i.e., @), is typically set to zero



to achieve a unity power factor [19-22].

A central energy management system (EMS) is utilized in islanded microgrids to achieve
a coordinated operation between paralleled inverter-based and synchronous-based DGs. The
central EMS allows prompt operation of islanded microgrids by supervising the power flow
and maintaining a balance between load demand and power generation [23]. However, the
conventional EMSs provide a coordinated load sharing between DG units mainly during
the steady-state condition, whereas significant inertia difference between inverter-based and
synchronous-based DGs causes different dynamic responses in islanded microgrids. This
leads to instantaneous power imbalance between generation and consumption during abnor-
malities, resulting in short-term voltage and frequency fluctuations. As a result, according
to IEEE standard 1547-2018 [24], the system can experience a blackout if these voltage or
frequency oscillations surpass the permissible limits. This necessitates the deployment of
traditional controllers of DGs in order to participate in mitigating the short-term voltage

and frequency fluctuations.

1.1.3 Power Imbalance Issue in Isolated Single-Phase Feeders at
Distribution Level

Although microgrids have been the center of attention during the last few years, most
of research studies on microgrids have been focused only on three-phase systems [22,25],
and the single-phase/residential microgrids have not been regarded enough. Considering
the fact that most individual residences in North America are using single-phase feeders at
distribution level, the concept of single-phase/residential microgrid deserves more attention,
see Fig. 1.3. The residential microgrid can be considered as a group of houses which are
equipped with rooftop PV panels and household BESSs connected to their respective phase
with the ability of operating in both grid-connected and islanded modes [26]. The DG
units are traditionally operating in P@) control mode, i.e., grid-following mode, when the
residential micogrid is connected to the main grid [21]. On the other hand, during islanded

mode of operation, DG units are responsible for regulating the voltage and frequency (uvf)
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Figure 1.3: Schematic of residential microgrid at distribution level.

of the system, i.e., grid-forming mode. Thus, depending on the operation mode of the
system, i.e., grid connected or islanded, the DG units typically transfer between PQ (or grid
following) and vf (or grid forming) control modes. During transitions between grid-connected
and islanded operations, any mismatch between magnitude and frequency of grid-side and
microgrid-side voltages can lead to large transients across the household loads. Thus, it
is necessary to implement a mechanism to achieve seamless transitions between these two
modes of operation.

During islanded mode, the DG units start maintaining the voltage and frequency of local



loads based on their predefined droop characteristics. Due to the predominancy of resistive
lines in distribution systems [27], it is preferable to utilize the inverse/reverse droops, i.e.,
P-v and @-f, in order to avoid the poor performance of traditional droop control, i.e., P-f
and ()-v. On the other hand, multiple inverter-based DG units are typically connected to
their respective phase at residential level. However, during islanded mode, there should be
some connections between different phases in order to ensure the balance between generation
and consumption within all three phases. This situation calls for new challenges to achieve
a seamless transition while interconnecting all three single-phase feeders which have not yet

been addressed.

1.2 Literature Review

This section presents a review of the existing state-of-the-art solutions to address the

abovementioned challenges in section 1.1.

1.2.1 Power Conditioning Units in Transmission and Distribution
Systems

Several solutions have been presented in literature to resolve the power and voltage vari-
ation issues and improve the power quality in power systems in general and GNG. To this
end, parallel, series, and parallel-series compensators have been widely used in the last two
decades [28,29]. Static synchronous compensator (STATCOM) [30] and synchronous series
compensator (SSSC) [31] are examples of these compensators. The main objective of em-
ploying STATCOM at transmission systems is to regulate the voltage by injecting/absorbing
reactive power. The STATCOM is a parallel-connected power-electronics based infrastruc-
ture, whereas the SSSC is connected in series with the transmission line, and this can be
considered as the main difference between STATCOM and SSSC. The solid-state trans-
former (SST) with the capability of providing ancillary services for the distribution system

has been proposed as a replacement for traditional power transformers [32,33]. Tha main
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objective of SST is to regulate the ac-bus voltage of downstream power network. On the
other hand, in order to shift some of power dispatching issues from generation side to de-
mand side, the concept of smart loads has recently received wide attention. The work in [34]
develops a configuration for smart loads by connecting an electric spring (ES) in series with
non-critical load, i.e., a load or cluster of loads which can tolerate high voltage variation, to
provide voltage support at the point of common coupling (PCC). In other words, ES passes
some fluctuations associated with DG units to non-critical loads to provide a well-regulated
voltage for critical loads. Fig. 1.4 provides a comparison between overall configuration of
STATCOM, SST, and ES.

Another configuration of smart loads is proposed in [35] using ac drives to provide power
and frequency support for the network. The other developments of smart loads mostly
focus on introducing novel approaches to adjust the loads in order to achieve a continuous
power balance between generation side and demand side. In [36], droop-based smart loads
are utilized to autonomously manage the load demand without a need for communication
systems. A neural network load estimator is used in [37] to develop a mathematical model for
smart loads and integrate it into a microgrid EMS. Furthermore, the electric vehicle charging
stations are mathematically modeled as smart loads in [38]. The study in [39] investigates
the benefits of smart loads in an industrial microgrid to minimize the required energy storage

system.

1.2.2 Dynamic-Response Enhancement in Islanded Microgrids

A number of previous studies have been focused on the voltage and/or frequency support
in islanded microgrids. In [40-42], an enhanced frequency response is achieved by coordi-
nating the operation of DG units. However, implementing a coordinated control algorithm
increases the complexity and communication requirements of the system. Ref. [43] and [44]
utilize BESS for frequency regulation and stability improvement of islanded microgrids by
optimizing the size of BESS and employing virtual inertia, respectively. On the other hand,

considering the system cost, different control methods are presented in [45,46] using PV
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units instead of BESS for reducing the frequency deviations. However, the control strategies
developed in [45,46] are not applicable when the load demand is higher than power genera-
tion. Moreover, an approach is presented in [47] which reduces the dependency of islanded
microgrids on BESS by controlling the frequency through voltage regulation.

Nevertheless, the abovementioned methods in [40-47] focus only on frequency regulation
of the system. However, maintaining the ac-bus voltage within acceptable limits is essential
for improving the stability, reliability, and power quality of the system, especially in the
presence of critical loads [48]. In [49], an enhanced voltage profile is achieved by synchronizing
the response times of different voltage regulation devices employed in an islanded microgrid.
The network theory concepts are utilized in [50] to develop a control scheme for mitigating
the voltage fluctuations of ac bus in islanded microgrids. In [51] and [52], the voltage and
frequency of the system are controlled by BESS instead of diesel generator. However, due
to the low inertia of BESS, this might lead to stability deterioration of the system. The
proposed method in [53] coordinates the distributed controllers of an islanded microgrid to
improve the voltage and frequency responses during abnormal conditions. However, based
on the presented results, the proposed control strategy deteriorates the frequency response

of the system during the transition from islanded to grid-connected mode.

1.2.3 Seamless Transitions in Residential Microgrids

Although various studies have been focused on different aspects of performance improve-
ment in residential microgrids such as power management [54], harmonic compensation [55],
voltage regulation [56], and reactive power compensation [57], only a few have addressed the
challenge of achieving seamless transitions between different operation modes. Nevertheless,
the proposed solutions in literature to achieve seamless transitions between operation modes
can be divided into three main categories. The first category implements control algorithms
into the primary control loops of DG units to cope with transients caused by transitions
between modes of operation [58-60]. However, due to the parallel connection of multiple

inverters in microgrids, employing complex control algorithms at primary control level with-
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out any coordination between inverters can lead to stability issues. The second category
utilizes hierarchical control schemes to achieve seamless mode-transition capability [61-65].
The third category employs multiagent technology for a seamless transition between grid-
connected and islanded modes [66-68]. Although multiagent systems reduce the dependency
on communication links, coordinating agents is always a complex process.

At distribution level, each single-phase feeder can be isolated and operate as an islanded
microgrid after the loss of utility grid only if there are enough DG units in each phase. During
islanded mode, the conventional droop characteristics, i.e., P-f and Q-v, are typically imple-
mented which assume the lines are inductive [69-71]. However, for low-voltage distribution
systems where the R/X ratio of feeders is high, the P-v and @-f droops can be used for
enhanced controllability [72]. Interphase ac-ac converters have been suggested to be placed
between islanded single-phase feeders for power flow control between the feeders, while the
three single-phase feeders can remain in their original abc-sequence with 120 degrees phase-
shift with respect to each other [26,73]. Instead of ac-ac converters to control the power
flow between the feeders, employing a tertiary control scheme in smart inverters [74-78| can
eliminate the need for adding any interphase power processing device. The tertiary control

of microgrids can be achieved by centralized or decentralized methods.

1.3 Contributions of the Dissertation

This section summarizes the main contributions of this dissertation in improving the
dynamic behavior of microgrids during abnormal conditions.

A new configuration and control scheme for smart loads is presented in this dissertation to
cope with voltage and power fluctuations in a fleet of nanogrids. The proposed configuration
is obtained via series connection of a three-phase electric damper (ED) with critical load,
developing a smart critical load (SCL). The ED decouples the critical load from ac bus and
consists of a small battery, an inverter, and isolation transformer. In this way, instead of
controlling the ac-bus voltage, each ED is only responsible for regulating its respective critical

load voltage at desired level. Therefore, smaller battery energy storage can be utilized in the
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proposed SCL configuration, resulting in significant cost reduction. On the other hand, due
to the utilization of an inverter with short-time response in SCL configuration, dynamics of
SCLs are taken into account in small-signal stability analysis of overall system. To this end,
a systematic approach is presented to model the proposed three-phase SCLs considering the
switching states of ED’s inverter.

In this dissertation, the dynamic behavior of islanded microgrids is improved by miti-
gating the short-term voltage and frequency fluctuations. For this purpose, the BESS with
fast response is used to inject/absorb the active and reactive power during abnormal condi-
tions. A piecewise linear-elliptic (PLE) active power-frequency, i.e., P-f, droop is proposed
for BESS which improves the frequency response of the system. Similarly, in order to en-
hance the voltage profile of the system, a PLE reactive power-voltage, i.e., @-v, droop is
introduced. Furthermore, it is demonstrated that for any linear droop characteristic with
a specified droop coefficient, there is also a PLE droop which can be formulated using the
proposed method in this dissertation. Compared with conventional linear droops, employing
the proposed PLE droops results in injecting/absorbing more active and reactive power by
BESS to compensate for the instantaneous power imbalance between supply and demand
during abnormal conditions. This leads to stability enhancement and dynamic-performance
improvement of the system.

Another approach for improving the dynamics of islanded microgrids is presented in this
dissertation using PV units instead of BESS. For this purpose, the PV units are utilized to
cope with the instantaneous power imbalance between supply and demand during abnormal
conditions. An adaptive piecewise droop (APD) characteristic is proposed for PV units which
increases/decreases their predefined active-power setpoint during abnormalities, leading to
an improved frequency response. Besides, a droop characteristic is implemented in reactive-
power control loop of PV units in order to enable them to participate in voltage regulation of
the system during abnormal conditions. Considering the fact that the conventional operation
mode of PV units, i.e., PQ control mode, is independent of voltage and frequency variations,
equipping PV units with the proposed droops results in an enhanced dynamic response. This

leads to stability improvement and dynamic-response enhancement of the system.
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Due to the posibility of having power imbalance within the phases of an islanded resi-
dential community, an approach for seamless interconnection of three isolated single-phase
feeders at distribution level is proposed in this dissertation. In other words, the proposed
method discusses a solution to seamlessly form a unified single-phase residential microgrid,
and avoid voltage drop and frequency fluctuation across household loads by maintaining
power balance within all three phases. To this end, a new operation mode is defined for the
case all three single-phase feeders are interconnected, which is called inter-phase connected
mode. Hence, three operation modes are considered for the residential community: grid con-
nected, islanded, and inter-phase connected. A seamless transition algorithm is presented
which monitors the system condition in real time, and sends commands to static transfer
switches (STSs) accordingly in order to enable the residential community to transfer between
different operations modes seamlessly. Moreover, after resolving the abnormal conditions on
the grid side, the residential community is seamlessly reconnected to the main grid, i.e.,
grid-connected mode.

The main contributions of this dissertation can be summarized as follows:

o Development of a new configuration and control scheme for smart loads via series con-
nection of EDs with critical loads to cope with short-term voltage and power transients

in a fleet of nanogrids.

o Development of a detailed small-signal state-space model for analyzing the stability
of proposed smart loads by taking into account the switching process of three-phase

inverter.

o Proposing PLE droops for BESS to participate in mitigation of short-term voltage and

frequency fluctuations in islanded mixed-inertia microgrids.

o Development of the control scheme of PV units to participate in mitigation of short-

term voltage and frequency fluctuations in islanded mixed-inertia microgrids.

o Forming an islanded single-phase microgrid from three isolated single-phase feeders at

distribution level to cope with power imbalance inside the feedres.

14



1.4 Organization of the Dissertation

Besides this introductory chapter, the remainder of this dissertation is organized as fol-
lows:

Chapter 2 presents a new configuration for smart loads in a fleet of nanogrids to mitigate
the voltage and power fluctuations of critical loads during abnormal grid conditions, sudden
load changes, and fluctuations in PV ambient condition. The operational performance of
nanogrids with and without the proposed smart loads are compared; the results demonstrate
significant improvement in power quality of nanogrids when incorporating the proposed
smart loads. A detailed small-signal state-space model is derived for the proposed smart
loads considering the switching process of three-phase inverter. This model is then used to
investigate the location of eigenvalues due to the changes in different parameters of smart load
to demonstrate the stability region and robustness of the proposed smart loads configuration.
Moreover, it is demonstrated that the suggested smart loads configuration can be an effective
solution to improve the size and lifetime of central battery bank. Several case studies are
carried out to validate the effectiveness of the proposed smart loads in small-scale microgrids
known as nanogrids featuring lower inertia.

Chapter 3 investigates the cooperative role of BESS and PV units in improving the
dynamic behavior of islanded microgrids during abnormal conditions. For this purpose, two
PLE droops, i.e., P-f and @-v, are proposed for BESS to mitigate the voltage and frequency
variations during abnormalities. Compared with linear droop characteristics, significant
mitigation in voltage and frequency fluctuations is achieved, when the BESS is equipped
with the proposed PLE droop characteristics. Furtheremore, the conventional controller of
PV units is deployed to enhance the dynamic response of islanded microgrids by mitigating
the short-term voltage and frequency fluctuations. Different case studies are performed
to confirm the effectiveness and superiority of proposed methods in dynamic-performance
improvement of islanded microgrids.

In Chapter 4, an approach is presented for solving the power imbalance issue in isolated

single-phase feeders at distribution level. To this end, the proposed method enables seamless
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interconnection of all three phases of residential microgrid during islanded mode. This
leads to supplying the local loads in all three phases at their desired voltage level. On
the other hand, after resolving the abnormal condition on the grid side, the residential
microgrid is reconnected to the utility grid seamlessly. Employing the proposed approach
ensures the stable operation of DG units during transitions, while the power quality is
improved significantly. A seamless transition algorithm is introduced which monitors the
system condition in real time and sends appropriate signal commands to the STSs in order
to ensure seamless transitions. Different case studies are carried out to validate the viability
of proposed method in achieving seamless transitions in residential microgrids.

A summary of the presented research in this dissertation along with the contributions to
the state-of-the-art regarding dynamic-behavior improvement of microgrids during abnormal
conditions is presented in Chapter 5. In addition, suggestions are given for future work on
developing the controllers of inverter-based DG units and turning their inverters into smart

inverters in order to cope with fast transients.
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Chapter 2

Improved Dynamics in a Fleet of

Nanogrids

This chapter investigates the effects of utilizing smart loads on the performance of
nanogrids. Low-inertia power generation units make nanogrids vulnerable to the voltage
and power fluctuations caused by pulse loads and abnormal grid conditions. The conver-
sion of critical loads to smart loads is a potential solution for improving the stability and
power quality in nanogrids. A smart load can compensate for sudden deviations between
supply and demand, and therefore, can mitigate voltage and power oscillations in low-inertia
nanogrids. The conversion of critical loads to smart loads can reduce the stress on energy
storage units and minimize the required battery banks in nanogrids. In this dissertation,
several case studies are considered to verify the stability and power quality improvement of
nanogrids when some loads are converted to smart loads.

The contents of this chapter are organized into seven sections. Section 2.1 provides a
comparison between the overall configuration of proposed smart load and the existing power
conditioning units in power systems. A general overview of the GNG under study equipped
with proposed smart loads is presented in Section 2.2. The proposed control scheme for
smart loads is explained in detail in Section 2.3. Subsequently, the stability of smart loads is

analyzed in Section 2.4 by developing their small-signal state-space models end performing
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the eigenvalue analysis. In addition, Section 2.5 demonstrates the effectiveness of employing
smart loads in increasing the lifetime and decreasing the size of central battery banks which
are utilized on the generation side of nanogrids. Case study results are provided in Section
2.6 to verify the merits of proposed configuration and control scheme for smart load. Lastly,

Section 2.7 concludes this chapter.

2.1 Proposed Smart Load vs. Other Power Condition-
ing Units

This section compares the overall configuration of proposed SCL with some other con-
ventional power conditioning units in power systems, i.e., STATCOM, SST, and ES. This
proposed configuration is obtained via a series connection of a three-phase voltage compen-
sator, which is also referred as an ED, with the critical load to develop a SCL. As can be
found from Fig. 2.1(a), the STATCOM is commonly allocated at transmission level to regu-
late the ac-bus voltage by controlling the reactive power from the upstream power network.
However, the proposed SCL shown in Fig. 2.1(d) is installed at the point of load to compen-
sate the short-term active and reactive power imbalances for critical loads in real time, thus
enhancing the controllability of loads in critical infrastructure. The three-stage SST shown
in Fig. 2.1(b) is connected between the medium voltage (MV) and low voltage (LV) distri-
bution networks, which can have advanced control and communication capabilities [79, 80].
Thus, the SST decouples the MV and LV networks, while controlling the ac-bus voltage of
LV downstream network. In contrast, the ED in SCL configuration is connected between
the critical load and the ac bus regulating the critical load voltage.

The ES shown in Fig. 2.1(c) has recently been utilized in distribution systems for demand-
side management [34,82,83]. ES is a voltage compensator connected in series with the non-
critical load to regulate the ac-bus voltage while reshaping the load demand (load shedding).
In other words, the ES passes the fluctuations of renewable energy resources to the non-

critical loads by allowing their power consumption to vary. However, since the voltage
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Figure 2.1: SCL versus other power conditioning units in power systems. (a) STATCOM. (b)
SST. (c) ES. (d) SCL [48,81].

variations across the non-critical load should not exceed £20% [84], the operation range of
ES is limited [85]. In order to resolve this issue, in [86], another configuration is introduced
for ES which operates independently without direct interaction with the non-critical load.
In high-penetrated PV nanogrids, the ES’s battery is under severe stress while constantly
charges and discharges to regulate the fluctuating ac-bus voltage [87]. This results in a
significant reduction in battery lifetime and limited operation range for ES. However, for the
idea presented in this work, considering the fact that the demand side is typically a mixture
of multiple critical and non-critical loads, each ED in the proposed SCL configuration is only
responsible for regulating the associated critical load voltage instead of the ac-bus voltage.
This leads to lower discharge rate and lifetime improvement of ED’s battery while mitigating

the short-term voltage and power fluctuations of critical load.
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2.2 Grid of Nanogrids (GNG) Equipped with Smart

Loads

The schematic of GNG formed by a fleet of nanogrids is shown in Fig. 2.2. Each
nanogrid consists of different energy resources, e.g., diesel generators, PVs, central battery
bank, power electronics interfaces (PEIs), SCLs, and non-critical loads. Each SCL consists
of an ED connected in series with a critical load to regulate its voltage. All nanogrids are
connected to the main ac bus through SSTs, which can facilitate bidirectional power flow
capability among nanogrids. The operator is capable of disconnecting nanogrids from GNG,
i.e., islanded mode, or reconnecting them to GNG, i.e., GNG-connected mode. An SST is
also used at PCC between GNG and the main utility grid. The GNG is able to interact
with the main utility grid by injecting/absorbing power and providing ancillary services in
grid-connected mode. A circuit breaker at PCC enables GNG to get isolated from the grid
in case of abnormal conditions such as utility power outage. The utilization of SCLs plays
an important role in improving the stability and power quality of islanded GNG, as the main
grid is no longer available to compensate for the potential power imbalances.

The equivalent block diagram of each nanogrid is illustrated in Fig. 2.3. In order to
balance the power supply and demand in the GNG-connected mode, the following criteria

should always be satisfied:

Pyen + Pane = Pron + Y Pscwa, (2.1)
=1

Qgen + Qane = Qner + D Qsci, (2.2)
i—1

where n is the number of interconnected SCLs in nanogrid. Py, and Qgen are the active
and reactive power delivered by generation side, while Pong and Qgng are the active and
reactive power injected/absorbed by GNG. The active and reactive power demand of non-

critical load are denoted as Pycr and Qncr. Besides, Pscr; and Qscr; are the active and
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Figure 2.2: Grid of nanogrids (GNG) equipped with smart loads [48].

reactive power of ith SCL, which can be obtained as follows:

Pscri = Povi = Pepi, (2.3)

Qscri = Qcri = Qrpi, (2.4)

where Pqp,; and Qcy; are the active and reactive power of ith critical load. The injected /absorbed
active and reactive power by ith ED are Pgp; and Qgp;. According to (2.1), (2.2), (2.3), and

(2.4), a balanced nanogrid should follow the below criteria:
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Figure 2.3: Equivalent block diagram of each nanogrid [48].

Pyen + Pang = Pyxen + Y Peri £ Peni = PL £ Pens,

i=1 =1

Qgen + Qoneg = QneL + Y Qcri £ Qrpi = QL+ > Qrny,
i=1 =1 =1

where P, and @)1, are the total active and reactive power demand, including both critical
and non-critical loads. For an islanded nanogrid, Pong and Qang are zero. Herein, SCLs

are capable of acting as active and reactive power compensators in case of having short-term

power imbalances in the system.
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2.3 Control Scheme of Smart Loads

The simplified electrical diagram of each nanogrid with only one SCL is shown in Fig.
2.4. In the proposed SCL configuration, the secondary side of ED’s isolation transformer
is connected in series with the critical load. The three-phase ED is controlled to regulate
the critical load voltage, and consequently, produce the active (+Pgp) and reactive (£Qgp)
power differences between generation side and load demand. Therefore, voltage and power
fluctuations of critical loads can be mitigated using three-phase EDs.

The line-to-line output voltages of ED, i.e., Ugp ap, VED be; and VgD cq, are given by:

VED_ab Vs ab VCL_ab
VED be | — | Us_be | = | YCL_be | (2.7)
VED_ca VS ca UCL_ ca

where vs 4, Us pe, and vg ., are line-to-line voltages of nanogrid ac bus, and vcr, a, VeL bes
and vcr, o, are line-to-line voltages of critical load.

For a resistive-inductive (RL) load, the ED output voltage in (2.7) can be rewritten as:

UVED_ab VS ab Rer, o 0 0 ICL,_ab
VED be | — | VS be | T 0 Rcr, 0 ICL_ be
VED ca VS ca 0 0 R, . ICL_ca
Let, o 0 0 ICL_ab
d
- 0 Ler, b 0 - | ten be | (2.8)
dt
0 0 LCLic iCLica

where icp, ap, tcL be, and 2cp, oo are virtual line-to-line currents of critical load, defined as

ICL_ab = 9CL_a — ICL_b, 1CL_be = 9CL_b — CL_¢; aNd 90L_ca = ICL_¢ — ICL_a-
Applying the direct-quadrature (dgq) reference frame transformation [88,89] results in

d-axis and g-axis components of ED output voltage as follows:

24



Inverter

Vpat Cf
—_ _i Vinv R g VEDp VeD
f2
AN v J U ~ J
Filter Transformer Model 8 it
L
E —T Lo
Y VvV ¥
abc /| ___ ] abc .
// dq dq \\\
,/ * 3 \ o
| Vinviqd o : R Cl’ltlca|
: y Vs_ad ylcL qd vVeL ad : L Load
| % * |
! Current | lcLad|  Voltage | VoLad | +
! Controller Controller =
\\ /’
AN //
S Controller |----------- -

Figure 2.5: Block diagram of a SCL connected to nanogrid ac bus [48,81].

R wlL _ L 0| ¢4 .
[UEqud] = ["Usiqd] - [ZCLiqd] - % [ZCL,qd] ) (2-9)
—wlL R 0 L

where w = 27 f is the angular frequency of ac bus. Also, R = Rcy, o« = Rer, » = Ror - and
L = Lcy, o« = Ler, » = Lep . are the resistance and inductance of a symmetrical three-phase
critical load, respectively. For the sake of simplicity, d and ¢ components of voltages and
currents are expressed as kg = { Kg FKd r.

The block diagram of an individual SCL and its controller are illustrated in Figs. 2.5
and 2.6, respectively. In order to regulate the critical load voltage, the reference values for
dq components of critical load current, i.e., i¢y, 4, must be determined. Then, using (2.9),
the desired values for the sinusoidal pulse-width modulation (SPWM) of the inverter, i.e.,

v can be obtained. A phase locked loop (PLL) is used to extract the angle of nanogrid

*
inv_ qd>

ac bus (¢ = wt). The reference for g-axis component of critical load voltage, i.e., v¢y, ,, is set
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Figure 2.6: Control scheme of SCL [81].

equal to the maximum value of the nominal line-to-line voltage for the critical load, while
the d-axis component of critical load voltage, i.e., véy, 4, is set to zero.

The phasor diagrams in Fig. 2.7 illustrate the voltage compensation scenarios. In the case
that the ac-bus voltage is less than the reference value of critical load voltage, i.e., vg < v,
ED maintains the critical load voltage at its nominal level by introducing a compensation
voltage, as shown in Fig. 2.7(a). In the case of overvoltage scenario, vg is more than v{;,
ie., vg > v{, and ED compensates the overvoltage to keep the critical load voltage at its

nominal value, as shown in Fig. 2.7(b).

2.4 On Stability of Smart Loads

This section presents a small-signal state-space model for SCLs in nanogrids. The pre-
sented small-signal modeling approach takes into account the switching process of the three-
phase inverter by deriving the state-space equations for the circuits corresponding to each

switching state [90,91].
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Figure 2.7: Phasor diagrams of SCL with g¢-axis aligned with ac-bus voltage. (a) Undervoltage
compensation. (b) Overvoltage compensation [48,81].

2.4.1 Small-Signal State-Space Model

As shown in Fig. 2.5, the SCL system includes controllers, inverter, output filter, trans-
former, and critical load. The proposed modeling approach divides the SCL system into
three subsystems: (i) voltage controller, (ii) current controller, and (iii) open-loop circuit.
The open-loop circuit includes battery energy storage, three-phase inverter, output filter, iso-
lation transformer, and critical load. The winding resistances and leakage inductances are
taken into account in transformer modeling, while magnetizing characteristics of transformer
core are neglected. The PWM switching pattern of the inverter is taken into account using
an averaged state-space model. In this subsection, the state-space model of each subsystem,
i.e., controllers and open-loop circuit, is developed separately. Then, the state-space model

of an individual SCL is derived.
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Figure 2.8: Block diagram of voltage controller [48,92].

2.4.1.1 Voltage Controller

The outer-loop voltage controller is shown in Fig. 2.8. In order to develop the small-signal

model of the voltage controller, the state equations are derived as follows:

d . . . : d.
% = Va1, g —VUCL_q = V0L ¢ — (RZCL_q +wlicy, 4+ LdtZCL_q> ) (2.10)
% = UCLid —VUCL_d = UCLid — (RZCLd - WLZCLiq + LdtZCLd> ; (211)

where x, and 4 are the state variables shown in 2.8. The reference values for dg components
of critical load current, i.e., i¢y, 4 and iy, ,, are the output of the voltage controller which

can be derived from Fig. 2.8, and taking (2.10) and (2.11) into account as follows:

- _ *
oL ¢ = Kpy, (UCLiq - UCLJ) + KrugXq

: . d .
= KPUq (UEL_q - RZCLiq —wlicy a— LdtZCLq> + Kh)quu

(2.12)
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Figure 2.9: Block diagram of current controller [48,92].

icr, 4 = Kpud (UéLid - UCL?d) + KrvaXa

= Kpua (UéLid — Ricy,_q +wlicy, 4 — L%Z’CLJ) + KrvaXad-

Vi nv_q

Vinv_d

(2.13)

The derivative terms in (2.10), (2.11), (2.12), and (2.13) are negligible compared with

wlicy, ¢ and wlicy, 4. Therefore, the small-signal state-space form of voltage controller can

be approximated from (2.10), (2.11), (2.12), and (2.13) as follows:

[AXgd] = Ay [Axgd + Bly [Avy o] + B2, [Adcw, qd] + B3, [Aw],

Ay, qa] = Co[Axgd + DLy [AvGy, a] + D2, [Aicy ga] + D3, [Aw],

(2.14)

(2.15)

where matrices A,, Bl,, B2,, B3,, C,, D1,, D2,, and D3, are provided in Appendix A.
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2.4.1.2 Current Controller

The block diagram of the inner-loop current controller is depicted in Fig. 2.9. The

corresponding state equations are defined as follows:

dy . .
dtq = ity o — 0L_a (2.16)
dya ., .
qp oL T L d (2.17)

where y, and y, are the state variables shown in Fig. 2.9. The output equations of the

current controller from (2.16), (2.17), and Fig. 2.9 are given by:

*

Vi g = Vs g — wlict a— Kpeg (itr,_g — icr_q) = Krego (2.18)

Viny 4 = Vs _a+wlicy ¢ — Kped (i*CLid - iCL7d> — KrcaYa- (2.19)

The small-signal state-space model of the current controller can be determined from

linearization and combination of (2.16), (2.17), (2.18), and (2.19) as follows:

[Adgd] = Ac [Ayga] + Ble [Ny ga| + B2 [Nicy g, (2.20)

[Av ga| = Ce[Dyga + D1 [Nty ya| + D2 [Nicy, ga] + D3, [Avs g] - (2.21)

From Fig. 2.10, the dq components of inverter output voltage can be expressed as:

Viny g = MVhat cos (1) , (2.22)

Vinv_d = _m‘/bat sin (¢) ) (223)
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g-axis

Figure 2.10: Phasor diagram of inverter output voltage and its dg components [48,92].

where m is the modulation index, Vi, is the battery voltage, and v is the angle between
Phase-A of inverter output voltage and g-axis. Assuming that the inverter output voltage

is equal to the desired voltage, i.e., vy, = v}, , and neglecting the perturbations associated

inv >

with battery voltage, linearization of (2.22) and (2.23) yields:

[Avl, ] = M [Au], (2.24)
T
where M is provided in Appendix A and Au = [ Am A | . Substituting (2.24) into
(2.21) results in:
[Au] == M_I(OC [qud] + ch [AféL_qd} + DQC [AiCLiqd] -+ DSC [Avsiqd]), (225)

where Au will be used to integrate the state-space model of the current controller with the

state-space model of the open-loop circuit.
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2.4.1.3 Open-Loop Circuit

The open-loop circuit is divided into two parts: the open-loop ED system and the critical
load. The open-loop ED includes a battery, three-phase inverter, LC filter, and an isolation
transformer. In the previous work [20], the state-space model of an open-loop inverter
with LCL filter is extracted from the switching pattern. Therefore, the modeling approach
for open-loop ED is not repeated in this dissertation. Linearizing (2.15) and utilizing the

presented model in [20] results in the small-signal state-space model of the open-loop circuit

as follows:
AiEDde AZ'EDp,qd
AVEDD od AVEDp od AV g4a
‘ b1 — AOL b4 —|—BlOL [Au] +BQOL - +B3OL [Aw] 3 (226)
AiED_qd AiED_qd AUS_qd
Nict, g NicL_ qd

where Aor,, Blon, B2o1, and B3y, are given in Appendix A.

2.4.1.4 Complete Model of a Smart Load

Combining the small-signal models of inner-control loop and outer-control loop, as well
as the open-loop circuit, defined in (2.14), (2.15), (2.20), (2.21), (2.25), and (2.26), results

in the complete model of 7th SCL implemented in each nanogrid as follows:

AVED; 4

[AzscLi| = Ascri [Arscri] +Blscows [AUELqu] +B2scLi +B3scLi [Aw], (2.27)

Avs_qd

where the full-form of Ascri, Blscri, B2scLi, B3scLi, and Azscr; are given in Appendix A.
As derived in (2.27), the model of each individual SCL includes twelve state variables and

seven inputs. The frequency deviation of ac bus, i.e., Aw, is one of the inputs which is the
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same for all SCLs in nanogrid. This is because of taking the reference frame of ac bus as
the common reference frame. In other words, the same @ is used for all SCLs in a nanogrid.
It is to be noted that there is no need to coordinate the SCLs using a centralized controller,
and each SCL is capable of mitigating the voltage and power fluctuations of its critical load

autonomously.

2.4.2 Small-Signal Stability Analysis

In this subsection, the dynamic behavior of an individual SCL is analyzed using the
developed state-space model. The root locus analysis is used to investigate the location of

eigenvalues as a result of changes in different parameters of SCL.

2.4.2.1 System Eigenvalues

Fig. 2.11(a) illustrates the eigenvalues of the complete model of SCL for the parameters
given in Table 2.1. It can be observed that there is a high range of frequency variation
between the eigenvalues of the system. Four eigenvalues, i.e., A7, Ag, Ag, and Ajp, are near
the origin with low frequency, while A1, As, A3, and A4 are high-frequency eigenvalues. The
rest of the eigenvalues, i.e., A5, A\g, A11, and Ajs, are farther away from the origin, and their

associated frequency is relatively low.

Table 2.1: SCL Parameters

Parameter Value Parameter Value
f 60 Hz L 2 mH

Ubat 570 V K]vq 50

vs (line-to-line) 480 V Kpy, 7

Ry 0.15 Q K 50

Lf 0.5 mH KPvd 04

Rys 0.008 2 Kpeq 0.01
Cy 13.2 pF Kieq 33.33

R, 0.03 © Kpeg 1.5

L, 0.25 mH Kieq 100

R 2.3 Q
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Figure 2.11: Eigenvalue analysis of an individual SCL. (a) SCL eigenvalues for the system pa-
rameters given in Table 2.1. (b) Trace of SCL eigenvalues when filter inductance (L) is increased
from 0.1 mH to 7 mH. (c¢) Trace of SCL eigenvalues when critical load resistance (R) is increased
from 1.8 Q to 7.18 Q. (d) Trace of SCL eigenvalues when critical load inductance (L) is increased
from 0.6 mH to 2.5 mH [48].
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2.4.2.2 Sensitivity to the Filter Inductance

Fig. 2.11(b) depicts the root locus of the SCL eigenvalues when Ly is gradually increased
from 0.1 mH to 7 mH, and the other parameters are kept constant, same as Table 2.1. It
can be found that increasing L; drives )5, Ag, and high-frequency eigenvalues, i.e., Aj, Ag,
A3, and A4, towards the imaginary axis of complex plane, while the other eigenvalues do not
move considerably. This results in deteriorating the damping performance of the system.
However, all eigenvalues always stay in the left-hand side of the complex plane even for

higher values of Ly.

2.4.2.3 Sensitivity to the Critical Load Resistance

Fig. 2.11(c) shows the root locus of the eigenvalues subsequent to a change in critical
load resistance, i.e., R, from 1.8 2 to 7.18 €). As R increases, A;; and A move rapidly away
from the imaginary axis, resulting in damping improvement of the system. On the other
hand, it can be observed that the rest of the eigenvalues are not sensitive to the critical load

resistance.

2.4.2.4 Sensitivity to the Critical Load Inductance

The root locus of the SCL eigenvalues is illustrated in Fig. 2.11(d) as the critical load
inductance, i.e., L, is varied from 0.6 mH to 2.5 mH. It can be seen that the inductance
increase of critical load leads to the departure of a pair of eigenvalues, i.e.; A\;; and Ajs,
towards the imaginary axis, while the rest of the eigenvalues are not affected significantly.
Notice that even for higher values of L, all eigenvalues remain on the left-hand side of the
complex plane. Thus, increasing L results in damping decrease and stability deterioration

of the system.
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Figure 2.12: Response of central battery bank to critical load step change. (a) Without imple-
mentation of SCL. (b) With implementation of SCL [48, 81].

2.5 Size and Lifetime Improvement of Central Battery

Bank

As previously mentioned, the generation side of each nanogrid is a combination of different
energy resources such as central battery bank, diesel generator, PVs; etc. As reported in [93],
repetitive charge/discharge cycles cause a significant reduction in the capacity of batteries.
Therefore, it is necessary to protect the central battery bank from high charging/discharging
rates caused by sudden load transients. For this purpose, the central battery bank is typically

utilized for supplying the load during long-term power demands [94]. This results in lower
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Figure 2.13: Possible power profiles of central battery bank due to critical load step change [48,81].

stress on the battery bank, leading to an extension in its lifetime.

Fig. 2.12(a) illustrates that in the absence of SCL, a step change in critical load leads
to short-term power transients. This is due to the low-inertia power generation units of
nanogrids. In such condition, the central battery bank, with the power of Pg, discharges at
its maximum discharge rate, i.e., dyay, for a period of ¢; to meet its new power set-point
as fast as possible. After that, it supplies the load at zero discharge rate. This results in a
severe stress on the battery bank leading to capacity and lifetime deterioration. As shown in
Fig. 2.12(b), in the presence of SCL, the central battery bank is capable of providing power
under different operating conditions. The battery can be discharged with a linear discharge
rate of dy, = AFs/t, during the settling time of t;. The battery bank can deliver power at
zero discharge rate initially, and then work at its maximum discharge rate of dy,.. Moreover,
battery can be discharged with any non-linear discharge rate between dj;, and d,ay.

Fig. 2.13 shows the power profiles of the central battery bank with and without im-
plementation of SCL with more details. The path AED indicates the power profile with a
maximum discharge rate of d,,, in the absence of SCL. The power trajectories of AD and

ABD, and any non-linear power trajectory lying in between, show the power profiles in the
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presence of SCL. The energy delivered by the central battery bank for the power profile
following the path ABD can be defined as follows:

1 1 APg)?
EB ABD — Area of ABCD = *tlAPB = *dmaxt% = ( B) . (228)
- 2 2 2d max
The provided energy for the power trajectory of AD can be obtained as follows:
1 1 APg)?
Eg ap = Area of AACD = Area of (AABD + ABCD) = §tsAPB = idlintz = ( ZdB)
lin
(2.29)

The energy delivered by the battery bank for the path AED can be defined as follows:

Ep agp = Area of ABCDEA = Area of (AADE + AABD + ABCD)

) (2.30)
== itlAPB —+ tQAPB + tlAPB.
Considering that to = t; — 2t;, Eg agp in (2.30) can be rewritten as follows:
B amp = (b — ~4)APy = (—— — —)(ABy)? (2.31)
B aED = (ks = 5h R Y B)”- .

As can be found from (2.28), (2.29), (2.30), and (2.31), the energy delivered by the central

battery bank during the transient is in the following order:

Eg_app < Ep_ap < EB_aED (2.32)

Therefore, in the absence of SCL (path AED), the central battery bank delivers more
energy at a high discharge rate. But, utilization of SCL (path AD, ABD, or any non-linear
power trajectory lying in between) results in delivering less amount of energy. It is to be
noted that although both the power trajectories of AED and ABD supply the load at a
maximum discharge rate of d.,, the energy drained from the central battery bank is much

less for the path ABD, leading to significant size reduction. Also, following the path AD
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Table 2.2: Basic Parameters of Energy Resources Employed on Generation Sides of NG1 and
NG2

Parameter Value

Battery Maximum Charging/Discharging Power 100 kW

Battery Operating Voltage Range 360-600 V
Battery Rated Energy 101 kWh
PV Maximum Power 50 kW
Diesel Generator Maximum Power 127 kW
Diesel Generator Inertia Constant (H) 0.3s
Microturbine Maximum Power 65 kW

results in the lowest stress level, while the amount of energy delivered by battery bank is in
between. Therefore, utilization of SCL results in delivering less energy with a lower discharge

rate by choosing any trade-off condition between the power trajectories of AD and ABD.

2.6 Verification

Several case studies are demonstrated in this section to verify the performance of the
developed SCLs in improving the dynamic behavior of nanogrids and consequently GNG.
As the first step, the detailed models of Nanogrid 1 (NG1) and Nanogrid 2 (NG2) shown
in Fig. 2.2 are developed in PSCAD/EMTDC environment. All implemented SCLs have
the same parameters as those listed in Table 2.1. The nominal line-to-line ac-bus voltage
for each nanogrid is considered 480 V. The generation side of NG1 consists of a PV unit,
a diesel generator, and a central battery bank, with the parameters provided in Table 2.2.
The generation side of NG2 is similar to NG1 except that the diesel generator is replaced by

a 65 kW microturbine system.

2.6.1 Case Study 1: Critical Load Step Change

The first case study investigates the dynamic performance of NG1 while there is a step
change in critical load with and without implementation of SCL. The NG1, shown in Fig.

2.14, operates in islanded mode, and therefore, diesel generator participates in primary
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Figure 2.14: Case study 1: NGI1 operating in islanded mode.

voltage and frequency control of ac bus using an AVR and governor. The active and reactive
power of critical load, i.e., Por, and Qcr, are initially 60 kW and 20 kVAr. The active and
reactive power of non-critical load, i.e., Pycr, and Qncr, remain constant at 30 kW and 10
kVAr during this case study. At instant t = 30 s, the active and reactive power of critical
load are stepped up to 90 kW and 30 kVAr.

The PV unit and battery bank operate in P() control mode while diesel generator is
regulating voltage and frequency. As shown in Fig. 2.15 (left), without implementation of
SCL, the system requires almost 3 s to meet the new critical load demand due to the inertia
of diesel generator. However, the proposed SCL helps the system to provide the exact
amount of demand requested by the critical load in less than 0.2 s, see Fig. 2.15 (right).
After increasing the critical load demand, the active and reactive power of ED, i.e., Pgp and
QEp, are negative for about 1 s, which means that the ED is injecting the deficit power into
the system (discharge mode). Morover, it can be obsereved that with the proposed SCL
configuration, the critical load voltage, i.e., vy, is well regulated at its rated value, i.e., 480

V, and the fluctuations are significantly mitigated. Table 2.3 summarizes the comparison
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Figure 2.15: Case study 1: step change in critical load demand of NG1 (islanded) without (left)

and with

(right) implementation of SCL.
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Table 2.3: Dynamic Performance Comparison of NG1 for Step Change in Critical Load Demand
with and without SCL (Case study 1)

Without SCL With SCL
Settling Time Overshoot Settling Time Overshoot
P, ~3s ~ 4 kW < 200 ms negligible
Qcr, ~3s ~ 1 kVAr < 200 ms negligible
VoL ~4s ~10V < 400 ms negligible

between the operational performance of NG1 with and without implementation of SCL based
on the results demonstrated in Fig. 2.15. From Table 2.3, utilizing the proposed SCL results
in remarkable improvement in the dynamic behavior of NG1 for a step change in critical
load demand.

According to the stability analysis in Figs. 2.11(c) and 2.11(d), A;; and A2 are two
eigenvalues with the highest sensitivity to the critical load level. Moreover, it can be observed
that the frequency associated with the aforementioned eigenvalues is around 60 Hz. Fig. 2.16
shows that a step change in critical load leads to transients in dg components of critical load
current, i.e., icr, ¢ and icr, 4, With a frequency around 60 Hz which is in good agreement

with the stability analysis presented in Section 2.4.

120 ¢ 3207
. PCLZQOI(W PCL:90kW
100 1 Qcr = 30 kVAr Qc, = 30 KVAr
: 280
Py, = 60 kW P =60kw %
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Figure 2.16: Case study 1: response of critical load current to step change in critical load demand
of NG1 (islanded) with implementation of SCL. (a) d-axis component. (b) g-axis component.
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Figure 2.17: Case study 2: effect of change in solar irradiance on performance of NG1 (islanded)
with implementation of SCL.

2.6.2 Case Study 2: Solar Irradiance Variation

This case study investigates the effect of solar irradiance variation on the operational
performance of NG1. In this scenario, the system is islanded from the rest of GNG and two
SCLs are connected to the ac bus of NG1. The active and reactive power of critical load 1

and 2 are Porp = 30 kW, Qcr1 = 10 kVAr, Poro = 45 kW, and Qcr2 = 15 kVAr. The required
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active and reactive power of non-critical load, i.e., Pycr, and Qncr,, are 60 kW and 20 kVAr.
At t = 30 s, the solar irradiance level starts to increase from 500 W/m? to 1000 W/m?
with an exaggerated ramp rate of 1000 W/m? /s, which results in power imbalance between
generation side and demand side. As shown in Figs. 2.17(a) and 2.17(c), the proposed SCLs
compensate the fluctuations of Pye, and Qgen for critical loads in islanded NG1. Figs. 2.17(b)
and 2.17(d) compare the ac-bus voltage, i.e., vs, with critical load voltages, i.e., vor; and
vare, and it can be seen that although the ac-bus voltage is fluctuating, ver; and vere are

well regulated at 480 V.

2.6.3 Case Study 3: GNG-Connected to Islanded Mode

Due to the low inertia of nanogrids, disconnecting them from GNG can cause larger
transients in voltage and current compared with traditional microgrids. Thus, this case
study evaluates the effectiveness of the proposed SCL configuration in mitigating voltage and
power fluctuations of critical loads during the transition from GNG-connected to islanded
mode of operation. The GNG considered in this case study is shown in Fig. 2.18 consisting
of two nanogrids, i.e., NG1 and NG2, and each nanogrid includes only one SCL and one
non-critical load (Pcr, = 60 kW, Qcr, = 20 kVAr, Pycr, = 30 kW, and Qncr, = 10 kVAr).
NGT1 is initially in GNG-connected mode of operation and at ¢ = 30 s, the grid operator
disconnects it from GNG.

Fig. 2.19 demonstrates the effectiveness of the proposed SCL on the operational per-
formance of NG1 during the transition from GNG-connected to islanded mode. During
GNG-connected mode, there is extra power generation in the system, i.e., Pyen > F,, which
is absorbed by GNG, i.e., Pong < 0. At t = 30 s, NG1 is triggered to operate in islanded
mode, and as shown in Fig. 2.19 (left), without the proposed SCL, the active power supplied
to the critical load, i.e., Pgr, starts fluctuating during the transition. However, from Fig.
2.19 (right), it can be observed that the proposed SCL compensates these fluctuations caused
by islanding of NG1. Besides, when NG1 is GNG connected, the required reactive power

is provided by GNG, i.e., Qagng > 0. Similarly, the proposed SCL suppresses the reactive
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Table 2.4: Dynamic Performance Comparison of NG1 during Transition from GNG-Connected to
Islanded Mode with and without SCL (Case Study 3)

Without SCL With SCL
Settling Time Overshoot Settling Time Overshoot
Py, ~6s ~ 10 kW negligible negligible
QcrL ~6s ~3kVAr < 100ms  negligible
VoL ~8s ~40V negligible negligible

power fluctuations during the transition from GNG-connected mode to islanded mode. In
addition, the fluctuations of vy, are analyzed in Fig. 2.19, with and without the proposed
SCL configuration. It can be observed that in the absence of SCL, disconnecting NG1 from
GNG leads to relatively large oscillations in vg, and consequently vcy,. The proposed SCL
configuration regulates vcr, at 480 V (nominal value), and significantly mitigates its fluc-
tuations during the transition. Table 2.4 investigates the effect of utilizing the proposed
SCL in operational performance improvement of NG1 based on the results demonstrated in
Fig. 2.19. The provided comparison analysis in Table 2.4 indicates that the proposed SCL
configuration is an effective solution for dealing with the stability challenges and improving
the power quality in nanogrids during transition from GNG-connected to islanded mode of

operation.

2.7 Conclusion

A study on effects of employing smart loads in a fleet of nanogrids has been presented in
this chapter to investigate their role in further mitigation of voltage and power fluctuations
across critical loads during abnormal grid conditions, sudden load changes, and fluctuations
in power generation. The operational performance of nanogrids with and without the pro-
posed smart loads have been compared; the results demonstrate significant improvement
in power quality of nanogrids when incorporating the proposed smart loads. A detailed
small-signal state-space model has been derived for the proposed smart loads considering
the switching process of three-phase inverter. This model has been used to investigate the

location of eigenvalues due to the changes in different parameters of smart load to demon-
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strate the stability region and robustness of the proposed smart load configuration. This
developed model could be incorporated into the models of nanogrids in order to study the
effect of utilizing smart loads on the stability of overall system. Moreover, it has been demon-
strated that the suggested smart load configuration can be an effective solution to improve
the lifetime and reduce the size of the central battery bank. Several case studies have been
carried out to validate the effectiveness of the proposed smart loads in small-scale microgrid

known as nanogrid featuring low inertia.
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Chapter 3

Improved Dynamics in Islanded

Mixed-Inertia Microgrids

This chapter proposes improved droop control approaches to enhance the dynamic re-
sponse of islanded microgrids by mitigating voltage and frequency fluctuations. Islanded
microgrids are vulnerable to voltage and frequency variations due to the presence of low-
inertia DG units. Moreover, implementation of both synchronous-based and inverter-based
DG units with a significant difference in inertia forms islanded mixed-inertia microgrids,
leading to instantaneous power imbalance between generation and consumption during ab-
normal conditions. This results in voltage and frequency deviations which might have severe
consequences such as blackouts. This chapter presents piecewise linear-elliptic (PLE) droops
to be employed in BESS with fast response in order to balance the active and reactive power
during abnormal conditions. It is demonstrated that for any linear droop characteristic
with a specified droop coefficient, there is also a PLE droop characteristic which can be
formulated using the proposed approach in this chapter. Compared with linear droops, an
enhanced dynamic response is achieved by utilizing the proposed PLE droops. Furthermore,
an adaptive piecewise droop (APD) is proposed and employed in PV units to achieve a faster
balance between generation and consumption during abnormalities, leading to an enhanced

frequency response. Besides, the reactive-power control loop of PV units is equipped with
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a droop characteristic which enables the PV systems to inject/absorb reactive power during
abnormalities and participate in voltage-profile enhancement of microgrids. In this way, the
conventional inverters implemented in BESSs and PV units turn into smart inverters [74-78]
to cope with fast transients. Several case studies are carried out in PSCAD/EMTDC to
verify the validity of proposed droop control methods in improving the dynamics of islanded
mixed-inertia microgrids.

The contents of this chapter are organized into four sections. Section 3.1 studies the
cooperative role of BESS in improving the dynamics of islanded microgrids by proposing two
PLE droops. Moreover, the conventional control scheme of PV units is modified in Section
3.2 to suppress the short-term voltage and frequency fluctuations in islanded microgrids. The
proposed methods are verified by carrying out different case studies in Section 3.3. Finally,

the concluding remarks for this chapter are given in Section 3.4.

3.1 Energy-Storage Fed Smart Inverters for Enhanced
Voltage and Frequency Regualtion in Islanded Mixed-

Inertia Microgrids

In this section, the traditional controller of BESS is deployed to enhance the dynamic
response of islanded microgrids by mitigating the voltage and frequency fluctuations. The
schematic of islanded mixed-inertia microgrid under study is shown in Fig. 3.1. Since the
cooperative role of BESS in improving the dynamic behavior of the system is investigated
in this section, the control scheme of BESS is illustrated with more details. A diesel gener-
ator is responsible for the primary voltage and frequency control of the main ac bus using
an AVR and governor, i.e., grid-forming mode. The PV unit is connected to the ac bus
through a boost dc-dc converter and a dc-ac inverter while operating in P@Q-control mode
(or grid-following mode) to inject the desired active and reactive power to the system. How-

ever, significant inertia difference between diesel generator and PV unit can easily lead to a
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power imbalance between generation and consumption. This results in voltage and frequency
variations which might have severe consequences such as blackouts.

In order to resolve the short-term voltage and frequency deviation issues, the BESS is
utilized to balance the power supply and demand by injecting/absorbing the active and re-
active power. For this purpose, two different PLE droops, i.e., P-f and Q-v, are defined
for BESS to participate in voltage and frequency regulation in case of abnormal conditions.
During the steady-state condition, the voltage and frequency of microgrid ac bus, i.e., vy
and fug, are regulated at their nominal values, i.e., v} and fyq, and thus, based on the
implemented droop characteristics, the BESS does not cooperate in voltage and frequency
regulation. However, since vyg and fyg are not fixed at their nominal values during ab-
normalities, the BESS participates in voltage and frequency restoration. In such condition,
the BESS injects/absorbs the active and reactive power according to the proposed method,

leading to an enhanced dynamic response compared with linear droops.

3.1.1 Frequency Dynamic-Response Improvement

This subsection investigates solutions to achieve an enhanced frequency response for
islanded microgrids during abnormal conditions. First, a brief overview of the frequency
dynamic-response of the system along with implemented P-f droops, i.e., linear and PLE, is

presented, and then further explanation of the proposed PLE droop is provided.

3.1.1.1 Frequency Dynamic-Response of the System

The frequency deviations of ac bus during the settling time of £ are shown in Fig. 3.2(a).
These frequency variations can be a result of severe conditions such as load step change, solar
irradiance variation, and transition from grid-connected to islanded mode. At point A, the
system operates at its nominal frequency, i.e., f{jq. However, during abnormal conditions,
the frequency of ac bus deviates which might lead to blackouts. For instance, at point B,
the ac-bus frequency is lower than its nominal value, whereas the system suffers from high

frequency at point C. Thus, as illustrated in Fig. 3.2(b), in order to mitigate these short-
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Figure 3.2: (a) Frequency variations of ac bus caused by abnormal conditions, and (b) corre-
sponding linear (red line) and PLE (blue line) P-f droops [96].

term fluctuations, linear and PLE P-f droops can be implemented in BESS to cover the
active power mismatches between generation and consumption. In Fig 3.2(b), the trajectory
of linear P-f droop is shown by the red line, while the blue line is the trajectory of proposed
PLE droop. Both linear and PLE droops are implemented within the same predefined
frequency and active power range, which means that they both have the same start point
and end point. A comparison between linear and PLE trajectories leads to the fact that
more active power can be injected/absorbed during abnormalities, for faster adjustment of
the frequency deviation, by employing the PLE droop. This results in an enhanced frequency
dynamic response and stability improvement of the system.

Depending on the frequency of ac bus, three modes of operation can be defined for BESS:
discharge mode, charge mode, and idle mode. In case of under frequency, i.e., fuc < fiia,
the BESS operates in discharge mode, i.e., AP > 0, to inject the deficit active power caused
by significant inertia difference between DG units. On the other hand, when the frequency
is higher than its nominal value, i.e., fume > fyiq, the BESS operates in charge mode, i.e.,
AP < 0, and absorbs the extra active power in the system to restore the frequency. During

the steady-state condition, the system operates at its nominal frequency, i.e., fue = fuas
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and hence, the BESS is in idle mode, i.e., AP = 0.
As can be found from Fig. 3.2(b), for the linear P-f droop with coefficient of mp, the

injected /absorbed active power by BESS can be obtained as follows:

APyen 1in >0 if fue < fig (discharge mode)

fic — fua
APy = s 0 if fue = fie (idle mode) (3.1)

APy i <0 if fue > fiig (charge mode)

where fyg and f} are the frequency of ac bus and its nominal value, respectively. A Pach 1in
is the active power injected by BESS during discharge mode, and APy, 1y, is the active power

absorbed by BESS during charge mode.

3.1.1.2 Piecewise Linear-Elliptic (PLE) P-f Droop

As previously mentioned, the upper and lower limits of frequency, i.e., fug mar and
fMG min, and the active power range of BESS are predetermined. Thus, a potential solution
to enhance the frequency dynamic-response of the system is to define a new trajectory instead
of a linear trajectory. As shown in Fig. 3.3, for the discharge mode, the start point, i.e., fyq,
and end point, i.e., far¢ min, can be connected by a quarter ellipse centered at fyig min, whose
horizontal radius is APjcn max and vertical radius is fyjq — MG _min. Herein, APjen max iS
the maximum active power that can be injected by BESS, which can be obtained from (3.1)

as follows:

APich max = e — ﬂfj MG_min ). (3.2)
P

Therefore, considering the abovementioned quarter ellipse, the active power provided by

BESS during the discharge mode can be obtained as follows:

APych enip = J (fiic = fiG_min)® _2 (Fui = uic_min)* > 0. (3.3)

mp

Similarly, as illustrated in Fig. 3.3, the trajectory between fy;o and fya max during the
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= ><—— > APenip
Charge Mode Discharge Mode

Figure 3.3: The elliptic trajectory (blue line) defined for charge and discharge modes of BESS [96].

charging can be considered as a quarter ellipse centered at fyG max, With the horizontal
radius of APy, max and vertical radius of fyg max — frie. Considering the specified value of
droop coefficient, i.e., mp, AP max is the maximum active power that can be absorbed by

BESS, and can be obtained from (3.1) as follows:

APy nax = Jie = I _max (3.4)
mp

As the result, the active power absorbed by BESS during the charge mode can be formulated

as follows:

APy _ettip = —$ (fitg = 6 mase)” _2 (fue = Ju_max)® < 0. (3.5)

mp

Considering the fact that the slope of elliptic trajectory shown in Fig. 3.3, i.e., the blue
line, is zero at the nominal frequency, a narrow linear region should be defined around the

nominal frequency as follows:
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Figure 3.4: The PLE P-f droop for frequency dynamic-response improvement [96].

APy = M, (3.6)

mp2

where mpo is the droop coefficient of narrow linear trajectory which should always be less

than mp.

The proposed PLE droop for achieving an enhanced frequency response during abnormal-

ities is shown in Fig. 3.4. As can be found from (3.3), (3.5), and (3.6), the injected/absorbed

active power by BESS for the PLE P-f droop can be expressed as follows:

APPLE =

\/(fK/IG - fMG_min)2 - (fMG - fMG_min)2

2
mp

Jae — Jue

mp3

>0 if fMGimin < fMG < fMGiinterl

it fac intert < fue < MG inter2

_\/(flik/[(} - fMG_max)2 - (fMG - fMG_maX)

2
mp

2
<0 if fMGiinter2 < fMG < fMGimax

(3.7)

As illustrated in Fig. 3.4, fuc intert @nd fua inter2 are the points of intersection of linear
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and elliptic trajectories. Therefore, equalizing (3.3) and (3.6) results in fyg inter1, as given

below:

\/4(m%9f1§k/1(; + mpafuc min)? — 4(mp +mps) (M2 — mp,) SG + 2y g /MG _min)

—2(mp + mpy)

fMGiinterl -

(m%ffm + m%DQfMGimin)

+
(m% + m%@)

(3.8)

Similarly, fuc inter2 can be calculated by equalizing (3.5) and (3.6), as follows:

\/4(m%3fﬁke + mby fuc max)? — 4(mp + mby) (M2 — my) fitq + 2mbs fiic MG max)

IMG_inter2 =
- 2(mp + mipy)

(mp frig T MPofuc max)
(m% + m%DQ)

(3.9)

3.1.2 Voltage Dynamic-Response Improvement

This subsection presents a PLE droop to achieve an enhanced voltage profile for islanded
microgrids during abnormal conditions. First, the voltage dynamic-response of the system is
studied. Then, the detailed description of the proposed PLE method and comparison with

linear droop are presented.

3.1.2.1 Voltage Dynamic-Response of the System

The continuity in voltage variations of ac bus leads to significant operational challenges
for ensuring the stability of the system. Fig. 3.5 shows these voltage fluctuations during
severe conditions, and the corresponding linear, i.e., the red line, and PLE, i.e., the blue
line, @-v droops employed in BESS. Similar to the previous section, both linear and PLE
droops have the same start point and end point. Besides, utilizing the PLE droop results
in injecting/absorbing more reactive power during abnormalities, leading to an improved

voltage profile of the system. At point A, the system operates at its nominal voltage, i.e.,
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Figure 3.5: (a) Voltage variations of ac bus caused by abnormal conditions, and (b) corresponding
linear (red line) and PLE (blue line) Q-v droops [95,97].

UMG = Uyig, and thus, the BESS is in idle mode, ie., AQ = 0. However, at point B, the
ac-bus voltage falls below its nominal value, i.e., vy < V34, and hence, the BESS operates
in capacitive mode, i.e., AQ > 0, to inject the deficit reactive power into the system. On the
other hand, at point C, the ac-bus voltage increases over its nominal value, i.e., vpg > Vyq,
and the BESS operates in inductive mode, i.e., AQ < 0, to restore the voltage by absorbing
the extra reactive power in the system.

For the linear Q-v droop with coefficient of my, i.e., the red line in 3.5(b), the in-

jected /absorbed reactive power by BESS can be calculated as follows:

AQeap 1in > 0 if vye < Vi (capacitive mode)

Ve — VMG
AQun = ~—— =49 if vme = v (idle mode) (3.10)

AQind 1in < 0 if vy > V3o (inductive mode)

where vy and vy are the voltage of ac bus and its nominal value, respectively. AQcap 1in
is the reactive power injected by BESS during the capacitive mode, and AQing 1n is the

reactive power absorbed by BESS during the inductive mode.
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Figure 3.6: The elliptic trajectory (blue line) defined for inductive and capacitive modes of BESS.

3.1.2.2 Piecewise Linear-Elliptic (PLE) Q-v Droop

Due to the predetermination of voltage and reactive power range, defining a new tra-
jectory instead of linear trajectory is a potential solution to achieve an enhanced voltage-
dynamic response. As can be seen in Fig. 3.6, for the capacitive mode, the trajectory
between the start point, i.e., vy;s, and the end point, i.e., vasg min, can be considered as a
quarter ellipse centered at vyiq min, Whose horizontal radius is AQcap max and vertical radius
is Uiic — UMG_min- Herein, AQcap max 1S the maximum reactive power that can be injected

by BESS, which can be calculated from (3.10) as follows:

AC)capimaux - Yug _”;J;AG_min > 0. (311)

Considering the aforementioned quarter ellipse, the reactive power injected by BESS during

the capacitive mode can be expressed as follows:
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Vg — U n)? — (vmg — v in)?

AQcap_ellip - \J ( MG MG?mln) 2( MG MGimm) > 0. (312)
mq

Another quarter ellipse can be considered for the inductive mode to connect the start

point, i.e., vy, and the end point, i.e., Vyig max- This quarter ellipse is centered at vng maxs

with the horizontal radius of AQind max and vertical radius of vamG max — Vae, see Fig. 3.6.

Due to the predetermination of m¢g, AQind max 1S the maximum reactive power that can be

absorbed by BESS, which can be obtained from (3.10) as follows:

AC?indimax = (e _T::ZIGmaX < 0. (313)

Consequently, the reactive power absorbed by BESS during the inductive mode can be

obtained as follows:

AQina_eniip = —J (Vi = VMG max) - (Va6 = U6 _max)® ) (3.14)
Q

As can be found from Fig. 3.6, the slope of elliptic trajectory, i.e., the blue line, is zero

at the nominal voltage. Thus, a narrow linear region is defined around the nominal voltage

as follows:

DGz = UMGm_Q;MG ) (3.15)

where mgs is the droop coefficient of narrow linear trajectory which should always be chosen
less than my.

The trajectory of proposed PLE droop for voltage dynamic-response enhancement of
islanded microgrids is illustrated in Fig. 3.7. According to (3.12), (3.14), and (3.15), the
injected /absorbed reactive power by BESS following the proposed PLE trajectory can be

expressed as follows:
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( MG MGimln) ( MG MGimln) .
3 >0 it UMG min < VMG < VMG interl
mq
Vit — U
_ MG MG .
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mqga
2 2
Uyig — VMG — (vme — Ymc .
. ( MG 7max) 2( 7max) < 0 lf VMG inter2 < MG < VMG max
mQ I N
(3.16)

As can be seen in Fig. 3.7, vnig inter1 and UG inter2 are the points of intersection of linear and
elliptic trajectories. Therefore, vyig inter1 can be obtained by equalizing (3.12) and (3.15),

as given below:

\/4(m22'0§m + MyUMG_min)? — 4(mg + mdy,)((mg — méQ)vf{/fG + 2MPyVRIGUMG. min)

—2(m2Q + m%z)

UMG _interl =

(Mg vriG + MoaVMG_min)
(Mm@ + mds)

(3.17)
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Besides, equalizing (3.14) and (3.15) results in vyG inter2 as follows:

\/4(m22v1’(/IG + MyUMG_max)? — 4(m + M) ((m — mQQz)vf(/fG + 2MPyVRIGUMG. max)
UMG _inter2 =

2(m§2 + mgp)

(mgvise + MeVMG_max)
(Mm@ + M)

(3.18)
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3.1.3 PLE Droops vs. Other Conventional Droops

This subsection provides a comparison between the proposed PLE droops and other
conventional droops employed for dynamic-behavior improvement in islanded microgrids,
see Figs. 3.8 and 3.9. As can be found from Figs. 3.8(b) and 3.9(b), compared with
proposed PLE droops, implementing nonlinear droops [98] results in injecting/absorbing
less amount of active and reactive power during abnormal conditions. This means that the
system will need more time to restore the voltage and frequency after a severe condition.
Therefore, the nonlinear droop methods are typically utilized in dc and ac microgrids for

achieving an enhanced power sharing between different DG units during the steady-state

Uma Uma

"""""" ® VMG_max

UMG_inter2 . .
- Narrow Linear Region

rd

Vme Umg
UMG_min . UMG_min -
<+ —»AQp g A = AQnonlin
AQind_max (a) AQcap_max AQind_max (b) Qcap_max
UMma UMma

rd

.
Umac

UMGmin§~-~-~------- -
<+ = AQ, & = AQglin
AQind_max (C) AQcalp_max AQind_max (d) AQcap_max

Figure 3.9: PLE @Q-v droop versus other conventional @-v droops for dynamic-response enhance-
ment in islanded microgrids. (a) PLE, (b) Nonlinear, (c¢) Linear, (d) Linear with deadband.
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condition [99, 100]. On the other hand, in some applications, the linear trajectories are
implemented with a deadband around the nominal voltage and frequency, see Figs. 3.8(d)
and 3.9(d). The injected/absorbed active and reactive power by BESS for the aforementioned

linear droops with deadband are given below:

(fMG_interl - fMG) (flT/IG _ fMG_min)
mp (fMGiinterl - fMGimin)

>0 if fMGimin < fMG < fMGiinterl

Apdhn =30 if fMG_interl S fMG S fMG_interZ

(fMGiinterZ - fMG) (flz(/[G - fMGimax)
mp (fMGiinter2 - fMGimax)

<0 if fMGiinterQ < fMG < fMGimax

(3.19)

(’UMGiinterl - UMG)(UK/[G - PUMGimin)

>0 if oM@ min < VMG < VMG interl
mQ (UMGiinterl - UMGimin)

Alein =30 1f UMG__interl S UmMG S UMG _inter2

(UMG_inter2 - UMG)(UT\(/[G - vMG_max)

<0 if UMG _inter2 < Vmag < UMG _max
(3.20)
Comparing (3.1) and (3.10), respectively, with (3.19) and (3.20) leads to the fact that

mgq (/UMGiinterZ - /UMG,IHS«X)

implementation of deadbands results in injection/absorption of less active and reactive power
by BESS which is not preferable during abnormal conditions. Besides, the system perfor-
mance is very dependent to the length of the deadband, and larger deadbands might cause
abrupt changes in the active and reactive power of BESS while the voltage and frequency
of ac bus are going back and forth inside the deadband and outside of it. In contrast, the
presence of narrow linear regions in the proposed PLE droops helps the BESS to operate

smoother during abnormal conditions.

64



3.2 PV Fed Smart Inverters for Enhanced Voltage and
Frequency Regualtion in Islanded Mixed-Inertia
Microgrids

In this section, the traditional controller of PV units is deployed to enhance the dynamic
response of islanded mixed-inertia microgrids by mitigating the voltage and frequency fluc-
tuations. An APD is proposed and employed in PV units to achieve a faster active power
balance between generation and consumption during abnormalities, leading to an enhanced
frequency response. Besides, a ()-v droop is implemented in the reactive-power control loop
of PV units enabling them to inject/absorb reactive power during abnormalities and partic-

ipate in voltage-profile enhancement of the system.

3.2.1 Dynamic-Response Enhancement

The schematic of islanded mixed-inertia microgrid under study is shown in Fig. 3.10. A
diesel generator is responsible for the primary voltage and frequency control of the main ac
bus using an AVR and governor. The BESS is operating as a backup to inject/absorb the
deficit /extra power during the steady-state condition. In addition, the system consists of n
paralleled PV units equipped with the proposed droops to deal with voltage and frequency
variations of ac bus in case of abnormal conditions. This utilization of droops changes the
operation mode of PV units from grid-feeding control mode to grid-supporting control mode.
The frequency deviations of ac bus during the settling time of ¢, are shown in Fig. 3.11(a).
At point A, the system operates at its nominal frequency, i.e., fy;o. However, during the
transients, the frequency of ac bus deviates which might lead to blackouts. For instance, at
point B, the ac-bus frequency is lower than its nominal value, whereas the system suffers
from high frequency at point C. As illustrated in Fig. 3.11(b), the ac-bus frequency, i.e.,
fuma, and injected active power, i.e., Ppy, are independent of each other when the PV unit is

operating in grid-feeding control mode. Thus, in order to mitigate these short-term frequency
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Figure 3.10: Configuration of the islanded mixed-inertia microgrid with paralleled PV units [101].

fluctuations, the APD is implemented in PV unit to cover the active power mismatches

between generation and consumption during abnormalities, see Fig. 3.11(b).

Depending on the frequency of ac bus, three modes of operation can be defined for

PV unit: under frequency (UF), over frequency (OF), and steady state. As can be found

from Fig. 3.11(b), in case of UF, the increased amount of active power by PV unit for

compensating the deficit active power can be obtained as follows:
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Figure 3.11: (a) Frequency variations of ac bus caused by abnormal conditions, and (b) the
proposed APD for grid-supporting controlled PV unit (blue line) versus P-f characteristic of grid-
feeding controlled PV unit (red line).

APPVfUF = M > 0, (321)
mp_ur

where fyg and fo are the frequency of ac bus and its nominal value, respectively. mp yr

is the droop coefficient of APD during UF, which can be calculated as follows:

fK/[G - fMGimin (322)

mp_ur = )
Pey_wppr — PPy s

where Ppy uppr is the maximum available power that can be injected by PV unit obtained
by the maximum power point tracking (MPPT) algorithm, and Ppy; gg is the active-power
setpoint of PV unit during the steady-state condition.

Similarly, as illustrated in Fig. 3.11(b), during the OF, the active-power setpoint of PV

unit decreases by a certain amount, which can be obtained as follows:

APpy op = Fiie = Jue 0, (3.23)
mp_or

where mp op is the droop coefficient of APD during OF, and can be calculated as follows:
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fMGimax - ff\k/[(}

mp oF = (324)

Py ss
The increased/decreased amount of PV active power from its steady-state setpoint can

be obtained from (3.21), (3.22), (3.23), and (3.24) as given below:

APpy yr = (Ppv_wepr — Py ss)(frig — fuc)

. >0 if fme min < fue < flig
fMG - fMGimin
APpy =10 if fme = fic

Pry ss(faie — fuc)

APpy or =
- fMGimax - ff\k/[G

<0 if fiie < fue < fra max
(3.25)
The APDs of PV unit 1 to PV unit n are shown in Fig. 3.12. These curves can be
combined into a single equivalent APD that describes the behavior of all paralleled PV units
during abnormal conditions. Hence, the total increase/decrease in active-power setpoint of

PV units during abnormalities can be obtained as follows:

APPV_eq = APPVI + APPVZ + ...+ App\/n = Z APPVi- (326)

i=1

According to (3.25), (3.26) can be rewritten as follows:

(X1 Pevi_mppr — ey Py ss)(fag — fuc)
flik/[G - fMGimin

APPerq =190 if fMG = ff\k/IG

Yie1 Povi_ss(fie — fuc)
fMGimax - flt/[G

>0 if fue min < fuce < fuc

<0 if ff/[G<fMG<fMG7max

(3.27)

In order to improve the voltage profile of the system during abnormalities, a linear -

v droop with coefficient of mg can be defined. The injected/absorbed reactive power by
PV unit during under voltage (UV), over voltage (OV), and steady-state conditions can be

obtained as follows:
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Figure 3.12: The APDs of PV units and the equivalent APD of all paralleled PV units representing
their behavior during abnormal conditions.

AQPVﬁUV >0 if oma < UK/IG (UV)

Vit — VMG
AQpy = MGT =40 if vmg = v (steady state) (3.28)

AQPV?OV <0 if vyg > UK/IG (OV)

The modified control scheme of an individual PV unit equipped with proposed droops is
illustrated in Fig. 3.13. Employing the proposed droops results in adding/subtracting A Pg,,
and AQpy to/from Py gg and Qpy g, respectively. This leads to an improved dynamic

response for islanded microgrids during abnormal conditions.
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Table 3.1: System Parameters for Islanded Microgrid shown in Fig. 3.1

Parameter Value
Battery Operating Voltage Range 360-600 V
Battery Rated Energy 101 kWh
DGs PV Maximum Power 50 kW
Diesel Generator Maximum Power 127 kW
Diesel Generator Inertia Constant (H) 0.3 s
e 60 Hz
fMGimin 58 Hz
MG max 62 Hz
v (line — to — line) 480 V
Linear and UMG_min (line — to — line) 400 V
PLE Droops UMG_max (line — to — line) 560 V
mp 0.05 Hz/kW
mpo 0.02 Hz/kW
meo 13 V/kVAr
mQ2 4 V/kVAr

3.3 Verification

This section investigates the viability of proposed droop control methods in dynamic-
response enhancement of islanded mixed-inertia microgrids. To this end, first, the case
study results for cooperative role of BESS equipped with PLE droops are presented, and

then, the effectiveness of utilizing APD in control scheme of PV units is demonstrated.

3.3.1 PLE Droops

In this subsection, different case studies are carried out to compare the performance of
linear and PLE droops in dynamic-response enhancement of microgrids. For this purpose,
the detailed model of islanded microgrid shown in Fig. 3.1 is developed in PSCAD/EMTDC
environment, with the parameters listed in Table 3.1. Due to the fast response of BESS,
the linear (with and without deadband) and PLE droops are implemented in it (one at a
time) to inject the active/reactive power during under frequency/voltage, and absorb the

active/reactive power in case of over frequency/voltage.
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Figure 3.14: Case study 1: (a) frequency and (b) voltage variations of ac bus in the presence and
absence of deadbands in linear droops when the load demand is stepped up.

3.3.1.1 Case Study 1: Linear Droops with and without Deadband

The first case study investigates the dynamic performance of the system with and without
implementation of deadband in linear droops. Due to the islanding operation of microgrid,
the diesel generator is responsible for primary regulation of voltage and frequency. The active
and reactive power demand, i.e., Pp and (Jp, are initially 30 kW and 10 kVAr. At ¢t = 150 s,
the active and reactive power demand step up to 120 kW and 30 kVAr. As indicated in
Fig. 3.14, both voltage and frequency profiles are improved in the absence of deadbands,
which is due to the injection/absorption of more active and reactive power during abnormal
conditions. It can be observed that the frequency overshoot is decreases from 60.27 Hz to

60.05 Hz, while the voltage drop is increased from 384.8 V to 410.4 V.

72



P, =30KW |

Py = 120 kW

Linear PLE

0p = 10kVAr  Qp =40 kVAr

58.6-
149.5 150 150.5 151 151.5 152 1525 153

I 1 1 1 I

520
500
480
5 460
>E 440

420

400

V)

Py =30 kW
Qb = 10 KVAr,

156 158

Linear PLE

Py = 120 kKW
Qp = 40 KVAr

1 L 1 1 |

148

140

150

154 156 158

120
100
80

Linear PLE

R ——

"""""" —p 8kW

| Py =30 kW
0p = 10 KVAr

P, (kW)

60
40

Py = 120 kW
Qp = 40 KVAr

80
149.5 150 150.5 151 1515 152 1525 153

20
148

50

150

152 156 158
©

40
30

Linear PLE

——————————— ——p 3KkVAr

20
10

Py = 30 KW
Qp = 10 KVAr

Q, (kVAr)

Py = 120 KW
Qp = 40 KVAr

35+

30

25¢
! 149.5 150 150.5 151 151.5 152 1525 153
| 1 1 1 |

0
148

150

152 154 156 158
Time (s)

(d)

Figure 3.15: Case study 2: comparison between linear and PLE droops in dynamic-performance
improvement of the system when the load demand is stepped up. (a) AC-bus frequency. (b) AC-bus
voltage. (c) Load active power. (d) Load reactive power.
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Figure 3.16: Case study 2: comparison between the injected/absorbed (a) active and (b) reactive
power by BESS when the load demand is stepped up.

3.3.1.2 Case Study 2: PLE Droops vs. Linear Droops for Load Step-Up

This case study compares the effect of utilizing linear and PLE droops on dynamic-
performance improvement of the system when the load demand is stepped up. The load step
change is same as the previous case study, and as indicated in Figs. 3.15(a) and 3.15(b), the
proposed PLE droops help the system to have enhanced frequency and voltage responses
with shorter settling times. Compared to the case with linear P-f droop, implementing the
PLE P-f droop results in improving the frequency nadir by about 0.25 Hz, see Fig. 3.15(a).
Moreover, as illustrated in Fig. 3.15(b), the fluctuations of ac-bus voltage are significantly
mitigated by employing the proposed PLE @Q-v droop, while the voltage amplitude is reduced
by about 20 V. The active and reactive power of the load, i.e., P, and Q)1,, are shown in Figs.
3.15(c) and 3.15(d), respectively, comparing the linear and PLE droops. It can be seen that

by employing the PLE droops, the system requires less amount of time to meet the new load
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Table 3.2: Case Study 2: Dynamic Performance Comparison of Microgrid with Linear and PLE
Droops for a Step Change in Load Demand

With Linear With PLE
Settling Time Overshoot Settling Time Overshoot
fua 6 s 0.1371 Hz 28 0.0472 Hz
MG 48 30V 2.5's 10V
P, 4s 17 kW 3s 9 kW
QL 4s 5 kVAr 3s 2 kVAr

demand, while the active and reactive power fluctuations of the load are mitigated. This
improvement in the dynamic behavior of the system is due to the injecting/absorbing more
active and reactive power by BESS, i.e., AP and AQ, when the PLE droops are applied,
see Figs. 3.16(a) and 3.16(b). Table 3.2 summarizes the comparison between the effect of
utilizing linear and PLE droops on dynamic-performance enhancement of islanded microgrid,
based on the results demonstrated in Fig. 3.15. From Table 3.2, utilizing the proposed PLE
droops results in remarkable improvement in the dynamic behavior of microgrid for a step

change in load demand.

3.3.1.3 Case Study 3: PLE Droops vs. Linear Droops for Load Step-Down

This case study investigates the dynamic response of microgrid to a large load step-
down. Before t = 150 s, the active and reactive power demand are Pp = 120 kW and
@p = 40 kVAr. At t = 150 s, the active and reactive power demand step down to 30 kW
and 10 kVAr, resulting in short-term frequency and voltage fluctuations, see Figs. 3.17(a)
and 3.17(b). As shown in Fig. 3.17(a), employing the PLE P-f droop reduces the frequency
peak by about 0.3 Hz, leading to a significant enhancement in the frequency response of
the system. On the other hand, as illustrated in Fig. 3.17(b), a considerable mitigation in
voltage variations of ac bus is achieved by utilizing the proposed PLE @Q-v droop. It can also
be observed that with implementation of linear ()-v droop, the system requires almost 9 s to
restore the voltage, and this is due to the inertia of diesel generator. However, the proposed
PLE droop helps the system to reduce the settling time of voltage response to less than 4
s. Figs. 3.17(c) and 3.17(d) demonstrate the effectiveness of the proposed PLE droops in
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mitigating the fluctuations of load active and reactive power, i.e., P, and ()r,, when the load

demand is stepped down.

3.3.1.4 Case Study 4: PLE Droops vs. Linear Droops for Transition from Grid-

Connected to Islanded Mode

Low-inertia power generation units make islanded microgrids more vulnerable to the
voltage and frequency fluctuations in comparison with grid-connected microgrids. This case
study investigates the merits of proposed PLE characteristics in suppressing the short-term
voltage and frequency variations during the transition from grid-connected to islanded mode
of operation. The load demand remains constant during this case study (Pp = 60 kW
and @p = 20 kVAr). The microgrid is initially operating in grid-connected mode and at

= 150 s, the grid operator disconnects it from the utility grid.

Fig. 3.18 compares the effect of utilizing linear and PLE droops in dynamic-response
improvement of the system. As can be seen in Fig. 3.18(a), with the implementation of
PLE P-f droop, a faster frequency restoration is achieved, while the frequency overshoot is
decreased from 61.1 Hz to 60.8 Hz. Similarly, as shown in Fig. 3.18(b), the proposed PLE
Q-v characteristic suppresses the voltage fluctuations of ac bus during the transition from
grid-connected to islanded mode, while the voltage amplitude is reduced from 540 V to 523
V. Moreover, without implementation of PLE droop, the system requires almost 9 s to restore
the voltage. However, the proposed PLE characteristic helps the system to restore the ac-bus
voltage in less than 5 s, see Fig. 3.18(b). The fluctuations of P, and @, are analyzed in Figs.
3.18(c) and 3.18(d), respectively, comparing the linear and PLE droops. It can be observed
that equipping BESS with the proposed PLE droops leads to a considerable mitigation in
fluctuations of P, and @, during abnormal conditions. As illustrated in Figs. 3.19(a) and
3.19(b), when the system is connected to the grid, the injected /absorbed active and reactive
power by BESS, i.e., AP and AQ), are almost equal to zero, and this is because of the tight
regulation of both voltage and frequency at their nominal values by the utility grid. However,

after disconnecting the system from the grid, the BESS starts injecting/absorbing active and
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Figure 3.17: Case study 3: comparison between linear and PLE droops in dynamic-performance
improvement of the system when the load demand is stepped down. (a) AC-bus frequency. (b)
AC-bus voltage. (c) Load active power. (d) Load reactive power.
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Figure 3.18: Case study 4: comparison between linear and PLE droops in dynamic-performance
improvement of the system during transition from grid-connected to islanded mode. (a) AC-bus
frequency. (b) AC-bus voltage. (c) Load active power. (d) Load reactive power.
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Figure 3.19: Case study 4: comparison between the injected/absorbed (a) active and (b) reactive
power by BESS during transition from grid-connected to islanded mode.

reactive power. It can be observed that more active and reactive power are injected /absorbed
by BESS when the PLE droops are employed, leading to a significant reduction in voltage and
frequency variations. Table 3.3 investigates the effect of utilizing the proposed PLE droops
in dynamic-performance improvement of microgrid based on the results demonstrated in Fig.
3.18. The provided comparison analysis in Table 3.3 indicates that the proposed PLE droops
are an effective solution for dealing with the stability challenges and improving the dynamic
behavior of islanded microgrids during transition from grid-connected to islanded mode of

operation.

3.3.1.5 Case Study 5: Change in the Length of Narrow Linear Regions

This case study investigates the effect of change in the length of narrow linear regions

on the dynamic behavior of the system. As shown in Figs. 3.4 and 3.7, the proposed
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Table 3.3: Case Study 4: Dynamic Performance Comparision of Microgrid with Linear and PLE
Droops During Transition from Grid-connected to Islanded Mode

With Linear With PLE
Settling Time Overshoot Settling Time Overshoot
fua s 1.1 Hz 3s 0.8 Hz
VMG 9s 0V 5s 53V
P, 8s 15 kW 4s 10 kW
QL 9s 6 kVAr 4s 4 kVAr

PLE droops include narrow linear regions around the nominal voltage and frequency. The
presence of narrow linear regions prevents the abrupt changes in the active and reactive power
injected /absorbed by BESS for small variations of voltage and frequency. As the result, a
smoother operation by BESS during the abnormal conditions can be achieved. Figs. 3.20
and 3.21 illustrate the effect of change in droop coefficients of narrow linear regions, i.e.,
mpe and mge, on the mitigation of frequency and voltage variations, respectively, when
there is a step change in load demand. An increase in mpy and mgs results in an increase
in the length of narrow linear regions. In other words, increasing mps and mge adds more
linearity to the PLE droops which results in injection/absorption of less amount active and
reactive power during abnormal conditions. Thus, in order to achieve an enhanced dynamic
behavior, smaller values of mps and m9 are preferable. However, due to the sudden changes
in the active and reactive power of BESS for very small values of mpy and mgs (or extremely
narrowed linear regions), the minimum allowable values of mpy and mga, i.e., mps min and
MQ2 min, are required. Figs. 3.20 and 3.21 illustrate mps min and mg2 min at which there
is a trade-off between linearity of PLE droops and dynamic-response enhancement of the

system.

3.3.2 APD Characteristic

This subsection investigates the merits of proposed approach in suppressing the short-
term voltage and frequency variations using PV units. For this purpose, the detailed model
of islanded mixed-inertia microgrid shown in Fig. 3.10 (including two paralleled PV units)

is developed in PSCAD/EMTDC environment, with the parameters listed in Table 3.4.
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voltage variations of ac bus when mg = 13 V/kVAr.

3.3.2.1 Case Study 6: Grid-Feeding vs. Grid-Supporting PV Units for Load

Step Change

This case study presents a comparison between the conventional grid-feeding PV units
and the suggested grid-supporting PV units equipped with proposed droops in dynamic-
performance improvement of the system when the load demand is stepped up. The PV unit
1 operates in MPPT mode, while PV unit 2 works in power-reference mode (Ppy, g5 = 10 kW

and Qpyy gg = 0 kVAr). The active and reactive power demand, i.e., Pp and Qp, are initially
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Table 3.4: System Parameters for Islanded Microgrid shown in Fig. 3.10

Parameter Value
Battery Operating Voltage Range 360-600 V
Battery Rated Energy 101 kWh
DGs PVs Maximum Power 50 kW
Diesel Generator Maximum Power 127 kW
Diesel Generator Inertia Constant (H) 0.3 s
JENTe 60 Hz
MG min 58 Hz
fMG_maX 62 Hz
Vi (line — to — line) 480 V
Droop Characteristics UMG min (line — to — line) 400 V
UMG_max (line — to — line) 560 V
mq 13 V/kVAr
@pv_ss 0 kVAr
(e 1000 V

60 kW and 20 kVAr. At instant ¢t = 30 s, the active and reactive power demand step up to
120 kW and 40 kVAr.

Figs. 3.22(a) and 3.22(b) show the injected active power by PV unit 1 and 2, respectively.
As can be seen in Fig. 3.22(a), stepping up the load demand does not affect the provided
active power by PV unit 1, and this is due to its operation in MPPT mode. However, as
illustrated in Fig. 3.22(b), implementing the APD results in injecting more active power
by PV unit 2 to compensate the instantaneous active-power imbalance between generation
and consumption. In other words, by setting the active-power setpoint of PV unit 2, i.e.,
Py g, below its MPP, the reserve power is released during abnormal conditions. On the
other hand, implementing the linear @-v droops in PV systems results in injecting/absorbing
reactive power during abnormalities which can help to achieve an enhance voltage profile,
see Figs. 3.22(c) and 3.22(d).

The effectiveness of proposed droops in dynamic-response enhancement of the system is
investigated in Fig. 3.23. As can be seen in Fig. 3.23(a), a faster frequency restoration
is achieved, while the frequency nadir is improved by about 0.25 Hz. Moreover, the fluc-

tuations of load active power, i.e., P, are analyzed in Fig. 3.23(c), with and without the
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Figure 3.22: Case study 6: evaluating the performance of PV units operating in grid-feeding and
grid-supporting modes when there is a load step change. (a) Active power of PV unit 1. (b) Active
power of PV unit 2. (c¢) Reactive power of PV unit 1. (d) Reactive power of PV unit 2.
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Figure 3.23: Case study 6: evaluating the performance of PV units operating in grid-feeding
and grid-supporting modes when there is a load step change. (a) AC-bus frequency. (b) AC-bus
voltage. (c) Load active power. (d) Load reactive power.

proposed APD. It can be observed that equipping PV units with the proposed APD leads to

a considerable mitigation in fluctuations of P, during abnormalities. Similarly, as shown in
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Figs. 3.23(b) and 3.23(d), employing the proposed linear ()-v droop leads to a considerable
mitigation in fluctuations of ac-bus voltage and load reactive power, i.e., vyg and @, during

abnormal conditions.

3.4 Conclusion

In this chapter, the cooperative role of BESS and PV units in improving the dynamic
behavior of islanded mixed-inertia microgrids during abnormalities has been studied. For
this purpose, two PLE droops, i.e., P-f and @-v, have been proposed for BESS to mitigate
the voltage and frequency variations during abnormal conditions such as sudden load changes
and transition from grid-connected to islanded mode. It has been demonstrated that instead
of any linear droop with a specified droop coefficient, a PLE droop can be defined using
the presented approach in this chapter. Compared with linear droops, significant mitigation
in voltage and frequency fluctuations has been achieved, when the BESS is equipped with
the proposed PLE droops. Besides, an APD has been proposed for PV units to mitigate
the frequency variations during abnormal conditions. A significant mitigation in frequency
fluctuations has been achieved, when the PV units are equipped with the proposed APD. In
addition, a @-v droop has been implemented in PV units to cope with voltage oscillations
during abnormal conditions. Utilizing the proposed droops turns the conventional inverters
employed in BESS and PV units into smart inverters capable of coping with abnormalities.
Different case studies have been carried out to validate the effectiveness and superiority of
the proposed droop control approaches in dynamic-performance improvement of islanded

microgrids.
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Chapter 4

Improved Dynamics in

Single-Phase/Residential Microgrids

This chapter proposes an approach to form a unified single-phase microgrid from three
isolated single-phase feeders at distribution level. To this end, a seamless transition algo-
rithm is presented which monitors the system condition in real time, and coordinates the
operation of all inverter-based DG units in residential microgrid accordingly during transi-
tions. Any abnormal condition on the grid side results in isolating the residential microgrid
from utility grid, and giving the full responsibility of supplying household loads to local DG
units. However, in such condition, some phases might face the challenge of meeting local
load demand due to the lack of enough power generation, resulting in voltage drop and fre-
quency variation across household loads. In order to resolve this issue, the proposed method
in this chapter seamlessly interconnects all three single-phase feeders during islanded mode
and forms a unified single-phase residential microgrid. Consequently, the load demands in all
three phases are met, leading to enhanced voltage and frequency profiles. On the other hand,
the proposed approach is capable of deforming the single-phase formed residential microgrid
to a residential community with three separate phases, and subsequently, synchronize each
phase voltage with its respective grid-side voltage in order to seamlessly reconnect to the

main grid. Several case studies are carried out in PSCAD/EMTDC environment to verify
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the validity of proposed method.

This chapter includes five sections. Section 4.1 describes the overall configuration of
residential community equipped with proposed seamless transition algorithm. The control
scheme of single-phase inverters without implementation of proposed approach is presented
in Section 4.2. The proposed seamless transition technique along with the modified controller
of single-phase inverters are provided in Section 4.3. The validity of proposed approach is

confirmed in Section 4.4 via different case studies, while Section 4.5 concludes this chapter.

4.1 Residential Microgrid Equipped with Proposed Seam-

less Transition Algorithm

The schematic of residential microgrid capable of seamlessly transfer between different
operation modes is shown in Fig. 4.1. The residential community is derived through a
step-down transformer to meet the voltage level for residential customers. The residential
microgrid includes a group of houses which are equipped with different DG units. Each DG
unit consists of an energy source, e.g. rooftop PV panel, connected to its respective phase
through PEIs. Table 4.1 summarizes different operation modes of residential microgrid.
During grid-connected mode, both voltage and frequency of the system are regulated by the
main grid. In such condition, DG units typically operate in PQ (or grid following) control
mode to cooperate in supplying their respective household loads. However, when the system
is islanded, it is necessary to make DG units responsible for maintaining the voltage and
frequency of the system by transferring their operation mode from P@) control to vf (or
grid forming) control. As can be seen in Fig. 4.1, the incorporated DG units and loads
are different for each residence. Moreover, there might be some houses which still have not
incorporated any DG unit. Thus, each residence has different amounts of local generation
and consumption, and consequently, some phases might suffer from power imbalance between
supply and demand when the residential community is disconnected from utility grid, i.e.,

islanded mode.
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Table 4.1: Different Operation Modes of Residential Microgrid

Grid STSs Inter — Phase ST'Ss Mode
(STS,, STS,;, STS,) (STSup, STSie)
Off Off Islanded (00)
Off On Inter — Phase Connected (01)
On Off Grid Connected (10)

The residential community shown in Fig. 4.1 is connected to the main grid via STSs,
i.e., STS,, STS,, and STS,, enabling residential community to get isloated from the grid
in case of abnormal conditions. As previously mentioned, the unavailability of utility grid
in an islanded residential microgrid can lead to power imbalance inside the phases. Thus,
in order to cope with potential power imbalances during islanded operation, two STSs,
i.e., STS,, and STS,., are employed in the architecture to interconnect the three phases,
i.e., inter-phase connected mode. Considering the fact that each phase is regulated at its
respective voltage and frequency during islanded mode, a mechanism is implemented in
controllers of single-phase inverters in order to synchronize all three phases before closing
the aforementioned inter-phase STSs and transferring to inter-phase connected mode. In
addition, the controllers of single-phase inverters are modified to prepare the residential
microgrid for a seamless reconnection to the main grid. The seamless transition algorithm
is responsible to send appropriate commands to the STSs once its predefined criteria are

satisfied.

4.2 Principles of Controller Design for Single-Phase
Inverters

This section explains the control scheme of each single-phase inverter during grid-connected
and islanded modes without incorporation of proposed seamless transition approach. The
outer-loop controllers are different for grid-connected and islanded modes, while the inner-
loop current controller of each single-phase inverter is formulated using the dq reference

frame transformation [89,102] for both grid-connected and islanded modes. The d-axis and
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Figure 4.2: The phase current and voltage in (a) an arbitrary d-axis and g¢-axis, and (b) the
g-axis locked to the voltage.

g-axis components of voltages and currents can be calculated using the phasor diagrams
shown in Fig. 4.2. Assuming that df,/dt = w is the angular frequency of the system, i.e.,
g-axis is locked to the phase voltage, the dgq components of phase voltage and current can

be obtained as follows:

S (1)

va =0 (4.2)
iq = im COS (4.3)
g =y sinp (4.4)

where v, and i,, are the amplitudes of phase voltage and current, respectively, and ¢ is the
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phase shift between phase voltage and current.
Using (4.1), (4.2), (4.3), and (4.4), the active and reactive power in single-phase system

can be calculated as follows:

1 1

P= §Umim cos p = §vqi (4.5)
1 1
Q= ivmz’m sin p = §vqid (4.6)

The residential microgrid consists of multiple inverter-based DG units which need to be
equipped with a control scheme that enables them to operate during both grid-connected
and islanded modes. Fig. 4.3 shows the control scheme of an individual single-phase inverter

which selects proper values to be controlled depending on the operation mode of the system.

4.2.1 Grid-Connected Mode

Due to the tight regulation of voltage and frequency by utility grid during grid-connected
mode, the signal command “Mode” is set to “1” to force the inverter to operate in P() control
mode, see Fig. 4.3. In such condition, the desired active power, i.e., P*, can be provided by
a supervising EMS [105], while the desired reactive power, i.e., Q*, is typically set to zero to
achieve a unity power factor. Using (4.5) and (4.6), the reference values for dg components
of inverter output current, i.e., ij g¢ and i; g, are determined and fed into the inner-loop

current controller to obtain the desired values for PWM of the inverter, i.e., vy, ; and

*

Ul 4 Besides, the angles of inverter output voltage and current, i.e., 6, ¢c and 0; gc, are

extracted using PLLs.

4.2.2 Islanded Mode

When the residential microgrid is islanded from utility grid, i.e., Mode = 0, both voltage
and frequency of the system need to be maintained by the inverter-based DG units, see Fig.

4.3. For this purpose and due to the predominance of resistive lines over inductive lines
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Seamless Transition

g STSg, STS, STS, i g STSab,STSbC ﬁ
Off

Grid-Connected Islanded Mode Interphase—Connected

Mode (10) (00) Mode (01)

STS,, Sst, STS, STSup, STSpe | |
Off

Seamless Transition

Figure 4.4: Mode-transition approach.

in residential communities, two inverse/reverse droop characteristics, i.e., P-v and @-f, are
implemented in the control scheme of single-phase inverters to achieve the desired voltage

amplitude and angular frequency as follows:

Ui 100 = U = V(s — mp(P — P,) (4.7)

Wioe = Wy, +m(Q — Qn) (4.8)

where P and () are the active and reactive power output of the inverter, respectively, obtained
by (4.5) and (4.6). v, and w, are the nominal values of inverter output voltage and its
angular frequency, respectively, while P, and (@), are, respectively, the dispatched active
and reactive power at v, and w,. Also, mp and mg are the droop coefficients of P-v and
Q)-f characteristics, respectively. As illustrated in Fig. 4.3, the reference value for g-axis
component of inverter output current, i.e., i; 1g, is obtained by passing the subtraction of

,U*

» 1oc and v, through a proportional-integral (PI) controller, while the reference value for

d-axis component of inverter output voltage is set to zero. Besides, the angles of inverter

output voltage and current, i.e., 0, 1, and 6; 1., are generated locally by integrating wioc.
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4.3 Seamless Transitions Between Different Operation

Modes

This section discusses the necessity of achieving a residential microgrid which can seam-
lessly transfer between different operation modes, and proposes a seamless transition algo-

rithm along with an improved control scheme for single-phase inverters to attain this.

4.3.1 Seamless Transition Algorithm

A general overview of mode-transition approach is presented in Fig. 4.4. Besides, the
proposed technique to achieve seamless transitions while transferring between different oper-
ation modes is shown in Fig. 4.5. This seamless transition algorithm has two main objectives.
First, seamless interconnection of all three single-phase feeders and forming a unified single-
phase residential microgrid, i.e., inter-phase connected mode, when the system is islanded
and there is a power imbalance in at least one of the phases. Second, deforming the single-
phase formed residential microgrid to a residential community in which the angle difference
between the phases is 120 degrees, and preparing it to reconnect to the main grid seamlessly,
i.e., grid-connected mode.

The unavailability of enough power generation units in either of the phases during is-
landed mode can lead to power imbalance, resulting in voltage and frequency variations
over household loads. This situation is not desirable, especially for the critical loads in the
system [48]. In such condition, as illustrated in Fig. 4.5, the signal command “Sync 15" is
set to “1” to be sent to the controllers of all DG units. As the result, the locally generated
voltage angle of each DG unit, i.e., 0, 1o, is replaced by a unified voltage angle, i.e., 0, uni,
which is a periodical ramp signal varying from 0 to 27 with the frequency of 60 Hz. 6, ;i is
fed to the controllers and once the difference between voltage magnitudes of all three phases
is below Awvig and their angle subtraction is less than A#;g, the signal “Mode” changes from
“00” to “01” to close the inter-phase STSs, i.e., STS,; and STS,. in Fig. 4.1, and form a

single-phase residential microgrid.
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After resolving the abnormal condition on the grid side, the residential microgrid can
reconnect to the main grid, i.e., grid-connected mode. For this purpose, as shown in Fig.
4.5, first, the signal “Mode” is set to “00”, i.e., islanded mode, to open the inter-phase
STSs, in case they have been closed due to the power imbalance in the system. Then, the

Y

signal “Sync g¢” is set to “1” and transferred to the controllers of all inverters through

communication links. Changing “Sync g¢” from “0” to “1” allows the DG units in each
phase to take the amplitude and angle of their respective grid-side voltage, i.e., v&, v¥9,
and v¥19 as the reference for their controllers. As can be seen in Fig. 4.5, the signal
command “Mode” is set to “10” right after synchronization of grid voltages with phase

voltages of residential microgrid. This results in reclosing the grid STSs and switching to

grid-connected mode seamlessly.

4.3.2 Seamless Transition to Inter-Phase Connected Mode and
Forming a Single-Phase Residential Microgrid

Any abnormal condition on the grid side can result in isolating the residential microgrid
from utility grid. In such condition, the signal “Mode” is changed from “10” to “00” and
transferred through communication links to all inverters in order to enable them to operate
in vf control mode instead of P(@) control mode, see Figs. 4.1 and 4.3. During islanded mode,
there might be one phase or even more facing the challenge of meeting the local load demand
due to the lack of enough power generation units. In such condition, a potential solution
to ensure power balance within all three phases is inter-phase connection. However, due
to the local control of voltage and frequency during islanded mode, the amplitude and/or
angle of voltage for each phase might be different at the time of inter-phase connection,
leading to considerable transients across the loads. Therefore, it is necessary to modify
the controllers of DG units to achieve a seamless transition while interconnecting all three
phases and forming a single-phase residential microgrid. For this purpose and before closing
the inter-phase STSs, i.e., STS,, and STS,. in Fig. 4.1, the voltages of all three phases

must be synchronized with each other. To this end, as illustrated by the modified control
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Figure 4.6: Modified control scheme of an individual single-phase inverter (in Phase-A) capable
of operating in grid-connected, islanded, and inter-phase connected modes with implementation of
proposed seamless transition approach.

scheme of an individual single-phase inverter in Fig. 4.6, the unified voltage angle of 0, uni
with the frequency of 60 Hz is fed to the controllers of all inverters by switching the signal
command “Sync 1g” from “0” to “1”. Once the voltages of all three single-phase feeders are
synchronized, and their magnitude and angle subtractions are less than prespecified values,

i.e., Avig and Abg, the seamless transition algorithm allows the inter-phase connection by
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closing STS,, and STS,,.

4.3.3 Seamless Transition to Grid-Connected Mode

In order to avoid severe transients introduced by closing the grid STSs, the phase voltages
of residential microgrid, i.e., v,, vy, and v, in Fig. 4.1, should be synchronized with their
respective grid-side voltages, i.e., v&id, vfﬁd, and v&"4 in Fig. 4.1, before reconnecting the
residential community to the main grid. However, due to the lack of enough power generation
units in some phases during islanded mode, there might be some cases in which the whole
residential community is formed as a single-phase microgrid by closing the inter-phase ST'Ss,
i.e., inter-phase connected mode. In such condition and before closing the grid STSs, the
residential microgrid should transfer to islanded mode and turn into a residential community
in which the angle difference between the phases is 120 degrees. For this purpose, the signal
command “Sync g¢” is switched from “0” to “17 right after opening the inter-phase ST'Ss,
and transferred to the controllers of all DG units through communication links. As can be

grid

o, and

found from Fig. 4.6, this results in feeding the angles of grid voltages, i.e., 9%:%, 0
0%1“2, to the controllers and taking the g-axis components of grid-side voltages, i.e., v&id

q_a’

vgrj}, and vgjgl, as the reference for v,. Once each phase voltage is synchronized with its
respective grid voltage, the seamless transition algorithm allows the residential microgrid to
reconnect to the main grid by changing the signal “Mode” from “00” to “10” and reclosing

the grid STSs.

4.4 Verification

This section investigates the viability of proposed method in semaless forming of a single-
phase microgrid from three isolated single-phase feeders, and also, seamless reconnection of
residential microgrid to utility grid after resolving the abnormal conditions on the grid side.
For this purpose, the detailed model of a residential microgrid, with the parameters listed

in Table 4.2, is developed in PSCAD/EMTDC environment. Phase-A of the developed res-
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Table 4.2: System Parameters

Parameter Symbol Value
Nominal Voltage (Line to Neutral) Up, 240 V
Nominal Angular Frequency Wn, 377 rad/s

P-v Droop Coefficient of 1st DG in Phase-A  mppg1—,  0.0006 kV/kW
@-f Droop Coefficient of 1st DG in Phase-A  mgpgi—,  0.009 Hz/kVAr
P-v Droop Coefficient of 2nd DG in Phase-A  mppga—o  0.0003 kV/kW
@-f Droop Coefficient of 2nd DG in Phase-A  mgpaa—o 0.0048 Hz/kVAr
P-v Droop Coefficient of 1st DG in Phase-B mppgi—,  0.0003 kV /kW
@-f Droop Coeflicient of 1st DG in Phase-B mgpgi—» 0.0048 Hz/kVAr
P-v Droop Coefficient of 1st DG in Phase-C~ mppgi—.  0.0003 kV/kW
Q-f Droop Coefficient of 1st DG in Phase-C =~ mgpgi—. 0.0048 Hz/kVAr

idential community consists of two DG units, i.e., DG1-a and DG2-a, while Phase-B and
Phase-C each include one DG unit, i.e., DG1-b and DG1-c. A delay of 4 ms is considered
for the STSs. The equivalent load resistances in Phase-A, Phase-B, and Phase-C are, re-
spectively, 3.84 €0, 2.304 2, and 1.152 2, while the equivalent load inductances in Phase-A,
Phase-B, and Phase-C are 30.6 mH, 15.3 mH, and 10.2 mH, respectively. Consequently,
considering the nominal voltage of 240 V for single-phase feeders, the total load demands in
Phase-A, Phase-B, and Phase-C are 15kW+j5kVAr, 25kW+j10kVAr, and 50kW+;j15kVAr,

respectively.

4.4.1 Case Study 1: Residential Microgrid Performance Under

Power Imbalance Condition in Phase-C

The first case study investigates the operation of residential microgrid during grid-
connected and islanded modes, while the generated power in Phase-C is not enough to
supply the load during islanded operation. The residential microgrid is initially in grid-
connected mode, i.e., Mode (10), and at ¢t = 20 s, it gets disconnected from utility grid, i.e.,
Mode (00).

The active and reactive power flows of Phase-C are shown in Figs. 4.7(a) and 4.7(b),
respectively. It can be observed that during grid-connected mode, DG1-¢ generates the exact

amount of active and reactive power dictated by its desired values, i.e., 20 kW and 0 kVAr.
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Figure 4.7: Case study 1: residential microgrid performance under power imbalance condition
in Phase-C during islanded mode. (a) Active power flow in Phase-C. (b) Reactive power flow in
Phase-C. (c) Phase voltages.

In such condition, the utility grid injects/absorbs the deficit/extra active and reactive power.
After transferring to islanded mode, DG1-c starts operating in vf control mode and takes the
responsibility of supplying local loads in Phase-C. However, as can be seen in Figs. 4.7(a) and

4.7(b), there is a power imbalance between the load demand and power generation in Phase-
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C during islanded mode. In other words, although the active and reactive power demand in
Phase-C are 50 kW and 15 kVAr, respectively, DG1-c¢ is only capable of generating about 37
kW and 10 kVAr. As the result, the household loads in Phase-C suffer from a voltage drop
of 40 V from their nominal value during islanded mode, whereas the required voltage level
is perfectly met in the other two phases, see Fig. 4.7(c). A potential solution to solve this
issue is to interconnect all three single-phase feeders during islanded operation and form a

unified single-phase residential microgrid, i.e., inter-phase connected mode.

4.4.2 Case Study 2: Seamless Transition to Inter-Phase Connected
Mode and Forming a Single-Phase Residential Microgrid

This case study evaluates the performance of the system during transition to inter-phase
connected mode with and without the proposed seamless transition approach, see Figs.
4.8 and 4.9. As shown in Fig. 4.8, at ¢ = 20 s, the residential microgrid transfers from
grid-connected to islanded mode by switching the signal command “Mode” from “10” to
“00”. After 2 s, i.e., at t = 22 s, the operator observes power imbalance and voltage drop
in Phase-C, and thus, interconnects all three single-phase feeders by changing the signal
“Mode” from “00” to “01”. As illustrated in Figs. 4.8(a) and 4.8(b), despite providing the
required active and reactive power of the loads after inter-phase connection, huge transients
in generated active and reactive power of DG units can be observed. This is due to the
lack of synchronization between the phase voltages, which leads to considerable overcurrents
inside the phases, see Figs. 4.8(c) and 4.8(d).

Fig. 4.9 demonstrates the effectiveness of proposed technique for seamless interconnection
of all three single-phase feeders and forming a unified single-phase residential microgrid.
After transferring to islanded mode at ¢ = 20 s, the seamless transition algorithm shown in
Fig. 4.5 identifies the power imbalance in Phase-C at t = 22 s, and subsequently, changes the
signal “Sync 13”7 from “0” to “1”. As the result, the locally generated voltage angle of each
DG unit, i.e., 0, 1oc, is replaced by a unified voltage angle, i.e., 6, i, with the frequency of 60

Hz. The predefined criteria of seamless transition algorithm are satisfied after 0.09 s, i.e., at ¢
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= 22.09 s, resulting in closing the inter-phase STSs by changing signal “Mode” from “00” to
“01”. Compared to Figs. 4.8(a) and 4.8(b), a significant mitigation in transients of generated
active and reactive power by DG units can be seen in Figs. 4.9(a) and 4.9(b), while the loads
in all three phases are supplied sufficiently. This dynamic-performance improvement is due
to the voltage synchronization of all three single-phase feeders before closing the inter-phase

STSs, resulting in suppression of overcurrents inside the phases, see Figs. 4.9(c) and 4.9(d).

4.4.3 Case Study 3: Seamless Transition to Grid-Connected Mode

This case study evaluates the performance of the system during transition to grid-
connected mode with and without the proposed seamless transition method, see Figs. 4.10
and 4.11. As shown in Fig. 4.10, while the system is still in inter-phase connected mode
and at ¢t = 40 s, the operator disconnects all three single-phase feeders from each other, i.e.,
Mode (00), and at ¢ = 42.5 s, reconnects the residential microgrid to the main grid, i.e., Mode
(10). Consequently, as illustrated in Figs. 4.10(a) and 4.10(b), the DG units in Phase-A and
Phase-C, i.e., DG1-a, DG2-a, and DG1-¢, become unstable right after reconnecting to the
utility grid. On the other hand, although the DG unit in Phase-B, i.e., DG1-b, follows its
desired active and reactive power values during grid-connected mode, i.e., 15 kW and 0 kVAr,
it is still suffering from huge transients after reclosing the grid STSs. This is due to the lack
of synchronization between the phase voltages, i.e., v,, vy, and v., and grid-side voltages,
ie., v&d 84 and 0814 resulting in highly distorted power and current transferred to the
main grid, see Figs. 4.10(c)-4.10(f).

The viability of proposed approach in seamless reconnecting the residential microgrid to
the main grid is demonstrated in Fig. 4.11. Based on the introduced seamless transition
algorithm shown in Fig. 4.5, after the availability of grid and at ¢ = 40 s, the signal “Mode”
is set to “00” to disconnect the phases from each other. Subsequently, the signal “Sync ¢¢”
is changed from “0” to “1” in order to synchronize the phase voltages with grid voltages.
The predefined criteria for the difference between magnitudes and angles of phase voltages

and grid voltages are satisfied at ¢t = 42.5 s, leading to grid-connected mode by switching
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Figure 4.10: Case study 3: transferring to grid-connected mode without implementation of pro-
posed seamless transition approach. (a) Active power of DG units. (b) Reactive power of DG units.
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seamless transition approach. (a) Active power of DG units. (b) Reactive power of DG units. (c)
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the signal command “Mode” from “00” to “10”. As illustrated in Figs. 4.11(a)-4.11(d), the
DG units start generating their desired active and reactive power right after transferring to
grid-connected mode, while the quality of power delivered to/from utility grid is significantly
improved. This is because of synchronizing the phase voltages with their respective grid-side
voltages before reconnecting to the main grid, see Fig. 4.11(e). A comparison between Figs.
4.10(f) and 4.11(f) leads to the fact that implementing the proposed seamless transition
approach results in injecting much less distorted currents to the grid, while overcurrents are

significantly mitigated.

4.5 Conclusion

In this chapter, a seamless transition approach has been presented for residential com-
munities which are suffering from power imbalance inside the phases during islanded mode.
To this end, the proposed method has enabled seamless interconnection of all three phases
of residential community during islanded mode. This has led to supplying the local loads in
all three phases at their desired voltage level. This new operation mode is called inter-phase
connected mode. On the other hand, after resolving the abnormal condition on the grid
side, the residential microgrid has been reconnected to the utility grid seamlessly. Employ-
ing the proposed approach has ensured the stable operation of DG units during transitions,
while the power quality has improved significantly. A seamless transition algorithm has been
introduced which monitors the system condition in real time and sends appropriate signal
commands to the STSs in order to ensure seamless transitions. Different case studies have
been carried out to validate the effectiveness and superiority of proposed method in achieving

seamless transitions in residential microgrids.
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Chapter 5

Conclusions and Suggestions for

Future Work

The main contributions and accomplishments of this dissertation are highlighted in this
chapter, followed by suggestions for possible future research topics. Section 5.1 summarizes
the main contributions of dissertation. Besides, suggestions for possible future works are

provided in Section 5.2.

5.1 Summary and Conclusions

In this dissertation, different techniques have been proposed to improve the dynamic
behavior of microgrids during abnormal consditions such as sudden load changes, loss of
generation, and transitions between different operation modes. In the introductory chapter,
the role of microgrids as an inportant part of energy infrastructure along with the necessity
of improving their dynamic response has been discussed. Besides, a review of the existing
state-of-the-art solutions to address the aforementioned challenges and a summary of the
main contributions of dissertation are provided as an introduction.

A new configuration and control scheme for smart loads has been presented in this disser-

tation to cope with abnormal conditions in a fleet of nanogrids. A significant improvement
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in the dynamics of nanogrids has been achieved when incorporating the proposed smart
loads. The small-signal state-space model of smart loads has been developed considering the
switching process of three-phase inverter. This model has been used for eigenvalue analysis
of smart loads to investigate their stability region and robustness. The effect of employing
smart loads on the stability of overall system could be studied by incorporating the derived
model into the models of nanogrids. Furthermore, it has been indicated that the proposed
smart load configuration can be an effective solution to increase the lifetime and reduce the
size of the central battery bank. Different case studies have been carried out to confirm the
merits of the proposed smart loads in small-scale microgrids known as nanogrids.
Furthermore, the conventional control schemes of BESS and PV units have been modified
in this dissertation to investigate their cooperative role in dynamic-response enhancement
of islanded microgrids. To this end, two PLE droops, i.e., P-f and @-v, have been proposed
for BESS to suppress the voltage and frequency fluctuations during abnormalities. Using
the proposed approach, any linear droop characteristic with a specified droop coefficient can
be replaced by a PLE droop. It has been demonstarted that equipping BESS with the pro-
posed PLE droops leads to a considerable reduction in voltage and frequency variations in
comparison with linear droops. Moreover, the cooperative role of PV units in improving the
dynamic behavior of islanded microgrids has been investigated by deploying their conven-
tional control schemes. For this purpose, an APD curve has been presented for PV units to
reduce the frequency fluctuations during abnormal conditions. A significant suppression in
frequency variations has been achieved, when the the proposed APD has been implemented
in the controller of PV units. In addition, a @-v droop has been employed in PV units to
deal with voltage deviations during abnormal conditions. The merits of proposed approaches
in improving the dynamics of islanded microgrids has been verified by case study results.
Moreover, a method has been proposed in this dissertation to seamlessly interconnect
three islolated single-phase feeders at distribution level and form a unified residential com-
mulity in case of power imbalance in at least one of the feeders. This has led to maintaining
the voltage of household loads at their desired level in all three phases. In addition, after

resolving the abnormal condition on the grid side, the residential community has been recon-
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nected to the main grid seamlessly. The stable operation of DG units during transitions has
been ensured by implementing the proposed method, and the power quality has been im-
proved significantly. A seamless transition algorithm has been proposed which monitors the
system condition in real time and sends appropriate signal commands to the STSs in order
to guarantee the seamless transitions. Various case studies have been carried out to confirm
the effectiveness and superiority of proposed approach in achieving seamless transitions in
residential microgrids.

In conclusion, this dissertation has been focused on dynamic-response enhancement of
microgrids during abnormalities, and to attain this, different approaches have been proposed
to be employed in a fleet of nanogrids, islanded microgrids, and single-phase residential

microgrids. The validity of proposed methods has been verified using PSCAD/EMTDC.

5.2 Suggestions for Future Work

The work presented in this dissertation has advanced the state-of-the-art in impoving
the dynamic behavior of microgrids during abnormal conditions. While the viability of
proposed approches has been validated by employing numerous case studies, there are some
opportunities to further build upon the work presented herein.

The proposed control scheme of smart loads in Chapter 2 can be modified for further
improvement of voltage profiles across the critical loads. Therefore, one potential avenue of
future research could be to design a self-tune current controller for smart loads by online
estimation of critical load impedance and overcome the short-term transients caused by load
variations. On the other hand, the developed small-signal state-space model of smart loads
could be incorporated into the models of nanogrids in order to achieve a general state-space
model for GNG equipped with the proposed smart loads.

The presented PLE droops in Chapter 3 follow an elliptic trajectory for further mitigation
of voltage and frequency fluctuations in islanded microgrids. Nevertheless, the nonlinear
droops are not limited to the elliptic path, and thus, proposing different nonlinear trajectories

can be the topic of a future work. Besides, the conventional P-f and @)-v characteristics could
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be replaced by the inverse/reverse droops, i.e., P-v and Q-f, to further analyze and compare
their performance.

The proposed approach in Chapter 4 achieves seamless transitions between different oper-
ation modes in residential microgrids by utilizing a centralized seamless transition algorithm
and sending appropriate signal commands to single-phase inverters through communication
links. However, a more comprehensive advance in the research can be achieved by reducing
the communication requirements of the system. One solution to attain this could be incor-
poration of online estimation techniques to estimate the voltage angles of feeders and the

grid locally.
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Appendix A

State-Space Matrices of Smart Loads

In this appendix, the full-form of matrices introduced in the state-space model of smart
loads throughout Section 2.4 are provided. To this end, the full-form of matrices A,, B1,,

B2,, and B3, in (2.14) can be expressed as follows:

A, = , (A1)
0 0
1 0
Bl, = , (A.2)
01
—R —wlL
B2, — , (A.3)
wlL —R
—Li
B3, = et (A.4)
L’iCL_q

The full-form of matrices C,, D1,, D2,, and D3, introduced in (2.15) can be obtained

as follows:
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C, = | (A5)
0 Kra
Kp, 0
pl,=| M , (A.6)
0 KPvd

—Rvaq —wLKqu
WLKPvd _RKPvd

LK pygi
D3, = PraCld (A.8)

LK pyaict q

Matrix M in (2.24) can be expressed as follows:

A Viat €0s(¥0)  —m Vi, sin(v)) | (4.9)

~Vhar sin(v))  —mViag cos(¥)

The full-form of matrices Aoy, Blor, B2or, and B3gy, introduced in (2.26) are provided

below:
_3BntRp _ _1 3 By
3Ly w 2L; 6Ly 3Ly 0 0 0
_3Bp+Rp V31 By
w 3L, 6L,  2L; 0 3L, 0 0
1 3 _ __1 _ 3
20, 6C; 0 w 20, 6C; 0 0
- 6? 2é w 0 6\? - zé 0 0
Ao, = f f f f , (A.10)
Ry 0 1 V3 3RitRp —w 0 0
3L 2L 6L 3L+
Rpa V31 _ 3Rt Ry
0 3L, 6L, 2L, w 3L 0 0
0 0 0 0 0 0 B
0 0 0 0 0 0 w —E
. L -
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Woat cos(¢) _ Vhagsin(y) 000000
Bloy, = VaLy " mf( | , (A.11)
mVpat sin (¢ mVpat cos(y
_ i@Lf — szf 00 0O0O0O0
- 1T
0000 —5- =2 -1 ¢
0000 X —L o -1
B2op, = Ok 2k S (A.12)
0000 0 0o 1+ 0
0000 O 0 0 %
T
B3oL = | —igpp 4 iEDp q —VEDp d VEDp q —UED 4 ED ¢ —icL a dcL g | - (A13)

The full-form of matrices Ascr;, BlscLi, B2scLi, B3scLi, and Azscr; in (2.27) can be

expressed as follows:

{0]2><2 [0]2><2 |:[O]2><6 B2vi]2><8
Ascri = B1,Cy; [0]gc2 {[O]MG B1,D2,; + BQCiL .
X
BlOLiMiilchiCm' B]-OLiMzilCci AOLi + |:[O]8><6 BlOLiMZ-_l [D102D2’U’L + D2CZ]:|8
(A.14)
B1,;
BlSCLi = Bllem ) (A15)
Blop;M; ' D1,D1,, -
X
[0]2x4
B2gcp; = 09,4 : (A.16)

B2 z"_ . fl .
OL [0]g.o, BlowiM; D3 ot 1900
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B3,

BgSCLi = BchD3m ) (A17)
B3ovi + Blow:M; ' D1.,;D3,;
12x1
T
ArscLi = | AXi g0 AYi g2 Aieppi gd AUVEDpi g0 AiEDi ga DNicvi ga | - (A.18)
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Appendix B

Modeling and Control of BESS, PV
Units, Diesel Generator, and

Microturbine System

The main objective of this appendix is to explain in detail the control schemes of DG
units which have not been expanded through the main context of the dissertation. To this
end, the detailed control schemes of BESS, PV units, diesel generator, and microturbine

system shown in Figs. 2.14, 3.1, 2.18, and 3.10 are provided in this appendix.

B.1 Modeling and Control of BESS

The BESSs employed on the generation sides of nanogrids and microgrids shown in Figs.
2.14, 2.18, and 3.10 operate in P@ control (or grid following) mode as an energy buffer
to inject/absorb the deficit/extra power during the steady-state condition. During normal
operation and in the presence of renewable energy resources, when a nanogrid/microgrid is
connected to the main grid, BESS is necessary to ensure that none of the energy generated
goes to waste. For example, if a solar panel is connected to the grid without energy storage,

no excess power produced will be used locally. If the sun moves behind a cloud or the
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Figure B.1: Basic structure of BESS operating in grid-following mode.

wind stops blowing, a nanogrid/microgrid can engage its stored energy while waiting for the

alternative generation source to come back online.

B.1.1 Basic Structure of BESS

The basic structure of BESSs which are employed as a back up during the steady-state
condition in this dissertation is shown in Fig. B.1. This system consists of a battery bank,
which is connected to the ac bus through a bidirectional dc-dc converter and a dc-ac in-
verter. Herein, the inverter implies the conventional two-level voltage source inverter. How-
ever, current source inverter [106-111] and multilevel voltage source inverter [112-116] are
the other conventional inverters. The bidirectional dc-dc converter is crucial for the charg-
ing/discharging operation of BESS. During the discharge mode, the battery bank supplies
power, the dc-dc converter boosts the voltage to the level required for the proper opera-
tion of the dc-ac inverter. During the charge mode, the direction of power flow through
BESS changes and the dc link acts as the input voltage source for the dc-dc converter. The
bidirectional dc-dc converter then operates in buck mode, chopping the dc-link voltage to
the specifications of the battery bank. The dc-dc converter consists of two switches which
control the charge/discharge process. Both dc-dc converter and dc-ac inverter have their
own controllers which enable the BESS to inject/absorb the predefined active and reactive

power during the steady-state condition.
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Figure B.2: Bidirectional dc-dc converter in BESS.

B.1.2 Control Scheme of BESS

This subsection explains the detailed control schemes of bidirectional de-dc converter and

dc-ac inverter implemented in BESS.

B.1.2.1 Bidirectional DC-DC Converter Controller

As previously mentioned, the battery bank is connected to the ac bus through a bidirec-
tional dc-dec converter and a dc-ac inverter. As can be seen in Fig. B.2, the bidirectional
dc-de converter includes two semiconductor switches, i.e., Spuac and Speest, that control the
direction of power flow. Fig. B.3 explains the detailed control process of battery bank which
operates in P@Q control mode (or grid following) during both grid-connected and islanded
modes of operation. During both modes, the bidirectional dc-dec converter controls the active
power, i.e., Pggss, injected or absorbed by battery bank.

The dc-de converter operates in charging or discharging mode depending on its reference
power, i.e., Pipgg. If the reference power is more than zero, i.e., Pipeg > 0, then the battery
will be in discharge mode, while if the reference power is lower than zero, i.e. Pppqq < 0,
then the battery will absorb power, and consequently, it will be operating in charge mode.
The reference power can be set using an EMS. For example, the battery can be set to be in

charge mode during noon when the PV arrays generate more power than what is required
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Figure B.3: Battery charge/discharge mode controller (or bidirectional dc-dc converter
buck/boost mode controller) for both grid-connected and islanded modes of operation.

by the local loads. On the other hand, the battery can be set to operate in discharge mode
during evenings and nights when no solar power is generated. The battery controller consists
of two PI controllers. Based on the output of the controllers, the gate pulses for Sy and
Shoost are generated using a PWM approach.

As illustrated in Fig. B.3, the battery (or bidirectional dc-dec converter) controller has
two control loops for generating two switching signals, i.e.; gpoost and gpuck, assigned to the
two semiconductor switches, i.e., Spoost and Spuek, respectively. When operating in discharge
or boost mode, gpue is set to zero, and consequently, Spua remains open while Sy s 1S being
turned on and off to provide the desired active power. Similarly, during charge or buck mode,
Shoost T€Mains open by setting gpoost €qual to zero, while Sy, turns on and off repeatedly.

Hence, two switching pulses, i.e., ghoost and ghuck, are the final outputs of the controller.
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Figure B.4: Switching signal generation through PWM for bidirectional dc-dc converter.

The PWM block generates switching signals for the semiconductor switches, i.e., Spuex
and Speost in Fig. B.2. The switching signals are generated by comparing the input of the
PWM block, which is referred as control input, with a high frequency triangular signal which
is called carrier signal, as shown in Fig B.4. Depending on whether the control signal is higher
or lower than the carrier signal, a high pulse or low pulse is sent to the gate terminals of
Spuck and Speest- It is to be noted that the control input for the PWM block is provided by

the PI controller.

B.1.2.2 Inverter Controller

The dc-ac inverter is a crucial component for connecting renewable energy resources to
the ac bus and supplying the loads. As illustrated in Fig. B.5, during both grid-connected
and islanded modes, the inverter is responsible for regulating the dc-link voltage, i.e., vqc,
and controlling the reactive power transferred to/from BESS, i.e., Qpgrss. Besides, for both
operation modes, the current references of inner-loop controller, i.e., ¢ and iy, can be enforced
to proper limits to prevent overloading of the inverter. According to Fig. B.6, the measured

PCC voltages, i.e., v,, vy, and v., and PCC currents, i.e., i, i, and i., are converted from
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Figure B.5: Control scheme of BESS’s inverter for both grid-connected and islanded modes of
operation.

Figure B.6: dq frame of reference.

abe frame of reference to dg frame of reference using Park transformation [89] as follows:

Tq cos(wt) cos(wt —27m/3) cos(wt + 27/3) Tq

2
Ta | T3 sin(wt) sin(wt — 27/3)  sin(wt + 27/3) Tp (B.1)
%o 1/2 1/2 1/2 e

For balanced three-phase systems, the x is always zero. In the dq reference frame, the

reference is synchronously rotating at the same frequency as the ac signals, and thus, the
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signals effectively appear as dc with respect to the reference. This makes the controlling
process easier, as the controllers have to regulate dc signals as opposed to the time-varying
ac signals. Furthermore, the inverter controller has two inner-loop current controllers. The
structure of the control loops can be determined by writing the Kirchhoff’s voltage law (KVL)
between the inverter terminal and the output of the LCL filter, and then, transferring it to

the dq reference frame as follows:

di

Viny ¢ = Vg — Rfiq — waid - Lfﬁ (BQ)
di

Viny_d = Va — Ryig +wlyig — Lfﬁ (B.3)

where Ly is the combined inductance of the LCL filter and Ry is the associated resistance.
The dq components of voltage at the PCC are denoted by v, and v,, while ¢; and ¢, are
the dq components of current at the PCC. Besides, the dq components of inverter output
voltage are denoted as v,y 4 and viyy 4. The derivative components are usually neglected
for simplicity. The inner-loop current controller can be obtained using B.2 and B.3 with Ry
used as an initial value for tuning the proportional gain of the controller. Since it is difficut
to find the exact value of Ry, an integrator is also employed to eliminate any steady-state
error. The reference values for the currents, i.e., i and 7;, are obtained from the outer-loop
controller that regulates vq. and Q)ggss as shown in Fig. B.5.

Similar to the dc-dc converter, the switching signals for dc-ac inverter are generated using
a PWM scheme. However, in this scenario, the outputs of the controller are converted back
to ac signals and these sinusoidal signals are used as control inputs. In addition, during
grid-connected operation, it is necessary to synchronize the output voltage of the inverter
with the grid-side voltage. A PLL plays an important role in this matter by extracting the
phase angle of the grid voltage. The inverter output voltage is then generated at the PCC

with the same phase angle as the grid voltage, and thus, synchronisation is guaranteed.
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Figure B.7: Basic structure of PV units operating in grid-following mode.

B.2 Modeling and Control of PV Units

Regardless of the operation mode of the system, the PV units employed on the generation
sides of nanogrids and microgrids illustrated in Figs. 2.14, 2.18, and 3.1 operate in PQ
control (or grid following) mode to take the full advantage of clean and inexhaustible solar
energy. This section describes the structure and control scheme of such PV systems with

more details.

B.2.1 Basic Structure of PV Units

The basic structure of PV units operating in grid-following mode is shown in Fig. B.7.
This system consists of PV panels, which are connected to the dc link through a de-de boost

converter. A three-phase inverter is also used to convert the dc voltage to ac.

B.2.2 Control Scheme of PV Units

The detailed control schemes of boost dc-de converter and dc-ac inverter employed in PV

units are explained in this subsection.

B.2.2.1 Boost DC-DC Converter Controller

As previously mentioned, the PV arrays convert solar energy into dc current which can

be used to supply the loads. The PV arrays are connected to the ac bus via a de-dc boost
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Figure B.8: Boost dc-dc converter in PV units.

converter and a three-phase dc-ac inverter. According to Fig. B.8, the de-dc boost converter
has only one switch, i.e.;, Speest, Which sends the generated power by PV arrays towards load
and the grid. The detailed control strategy of de-dc boost converter is shown in Fig. B.9.
Due to the nonlinear characteristics of PV panels and the stochastic fluctuations of solar
irradiance, there is a specific maximum power point (MPP) at every operating condition of
PV array. For this reason, the MPPT algorithms are typically used in PV systems to extract
the maximum power at different operating conditions. The proposed control system uses
Perturb and Observe MPPT algorithm [117] to find the voltage in which the PV arrays will
produce the maximum power, i.e., vyppr. Two possible control modes are considered for
controlling the PV output power: (i) power-reference mode, and (ii) MPPT mode. Different
parameters play a role in choosing the operation mode of PV arrays. For instance, during
islanded mode, when the generated maximum power by PV arrays, i.e., Ppyv mppr, 1S more
than load demand, then the PV arrays will operate in power-reference mode. During MPPT
mode, the instantaneous output voltage and current of PV arrays, i.e., vpy and ipy, are
measured and sent to the MPPT module as inputs, and then, vyppr is provided as a voltage
reference. An integrator (or PI controller) is then used to compute MPP as the reference
power during the MPPT mode, i.e., Ppy mppr. The final output of the controller is a

switching pulse, i.e., gpoost-

139



Power Mode Selection:
Power-Reference Mode = 1| |
MPPT Mode =0 | *

PWM —> Opoost

Power Mode
Selection

MPPT

_____________________________________________________________

Figure B.9: Boost dc-dc converter controller for PV units during both grid-connected and islanded
modes of operation.

B.2.2.2 Inverter Controller

Similar to BESS, the inverter is responsible for regulating the dc-bus voltage, i.e., vq., and
controlling the reactive power transferred to the ac side, i.e., Qpy, for both grid-connected
and islanded modes, see Fig. B.10. Besides, to prevent overloading of the inverter, the
current references of inner-loop controller, i.e., i and i}, can be enforced to proper limits. A
PLL is used to extract the angle of PCC voltage, i.e., . This angle is then used to decompose
the three-phase ac-bus voltages and inverter output currents into dq reference frame using

Park transformation as expressed in B.1.

B.3 Modeling and Control of Diesel Generator

This section provides an overview for the diesel generator which is used as a synchronous-
based DG unit in this dissertation, along with its basic structure and controller design. The
low cost of synchronous-based DGs has made them one of the main parts of mixed-inertia
microgrids. These kind of DGs consist of a synchronous generator with a prime mover which
is driven by an engine. Besides, AVR and governor are used for regulating the generator’s
terminal voltage and the speed of prime mover, respectively [14].

Droop control is one of the most common control methods employed in synchronous-
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Figure B.10: Control scheme of PV’s inverter for both grid-connected and islanded modes of
operation.

based DG units. In such systems, the active power, frequency, voltage, and reactive power
can be regulated within acceptable limits using droop control strategy. During islanded
mode of operation, synchronous-based DGs usually regulate the frequency and voltage of
the system using P-f and @-v droop controllers, while in grid-connected mode, these DG
units are typically operating in P() control mode to supply the desired active and reactive

power.

B.3.1 Basic Structure of Diesel Generator

The overall configuration of diesel generator system is depicted in Fig. B.11. This system
consists of a synchronous generator which is equipped with governor and AVR. During
islanded mode, the governor is responsible for controlling the generator speed, i.e., w, and
AVR is regulating the terminal voltage of generator, i.e., v;, by providing the exciter field
voltage and current, i.e., vy and iy. On the other hand, during grid-connected mode, governor
controls the active power and speed of generator, i.e., P, and w, while AVR is used to regulate

the generator terminal voltage and reactive power, i.e., v; and Q..
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Figure B.11: Overall configuration of proposed system for diesel generator.
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Figure B.12: Simplified model of an ac power transmission system.

B.3.2 Control Scheme of Diesel Generator

The principles of droop control approach along with the control schemes of governor and

AVR are provided with more details in this subsection.

B.3.2.1 Principles of Droop Control Method

The model of a simple power transmission system is shown in Fig. B.12. By neglecting

the line losses, the active and reactive power transmitted between the two busses can be

calculated as follows:

pP= 1;;2 sin (B.4)
Q = - (vscosd — ) (B5)
=X, Vg COS Uy .
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where 0 is the power angle and equal to ps — ¢,. Since 0 has a small value, (B.4) and (B.5)

can be simplified further by assuming sind = ¢ and cosd = 1 as follows:

5~ DXL (B.6)
Vs Uy
X
(v — vg) = QU L (B.7)

From (B.6) and (B.7), it can be concluded that the active and reactive power, respectively,
have a significant effect on power angle and voltage difference. Therefore, power angle and
voltage can be controlled by controlling the active and reactive power. Besides, based on the
swing equation [118], frequency and power angle are related to each other. Thus, frequency
can also be controlled by controlling the active power. This forms the basis of frequency and

voltage droop control as follows:

f=1"—=Rp(P—-P") (B.8)

v=1v"—Ro(Q@- Q") (B.9)

where Rp and Rg are droop gains. f and v are measured frequency and voltage of the
system, respectively, while f* and v* are the reference (or rated) frequency and voltage,
respectively. P and () are measured active and reactive power, respectively, while P* and
Q* are the reference (or rated) active and reactive power, respectively. Fig. B.13 shows the
P-f and Q-v droop characteristics obtained from (B.8) and (B.9).

Droop gains determine the steady-state speed\voltage versus active\reactive power of
generating unit [119]. The ratio of speed deviation, i.e., Aw, or frequency deviation, i.e.,
Af, to the change in active power, i.e., AP, is equal to Rp. While Ry can be obtained by
dividing the voltage deviation, i.e., Av, to the change in reactive power, i.e., AQ. Rp and

R can be expressed as follows:
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Figure B.13: (a) P-f and (b) Q-v droop characteristics.
Aw (or Af)
= B.1
Rp AP (B.10)
Av
Rg = 20 (B.11)

According to Fig. B.13(a) and equation (B.10), a 10% droop means that a 10% deviation

in frequency causes a 100% change in the active power.

B.3.2.2 Governor and AVR Controllers

As can be seen in Fig. B.14, depending on the operation mode of the system, the
governor controller selects which variables should be controlled. During islanded mode, the
signal “Mode Selection” is set to “0”, and thus, the generator speed, i.e., w, is the only
variable which is controlled. On the other hand, during grid-connected mode, the signal
“Mode Selection” is set to “1”, which makes the governor to control the generator speed and
active power, i.e., w and P,, simultaneously.

One of the most challenging issues in each islanded mixed-inertia microgrid is synchroniz-
ing the generator with the grid before closing the breaker. This means that before transition

from islanded to grid-connected mode, the ac-bus voltage must be synchronized with the
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Figure B.14: Governor model including P-f droop controller in diesel generator system.

grid-side voltage. To accomplish this, four criteria must be met: (i) phase sequence, (ii)
voltage magnitude, (iii) frequency, and (iv) phase angle. In order to avoid overcurrent while
closing the breaker, the phase difference between the generator output voltage (or ac-bus
voltage) and the grid-side voltage must be zero (or close to zero). In this way, before re-
connecting the system to the main grid, subtraction of ac-bus voltage and the grid voltage
will be equal to zero (or close to zero), and therefore, there won’t be any overcurrent in the
system. Fig. B.15 shows the waveforms and phasors for Phase-A of ac-bus voltage, i.e., v,,
and grid voltage, i.e., e,, when they both have the same sequence, magnitude, and frequency,
but there is a phase difference, i.e., ¢, between them. Since both voltage waveforms have
the same frequency, there is no way that they reach to each other. Therefore, as can be
found from Fig. B.14, during islanded mode, i.e., Mode Selection = 0, the signal “Sync” is
set to “0” so that wateq, Which is equal to 1 pu, is chosen as w*. However, a few moments
before closing the breaker, the signal “Sync” needs to be set to 1 in order to ensure a smooth
transition upon switching from islanded to grid-connected mode. This results in choosing
Wsyne, Which is set to 0.99 pu, as w*. This means that the frequency of generator output

voltage will be different from the frequency of grid voltage right before closing the breaker.
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Figure B.15: (a) Voltage waveforms and (b) voltage phasors of generator side and grid side when
there is a phase shift in between.

Nevertheless, there will be some moments that the phasors of both generator output voltage
and grid voltage cross each other during which the system should reconnect to the utility
grid by closing the breaker, i.e., Mode Selection = 1. After transition to grid-connected
mode, the signal “Sync” should be set to “0” again.

The AVR and its Q-v droop controller are shown in Fig. B.16. The exciter model is
based on the IEEE standard recommended AC5A excitation system [120]. Depending on
the operation mode of the system, the governor controller selects the propoer variables to be
controlled. During islanded mode, i.e., Mode Selection = 0, the generator terminal voltage,
i.e., v, is the only variable which is controlled. On the other hand, when the system is
connected to the main grid, the signal command “Mode Selection” is set to “1” in order to
make the system to control the generator terminal voltage and reactive power, i.e., vy and

Q., simultaneously.

B.4 Modeling and Control of Microturbine System

This section provides an overview for microturbine system employed on the generation
side of NG2 shown in Fig. 2.18, along with its basic structure and controller design. In

recent years, microturbines have received wide attention in power industry as sources of
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Figure B.16: AVR and its @-v droop controller in diesel generator system.

power generation, particularly in areas where both electricity and the heat are in demand.
In these areas, microturbines reach very high efficiency rates. Microturbines are able to
operate during both grid-connected and islanded modes of operation. Microturbines are
commonly used in combined heating and power systems (CHP). For the heat generation
aspect, the waste heat from the microturbine is used to produce hot water, heat the building
space, drive absorption cooling or desiccant dehumidification equipment, and to supply other
thermal energy needs in a building or industrial process. The fuels used in microturbine
systems commonly include natural gas, sour gas, gasoline, kerosene, and diesel fuel /distillate
heating oil. In some recovery applications, waste gases can also be used instead of being
released into the environment. As an example, the installed microturbine systems in the
world headquarters of Black & Veatch company are shown in Fig. B.17. Also, the Capstone

C65 microturbines and their internals can be seen in Figs. B.18 and B.19, respectively.

B.4.1 Basic Structure of Microturbine System

The basic structure of microturbine system is shown in Fig. B.20. In this system, the
microturbine is connected to the dc link through an ac-dc rectifier. A dc-ac inverter is also

included to convert the dc-link voltage to ac.
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Figure B.17: Black & Veatch world headquarters microturbines.

B.4.2 Control Scheme of Microturbine System

The control schemes of ac-dc rectifier and dc-ac inverter implemented in microturbine

system are explained in detail in this subsection.

B.4.2.1 Rectifier Controller

The microturbine is connected to the ac bus through a permanent magnet synchronous
generator (PMSG), an ac-dc rectifier, and a dc-ac inverter as illustrated in Fig. B.20. The
detailed control process of ac-dc rectifier for both grid-connected and islanded modes is
shown in Fig. B.21. During grid-connected mode, the rectifier is responsible for controlling
the active and reactive power transferred from PMSG, i.e., Ppyse and Qpnsa, while during
islanded mode, the dc-link voltage, i.e., vg., and Qpysa are controlled by the rectifier.

The voltage drop between two points of a transmission system can be expressed as follows:
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Figure B.18: Capstone C65 microturbines [121].
AU = —KQQ (Bl?)

where Av is the voltage drop between two points of the system, K is a coefficient dependent
upon the properties of the transmission line, and () is the transmitted reactive power between
the points. According to (B.12), by making the reactive power transferred from PMSG equal
to zero, the voltage drop across the implemented filter between the PMSG and rectifier
would also be almost equal to zero. Hence, during both grid-connected and islanded modes
of operation, Qpysa is set to zero using the rectifier controller.

A PLL is utilized for extracting the angle of PMSG’s terminal voltage, i.e., 6;. Then,
using #; and Park transformation, the output voltage and current of PMSG are decomposed

into dq reference frame variables.

149



Exhaust
Outlet

Generator
Cooling Fins

Recuperator

Fuel Injector

Combustion
Air Chamber
Intake

Generator
Compressor
Air Bearings
Turbine
Figure B.19: Microturbine internals [121].
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Figure B.20: Basic structure of microturbine system operating in both grid-following and grid-
forming modes.
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B.4.2.2 Inverter Controller

Depending on the operation mode of the system, the inverter controller selects which
variables should be controlled as illustrated in Fig. B.22. During grid-connected mode, the
inverter regulates dc-link voltage, i.e., v4., and controls the reactive power transferring to
the ac side, i.e., Qur. Besides, a PLL is used to extract the angle of output voltage, i.e.,
0o _pLL-

On the other hand, during islanded mode, the inverter is responsible for regulating the
dg components of output voltage, i.e., v4 and v,. In this mode of operation, the angle of
output voltage is a locally generated periodical ramp signal, i.e., €, 1.0ca, Which is varying

from 0 to 2 with the frequency of 60 Hz.
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