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Abstract

The concept of ac microgrids was introduced to integrate distributed generators (DGs)
and loads within one entity that can operate autonomously or connected to a utility grid.
Furthermore, dc microgrids have received increasing attention as a potential solution to
deliver power from DGs to modern dc loads with reduced conversion stages. Moreover,
hybrid ac/dc microgrids have been introduced as a paradigm combining the benefits of the
two types of microgrids by interconnecting them through interlinking converters (ICs).

Steady-state analysis is essential for planning and operation studies of electrical power
systems. However, conventional analysis approaches cannot be applied to hybrid ac/dc
microgrids due to their distinctive features, such as droop characteristics, lack of a slack
bus, and coupling between the ac and dc variables. Additionally, the unbalanced nature of
ac microgrids adds to the complexity of modeling and analysis in such networks. There-
fore, this thesis is focused on developing steady-state modeling and analysis framework for
standalone unbalanced hybrid ac/dc microgrids.

First, a steady-state analysis tool for unbalanced hybrid ac/dc microgrids is developed.
The ac subgrid’s components are modeled in phase coordinates. Furthermore, the dc sub-
grid’s components are modeled and the coupling between the ac and dc variables is formu-
lated. The models of the various system elements are incorporated into a unified power flow
formulation, which is solved using a Newton-Trust Region (NTR) method. The developed
power flow algorithm is verified through comparisons with time-domain simulations of test
microgrids. The analysis tool is used to analyze a larger hybrid ac/dc microgrid through
case studies. The case studies shed light on some challenges of these microgrids, namely,
imposed limitations on microgrid loadability due to unbalanced ac subgrid’s loading, effect
of IC settings on microgrid operation, and trade-off between proportional loading of the
ac and dc subgrids and proportional power-transfer sharing among ICs.

Second, based on the identified microgrid loadability limitation of unbalanced micro-
grids, a novel adaptive power routing (APR) scheme is proposed to maximize the microgrid
loadability. The proposed scheme allows independent control of active and reactive powers
flowing through IC phases, so that power can be routed among the ac subgrid’s phases.
The DPR scheme is integrated into an optimal power flow (OPF) formulation with the
objective of minimizing load shedding. A supervisory controller is proposed to solve the
OPF problem by adjusting the DG and IC settings. Several case studies are conducted to
show the ineffectiveness of conventional supervisory controllers in resolving the loadability
issue, and to verify the success of the proposed controller in solving the problem.

Third, a power flow approach based on sequence component analysis of the ac mi-
crogrid’s elements is adopted for faster convergence and improved modeling accuracy as
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compared to conventional approaches in phase coordinates. This approach breaks down the
system model into positive-, negative-, and zero-sequence subsystems that can be solved
in parallel for enhanced performance. The positive-sequence power flow is solved using
a Newton-Raphson (NR) method, while the negative- and zero-sequence voltages are ob-
tained by solving linear complex equations. The approach is verified through comparisons
with time-domain simulations. In addition, the algorithm is utilized to investigate the
operation of droop-controlled DGs in larger-scale isochronous unbalanced ac microgrids,
and to examine its limit-enforcement abilities at the same time. The algorithm demon-
strates significant improvements in terms of accuracy and convergence time when compared
against the conventional NTR-based approach in phase coordinates.

Finally, the power flow approach developed in the third part is extended to include
the IC’s and dc subgrid’s models so that it can be applied to hybrid ac/dc microgrids.
A power flow algorithm is proposed to solve the ac and dc power flows independently in
a sequential manner, while maintaining the correlation between the two. The algorithm
is verified through comparisons with time-domain models of test hybrid microgrids. Case
studies are introduced to test the algorithm’s effectiveness in enforcing the DG and IC limits
in the power flow solution under various conditions. The algorithm also shows enhanced
accuracy and solution speed with respect to the tool developed in the first stage.
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Chapter 1

Introduction

1.1 Research Motivation

Driven by environmental concerns, electricity grids tend to become “greener”by higher
penetration of renewable energy resources (RER) into existing and future grids [1], [2].
Most renewable or non-renewable energy-based distributed electricity generators and en-
ergy storage systems (ESSs) provide unregulated dc or ac power; examples of these energy
sources are: photo-voltaic panels (PV), micro-turbines (MT), wind turbines (WT), fuel
cells (FC), and battery energy storage systems (BESS). Therefore, waveform condition-
ing is a necessity to connect these energy sources to the existing electricity grids, and to
provide the necessary controls. The advances in topology and control of power electronic
(PE) converters in recent decades have facilitated the integration of small-scale distributed
energy resources (DER), which are also known as distributed generation (DG), in distribu-
tion networks [3]–[5]. Hence, the current trend in electricity grids is toward decentralized,
small-scale, local electricity generation, rather than the classical centralized scheme [6], [7].
The concept of ac microgrid was first introduced in the early 2000s as a new approach to
integrate different DGs and ESSs, as well as controllable and uncontrollable loads, within a
relatively small geographical area. The DG sources mainly provide electricity to the local
loads; at the same time, some DGs may provide heat by the utilization of combined heat
and power (CHP) generation technologies [8]. The existence of DGs close to load centers,
as implied in ac microgrid concept, potentially reduces power loss in the transmission stage,
and increases the cultivation of local RER and ESSs. Figure 1.1 illustrates the architecture
of a simple ac microgrid [9], [10].

Although an ac microgrid should be able to operate autonomously without being con-
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Figure 1.1: A simple ac microgrid architecture.

nected to a stiff grid, connection to a utility grid should be possible through a switch at
one single point, known as the point of common coupling (PCC) [11]. Such microgrid may
operate in “grid-connected” or “islanded” modes of operation. When an ac microgrid is
operated in grid-connected mode, the microgrid is seen by the utility grid as a single entity,
making active and reactive power trading between the main grid and the microgrid pos-
sible [12]. The microgrid is considered to be operating in islanded-mode when it operates
autonomously and disconnected from the main grid. The islanding action may happen
either intentionally for scheduled maintenance purposes, or accidentally in case of faults
or other grid problems. Ac microgrids which do not have access to any stiff utility grid
are called “isolated microgrids”. Thus, ac microgrids provide a new reliability dimension
by allowing autonomous operation of distribution systems in islanded mode during grid
faults [13], and in isolated mode due to lack of access to bulk power systems in remote
communities [14].

Moreover, the evolution and rapid growth of dc power generation, ESSs, and modern
dc loads – such as variable speed drives (VSDs), plug-in electric vehicles (PEVs), and
electronic devices – urge the development of dc distribution networks that outperform their
conventional ac counterparts in many environmental, technical, and economic aspects [15]–
[17]. Although dc power distribution has been implemented for some specific applications,
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such as communication and traction systems, current research is geared towards its larger
scale and more flexible implementation in the form of dc microgrids. Accordingly, many
projects and studies have proposed and implemented different configurations, voltage levels,
and control schemes for various dc microgrid applications [18], [19].

Despite the rising potential for dc microgrids, replacing the existing ac distribution
systems with dc networks is neither technically nor economically justified. Therefore,
hybrid ac/dc microgrids, in which ac and dc subgrids are interfaced through interlinking
converters (ICs) to form one entity, have been proposed as an optimal configuration that
combines the merits of both systems [20], [21]. Incorporating ICs permits power transfer
between ac and dc subgrids in the hybrid microgrid, as shown in Figure 1.2, thus leading
to potential improvements to overall system reliability, security, and efficiency [13], [22].

Similar to ac microgrids, a hybrid microgrid should be able to manage the distributed
energy resources and loads in the case of faults and disconnection from the main grid,
operating in an islanded mode. This feature significantly increases the microgrid resilience
by securing the continuity of power delivery to loads with no access to the bulk power
system. Many factors affect the structure and control strategy of hybrid ac/dc microgrids,
among which relative sizes of subgrids and number of ICs have stronger effects [20], [21].
On the one hand, if the hybrid microgrid contains a ’dominant’ subgrid (i.e., an ac or dc
subgrid of relatively larger capacity), ICs operate to regulate the power variables in the
smaller subgrid. This regulation is realized by either fixing the power variables if only
one IC interfaces the subgrids, or by implementing droop characteristics if multiple ICs
are used [23], [24]. On the other hand, if an islanded hybrid ac/dc microgrid integrates
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two subgrids with comparable sizes, ICs adopt a power sharing mode that aims for equal
relative loadings for the subgrids without any communication infrastructure. For this
purpose, DGs implement droop control characteristics that enable autonomous overall
load-sharing among the units [13]. In the ac subgrid, DGs adapt the output frequency and
voltage according to the active and reactive powers, respectively. In the dc subgrid, the
units adjust their voltages based on their output power. Meanwhile, the balance between
the two subgrids is maintained by the ICs, which relate the ac subgrids frequency to the
dc subgrids voltage, thus resulting in variable, yet coupled, ac frequency and dc voltages
[22], [25], [26]. If the subgrids are linked via a single IC, this mode is realized by equalizing
the normalized frequency and voltage deviations in the ac and dc subgrids, respectively,
[27]. However, if multiple ICs are employed, which is the most generic and sophisticated
case, they implement droop control to proportionally share the power exchanged between
the subgrids [26]. It is noteworthy that the autonomous operation of multiple droop-
controlled ICs was proposed in [26], but has not been investigated so far.

Steady-state analysis is an essential step in planning and operational studies of elec-
tric power systems (e.g., reactive power planning, parameter settings, and power manage-
ment) [28], [29]. These studies could be extended to include stability assessment, power
sharing, optimal operation, and system loadability in islanded microgrids [30], [31]. There-
fore, the development of tools that can effectively analyze the steady-state characteristics
of such evolving microgrids becomes a necessity. In addition to the distinctive operational
philosophies of these microgrids that have to be incorporated in the steady-state anal-
ysis studies, the unbalanced nature of ac subgrids poses further complexity on analyzing
their behavior. Motivated by the aforementioned considerations, this thesis is primarily fo-
cused on developing a platform for comprehensive, computationally-efficient, and accurate
steady-state analysis tools for standalone (i.e, islanded or isolated) hybrid ac/dc micro-
grids. The platform must provide frameworks for developing and integrating the essential
steady-state DG and IC models into power flow analysis approaches. Additionally, the the-
sis will study uninvestigated practical operational aspects of these microgrids, such as the
impact of unbalanced ac operation on the loadability of hybrid microgrids. Furthermore,
the thesis will provide innovative solutions to some of the addressed operational issues.
The provided analysis and discussions will open the door to different dimensions of hybrid
ac/dc microgrid planning and operation studies.
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1.2 Literature Survey

As per the motivations defined in Section 1.1, the literature survey will cover three main
areas pertaining to the work developed in this thesis as follows:

1. The steady-state analysis of unbalanced ac microgrids, as an essential part of hybrid
ac/dc microgrids.

2. The steady-state analysis of hybrid unbalanced ac/dc microgrids, as an extension to
the analysis of ac microgrids.

3. Loadability and optimal operation of hybrid unbalanced ac/dc microgrids.

These areas are addressed thoroughly in the following subsections.

1.2.1 Steady-State Analysis of Unbalanced AC Microgrids

For several decades, synchronous generator-based DGs (SGDGs), such as diesel and gas
generator sets, have played a vital role in powering isolated electrical distribution networks
[14]. Furthermore, these generators are commonly integrated to grid-connected distribution
systems to export power or to provide a stand-by source in case of the main grid’s outage,
thus forming an islanded microgrid. On the other hand, the enormous benefits of advanced
electronically-interfaced DGs (EIDGs), such as flexibility, speed, and interfacing RERs,
urge their integration into modern distribution networks. Accordingly, both types of DGs
are anticipated to coexist in ac microgrids [32]. Research is ongoing on the dynamic
behavior of networks that comprise the two types of DGs [33]. However, their steady-state
performance has not been investigated yet.

Power-flow analysis tools play a key role in planning and operation studies of electri-
cal power systems. At the transmission level, various power flow algorithms have been
established to analyze balanced bulk power systems [34]. Some of these algorithms have
been further extended to include unbalanced operation [35]. At the active distribution
level, some power flow algorithms have been developed for grid-connected ac microgrids
with integrated DGs, where a stiff grid acts as an ideal slack bus maintaining balanced
voltages with fixed magnitude and frequency at the source node [36]. However, this anal-
ysis does not consider the integration of droop-controlled DGs, which can potentially be
used in grid-connected mode to allow autonomous operation of islanded microgrids formed
after an islanding event [13]. Additionally, the analysis does not account for unbalances
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at the source node in case the primary source is not ideal, such as in isolated SGDG-fed
microgrids.

Moreover, some approaches employ different strategies to account for microgrids’ droop
features. Characterized by their load-dependent voltage magnitude and frequency, droop-
controlled ac microgrids differ from conventional ac systems discussed above in the following
aspects:

• Droop-controlled microgrids lack a slack bus.

• The microgrid’s frequency is load-dependent and therefore it is considered a power
flow variable.

• The feeder and load models are frequency-dependent.

It is worth mentioning that droop-controlled microgrids lack a slack bus, since the mi-
crogrid’s losses – and loads – are shared collaboratively among all droop-controlled DGs,
rather than being supplied by one source as in conventional systems. However, the mi-
crogrid’s frequency allows the power flow solution, because it is a global variable shared
among all DGs. Altogether, these characteristics complicate the power flow problem for-
mulation and solution, as compared to conventional distribution networks. In [37] and [23],
modified Newton Raphson (NR) approaches have been introduced by providing additional
mismatch equations and Jacobian matrix elements that accommodate the system’s droop
characteristics. Similarly, a forward-backward approach has been proposed in [38] for
droop-controlled ac microgrids. Nevertheless, the application of these methods is limited
to balanced ac microgrids. The authors of [39] have proposed a power flow algorithm
based on a Newton-Trust Region (NTR) method to solve the unbalanced microgrid’s set of
frequency-dependent nonlinear equations in phase-coordinates. However, the authors have
not considered SGDGs in their study, which are challenging to model in phase-coordinates,
considering the machines’ saliency and internal impedances [36]. Furthermore, their mod-
els ignore the influence of the interfacing transformer’s delta/wye connection on the EIDG
phase loading and voltage unbalances. In addition to its high computational cost, this
approach does not include some aspects, such as shunt admittances of distribution feeders
and delta-connected loads that commonly exist in distribution systems [40].

Based on the above-identified limitations of the power flow approaches reported in the
literature, it is necessary to develop a modeling and power flow analysis framework for
unbalanced ac microgrids that has the following features:

• Generic, accurate, and computationally-efficient, as compared to the reported meth-
ods,
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• Integrates different DG types and various aspects of droop-controlled and isochronous
unbalanced ac microgrids, which have not been considered in previous studies, and

• Can be used to investigate the operation of droop-controlled DGs in unbalanced
isochronous microgrids.

1.2.2 Steady-State Analysis of Unbalanced Hybrid AC/DC Mi-
crogrids

As a primary steady-state analysis tool, an accurate and efficient power flow algorithm
is essential for performing numerous planning and operational studies in hybrid ac/dc
microgrids. Several power flow approaches have been developed for multi-terminal dc
systems (MTDC); yet these algorithms are not applicable to microgrids, since MTDCs are
not droop-controlled at the ac subsystem [41], [42]. A few algorithms have recently been
proposed to solve the power flow of droop-controlled hybrid ac/dc microgrids. In [43], the
authors have proposed a unified approach, in which a Newton-trust region (NTR) method
is used to concurrently solve the power flow equations of the two subgrids. Similarly,
the authors of [44] have adopted a Newton Raphson (NR) method to solve the unified
set of microgrid nonlinear equations, while the authors of [45] have employed a generalized
reduced gradient (GRG)-based approach that is able to work equally well for grid-connected
and islanded hybrid ac/dc microgrids. Meanwhile, the sequential algorithm reported in
[23] has significantly reduced the power flow computational time in comparison with the
aforementioned unified methods, as it breaks down the system model into smaller decoupled
sets of equations that take less time to solve. However, all the above-mentioned approaches
assume balanced ac subgrids, thus limiting their application in inherently unbalanced ac
distribution systems.

As explained in Section 1.2.1, the steady-state analysis of unbalanced droop-controlled
ac microgrids has been performed in [39]. Nevertheless, the presented control schemes for
the DGs are limited and no dc subgrids are included. Furthermore, this method assumes
one model for all droop-controlled distributed generation (DG) units; therefore it does not
reflect the diverse features of various DG types and configurations. Synchronous generator-
based DGs (SGDGs) and electronically-interfaced DGs (EIDGs), which may coexist in the
same microgrid [32], exhibit different behaviors under unbalanced loading. Furthermore,
this approach does not consider the effects of transformer connections, which are commonly
used to interface EIDGs to the ac network, on the system model and DG phase loadings.
In addition, the power flow algorithm developed in [39] incorporates a large number of
dummy variables that add significantly to the problem size and computational effort. The
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relatively poor performance of such unified approach, along with the above-mentioned
modeling inaccuracies, urge development of more generic, accurate, and efficient power
flow approaches for standalone unbalanced hybrid ac/dc microgrids.

To date, no power flow algorithm has been proposed that addresses all operational
aspects of unbalanced hybrid ac/dc microgrids, which can be summarized as follows:

• Absence of a slack bus,

• Unbalanced operation of the ac subgrid,

• Frequency and voltage variations in the ac and dc subgrids, respectively,

• Correlation between the ac frequency and dc voltage, and

• Parallel operation of droop-controlled ICs.

Therefore, it is essential to develop power flow methods for unbalanced hybrid ac/dc mi-
crogrids that:

• Consider the above-mentioned aspects of islanded hybrid microgrids altogether, which
have not been addressed in the reported literature,

• Optimize the power flow formulation to reduce the number of variables and the
execution times of the algorithms’ subroutines for enhanced algorithm efficiency,

• Model the different types and various operational modes of the DGs and ICs to render
the power flow approaches comprehensive, and

• Accurately represent parallel operation of ICs, which have been proposed in the
literature, yet not discussed in any reported study.

1.2.3 Loadability of Hybrid Unbalanced AC/DC Microgrids

A major merit of microgrids is the ability to operate autonomously in islanded mode, thus
significantly enhancing the customer service reliability during upstream disturbances. Typ-
ically, a hierarchical control scheme is adopted as a low-cost and high-reliability solution for
islanded operation [46]–[48]. At the primary level, decentralized droop control eliminates
the need for communication links to achieve proportional power sharing among DGs, either
in ac or dc microgrids. Employing droop-controlled ICs allows autonomous power sharing
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among ac and dc DGs in a hybrid paradigm, thus integrating the two subgrids into a sin-
gle entity [26]. Nonetheless, since droop controllers depend solely on local measurements,
different microgrid operational requirements (e.g., accurate reactive-power sharing in ac
microgrids, precise load sharing in dc microgrids, voltage constraints, and maximum load-
ability) might not be satisfied. Therefore, a complementary microgrid central controller
(MGCC) with a low-bandwidth communication infrastructure is commonly needed [49].
The MGCC adopts high-level secondary and tertiary control layers to coordinate the DGs’
operation in both islanded and grid-connected modes. Various MGCCs that continually
update the DG droop settings have been proposed in the literature to attain different ob-
jectives [15], [50], [51]. However, some researchers have considered offline optimal droop
settings based on stochastic or probabilistic approaches, thus omitting the communica-
tion requirements [52], [53]. Although offline droop settings can be beneficial in case of
absence or failure of the microgrid’s communication infrastructure, communication-based
droop setting approaches attain enhanced system reliability, under normal operation, as
they provide real-time microgrid monitoring. Furthermore, the changes in the microgrid
configuration and load distribution require continuous readjustment of the optimal DG
settings.

Unbalanced loads and high penetration of single-phase DGs could impose additional
challenges and constraints on islanded microgrids’ operation [39]. Several studies have
addressed and resolved the voltage imbalance problem arising from unbalanced loading of
ac microgrid phases. Numerous autonomous and supervised control schemes have been
proposed to allow for collaborative enhancement of the microgrid voltage quality as well
as improving unbalanced and nonlinear load sharing among DGs [54]–[56]. However, these
studies often assume moderately-loaded microgrids, and disregard the effect of load unbal-
ances on the microgrid’s maximum loading capabilities. Furthermore, reduction of distri-
bution system unbalances has been addressed in the literature to achieve various objec-
tives, such as enhancing system efficiency and/or reducing equipment overloading [57],[58].
Nonetheless, majority of these studies have investigated grid-connected systems rather than
islanded microgrids. In islanded microgrids, the imbalance problem should be given more
attention, as it can impact the microgrid loadability in addition to degrading system per-
formance.

Self-sufficiency is a crucial factor for sustained operation of islanded microgrids. Due to
the resistive nature of distribution networks, microgrid loadability is primarily restricted
by the limit-induced bifurcation (LIB) criterion rather than saddle-node bifurcation (SNB)
accompanied by voltage instability, which is commonly observed at the transmission level
due to the excessive reactive-power losses along the transmission lines [53], [59]. However,
in the literature, only balanced microgrids have been considered for loadability studies.
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Despite the higher flexibility of electronically-interfaced DGs over conventional machine-
based generators, they are more sensitive to over-currents. Thus, successful operation of
highly unbalanced microgrids will be restricted by DG phase capacities rather than the
total connected generation limits as in balanced systems.

Loadability of unbalanced ac microgrids has not yet been addressed in the literature.
Furthermore, ICs are typically used only to exchange power between subgrids in a hy-
brid paradigm, whereas they could also provide supplementary services to either subgrid.
In addition, some researchers have proposed reactive-power support to heavily loaded ac
subgrids through ICs. However, reactive-power injection is limited to the condition of
active-power flow in the same direction [25].

Based on the above-identified shortfalls of the work reported in the literature, a study
should be conducted to achieve the goals defined below:

• Investigate the effect of unbalanced conditions on microgrid loadability,

• Extend the IC’s reactive-power support that was introduced in [26] to relieve DGs
on the ac side under different operational conditions, and

• Implement a control strategy at the secondary level, and integrate it into a super-
visory controller that adopts a generic OPF algorithm to minimize microgrid load
shedding.

1.3 Research Objectives

Based on the gaps identified in the literature survey of Section 1.2, the research objectives
of this thesis are defined as follows:

1. Develop a steady-state analysis tool that is able to solve the power flow of droop-
controlled unbalanced hybrid ac/dc microgrids. Since ac microgrids are a special form
of intrinsically unbalanced distribution systems, the developed tool must incorporate
the unbalanced models of the ac system components, such as unbalanced feeders and
loads. The tool must also integrate the correlation between the ac and dc subgrids,
through the interlinking converter models, in the hybrid ac/dc microgrid paradigm,
under autonomous operation.

2. Investigate the operation of large-scale islanded hybrid ac/dc microgrid, and identify
their operational limitations due to ac subgrid unbalances. The analysis must also
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address other practical challenges of such microgrids, such as imperfections in the
load sharing among the ac and dc subgrids, and in the proportional power sharing
among interlining converters.

3. Develop an optimal power flow scheme to overcome the loading limitations imposed
on the operation of islanded hybrid ac/dc microgrids due to their unbalanced nature.
The developed scheme must take into consideration the droop characteristics of the
microgrid. Also, it has to maintain the ac subgrid frequency and the ac and dc node
voltages within their permissible limits.

4. Develop a generic, accurate, and computationally efficient modeling and power flow
analysis approach for standalone unbalanced ac microgrids. The approach has to
consider the different steady-state characteristics of various DG types, structures,
and control schemes for better accuracy. It must also incorporate the effects of
transformer connections and different unbalanced load configurations on the power
flow. The DG capacity limits need to be enforced in the power flow algorithm as
well. Finally, the power flow approach should be capable of analyzing the behavior
of droop-controlled DGs in unbalanced isochronous ac microgrids.

5. Develop an improved modeling and power flow analysis approach for unbalanced
islanded hybrid ac/dc microgrids. The approach is required to model the interlinking
converters as well as the dc subgrid components in addition to the unbalanced ac
subgrid elements. The correlation between the ac and dc power flow variables has
to be preserved. The approach also needs to enforce the limits of all DGs and
interlinking converters in the power flow solution. It is essential that the developed
approach out-performs its counterparts in terms of accuracy and speed.

1.4 Thesis Layout

The remainder of the thesis is structured as follows:

Chapter 2 presents the relevant theoretical background on the operational aspects of
standalone ac, dc, and hybrid ac/dc microgrids. It also reviews the basic concepts of
steady-state analysis of conventional power systems.

Chapter 3 presents a steady-state analysis tool for unbalanced islanded hybrid ac/dc mi-
crogrids. The steady-state models of the various components of droop-controlled ac
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and dc subgrids as well as the interlinking converters are developed in phase coordi-
nates. The developed models are integrated into a unified power flow formulation. A
Newton-Trust Region (NTR) method is adopted to solve the set of nonlinear power
flow equations. The developed analysis tool is utilized to identify challenges per-
taining to heavy loading as well as adjusting interlinking converter settings in such
microgrids under autonomous operation.

Chapter 4 proposes a novel adaptive power routing (APR) scheme to maximize the load-
ability of unbalanced hybrid ac/dc microgrids in islanded mode of operation. The
APR scheme allows for independent control of the interlinking converter phases in or-
der to relieve the stressed phases of the DGs connected to the ac subgrid. To achieve
maximum microgrid loadability, a secondary controller is assumed that employs an
optimal power flow approach with the objective of load shedding minimization, while
maintaining the microgrid variables within limits. The optimal power flow problem
is solved using an interior-point method.

Chapter 5 presents a generic modeling and power flow analysis approach for standalone
ac microgrids under both isochronous and droop modes of operation. The differ-
ent microgrid components are modeled in symmetrical sequence components. To
attain high modeling accuracy, different models are adopted for the various types,
structures, configurations, and control schemes of DGs. The developed sequence-
component models are decoupled to permit independent and parallel solution of the
different sequence frames, thus resulting in significant reduction of the power flow
algorithm’s execution time as compared to the reported approaches.

Chapter 6 introduces an improved modeling and power flow analysis approach for unbal-
anced islanded hybrid ac/dc microgrids. The ac subgrid components, as well as the ac
side of the interlining converters, are modeled in symmetrical sequence components.
In addition to decoupling the sequence component frames of the ac subgrid, the ac
and dc subgrid power flow problems are also decoupled by introducing a virtual DG
that maintains the mathematical correlation between the two subsystems. Hence-
forth, a Newton-Raphson-based hybrid ac/dc power flow algorithm is developed to
sequentially solve the independent, yet correlated, power flow problems of the ac and
dc subgrids. The proposed algorithm shows substantial improvements, in terms of
accuracy and convergence time, when compared to conventional approaches.

Chapter 7 summarizes the thesis, and presents the main thesis contributions, as well as
the suggested directions for future work.
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Chapter 2

Background Review

2.1 Introduction

As discussed in Chapter 1, the control and steady-state analysis of hybrid ac/dc microgrids
have received increasing attention over the last few decades. In order to establish steady-
state models of microgrid components, it is essential to build a comprehensive background
about the structures and control strategies of such microgrids. Many hierarchical control
schemes have been proposed for ac, dc, and hybrid ac/dc microgrids. Accordingly, this
chapter intends to lay the background required for the conducted research through review
of the structures and control strategies of the three types of microgrids. In addition, the
chapter reviews some background topics required for steady-state analysis, such as power
flow and optimal power flow analysis of electrical power systems.

2.2 Hierarchical Control of AC Microgrids

The coordination between different DGs in ac microgrids is a necessity to share the load
power. Although the load sharing functionality can be realized through a centralized
controller and communication infrastructure, this solution requires fast communication
links which add to the cost of the system infrastructure and degrade the microgrid re-
liability at the same time. Therefore, the decentralized control approach was realized
in the literature by introducing local decentralized controllers that are able to share the
microgrid’s total load among DGs based on local measurements only. This decentral-
ized approach typically implements droop controllers for load power sharing, which have
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Primary

Secondary

Tertiary

Figure 2.1: Hierarchical control structure of ac microgrids.

demonstrated fast, reliable, and stable operation. However, droop controllers normally
cause deviation of microgrid frequency and voltage from their nominal values to realize
the autonomous load sharing function; these deviations are considered a drawback for de-
centralized control of DGs. Moreover, since the decentralized controllers are based solely
on their local measurements, a higher level of coordination between DGs cannot directly
be implemented at that level. Therefore, a hierarchical control structure is typically used
to benefit from the high reliability and low cost of decentralized controllers on the one
hand, and the coordination flexibility of centralized communication-based controllers on
the other hand [27], [47], [48], [60]–[64].

The hierarchical control structure of ac microgrids follows the same hierarchical scheme
of conventional power systems. It typically employs primary decentralized controllers, a
slow-communication-based secondary controller, and a slower higher level tertiary con-
troller. As shown in Figure 2.1 , the higher the control level is, the smaller the controller
bandwidth becomes. The following subsections illustrate the functionalities and implemen-
tation of each level of control.

2.2.1 Primary Control of AC Microgrids

The primary control of microgrids is mainly responsible for current and voltage shaping
at the DG terminals. In addition, it regulates the power sharing among different DGs
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Figure 2.2: VSC primary controller.

connected to the same ac microgrid. As seen in Figure 2.2, a power-electronic-interfaced
DG employs a three-phase voltage source converter (VSC) and an LC/LCL filter connected
to the microgrid bus through an output impedance (i.e., cable impedance or transformer)
[65], [66]. The local primary controller employs three cascaded control loops as follows:
current control loop, voltage control loop, and power control loop (i.e., droop controller)
[67]–[70].

AC Current Controller

The current control loop has the largest bandwidth in the system. It is responsible for
controlling the injected current by the VSC; it is also capable of limiting the output current
of the VSC for protection purposes.

The current controller can be implemented using different types of controllers in differ-
ent reference frames. The most commonly used controllers reported in the literature are
Proportional-Integral controller (PI controller) in the dq synchronous reference frame and
Proportional Resonant controller (PR controller) in the αβ stationary reference frame.

Figure 2.3 shows the detailed structure of the current controller in dq reference frame.
The controller consists of two linear PI-controllers to control the output filter’s inductor
current components iLd and iLq. The cross-coupling terms +iLdωL and −iLqωL ensure full
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Figure 2.3: VSC current controller in dq frame.

decoupling between iLd and iLq. In addition, the voltage feed-forward terms vCd and vCq
are added to improve the converter start-up process and to enhance the controller distur-
bance rejection [71]. The main disadvantage of implementing the controllers in dq frame
appears in case of the presence of unbalanced loads. To make the converter able to control
unbalanced currents, an additional negative-sequence controller is required to be operated
in parallel with the positive sequence controller. Moreover, for harmonic compensation
when nonlinear loads are present, additional controllers – one for each harmonic frequency
to be compensated for – should be implemented.

On the other hand, PR-controllers in αβ frame show some advantages over PI controllers
in dq frame, as the PR controller is able to control both positive and negative sequence
currents at the same time. Moreover, no cross-coupling terms are needed for PR controllers.
Figure 2.4 shows the block diagram of the current PR controller in αβ frame. The transfer
function of the controller is given in (2.1). The controller also implements harmonic current
compensation, as seen in the transfer function.

PRI(s) = kpi +
kris

s2 + 2ωcs+ ω2
o

+
n∑

h=5,7,11,...

kihs

s2 + 2(hωc)s+ (hωo)2
(2.1)
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Figure 2.4: VSC current controller in αβ frame.

AC Voltage Controller

The second control loop in the cascaded control scheme of the VSC is the voltage control
loop. The bandwidth of the this loop is usually designed smaller than that of the current
control loop. The function of this loop is to provide reference currents to the current
control loop, such that the VSC tracks the reference voltage signal. Similar to the current
control loop, voltage controllers can be implemented either in dq or in αβ reference frames.

Figure 2.5 shows the block diagram of the voltage controller in synchronous reference
frame. The controller employs two linear PI-controllers to regulate the filter capacitor
voltage components. It is worth noting that the reference quadrature voltage component
v∗Cq is set to zero. The controller also employs cross coupling terms +vCd ωC and −vCq ωC
to decouple the responses of the d and q channels. In order to compensate for unbalanced
and harmonic voltages, negative sequence and harmonic voltage controllers need to be
implemented in parallel with the positive sequence voltage controller.

Similar to the current control loop, the voltage control loop can be realized in αβ
reference frame by adopting PR-controllers. Figure 2.6 and (2.2) show the block diagram
and transfer function of the PR voltage controller with voltage harmonic compensation.

PRV (s) = kpi +
krvs

s2 + 2ωcs+ ω2
o

+
n∑

h=5,7,11,...

kvhs

s2 + 2(hωc)s+ (hωo)2
(2.2)
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Figure 2.6: VSC voltage controller in αβ frame.
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AC Power Controller

The last stage of the primary control of VSC-interfaced DGs is the power control loop
(droop controller), which has the smallest bandwidth within the local controller of the
DG. The power droop controller sets the voltage reference – by defining both the voltage
magnitude and frequency – to the inner voltage controller based on the converter output
active and reactive powers.

The active and reactive power flows between any two nodes i and j, in a balanced ac
power system, can be generally given by (2.3) and (2.4), where

∣∣Vac,i∣∣ and
∣∣Vac,j∣∣ are the

voltage magnitudes at the two nodes, Rij and Xij are the line resistance and reactance
respectively, and δi and δj are the voltage angles at the two nodes.

Pij =

∣∣Vac,i∣∣
R2
ij +X2

ij

[
Rij

(∣∣Vac,i∣∣−∣∣Vac,j∣∣ cos(δi − δj)
)

+Xij

∣∣Vac,j∣∣ sin(δi − δj)
]

(2.3)

Qij =

∣∣Vac,i∣∣
R2
ij +X2

ij

[
−Rij

(∣∣Vac,j∣∣ sin(δi − δj)
)

+Xij

(∣∣Vac,i∣∣−∣∣Vac,j∣∣ cos(δi − δj)
)]

(2.4)

However, if the line impedance is heavily inductive (high X/R ratio), and the power
angle (δi − δj) is assumed small, the power flow equations can be simplified and rewritten
as:

Pij u
∣∣Vac,i∣∣∣∣Vac,j∣∣

Xij

sin(δi − δj) u
∣∣Vac,i∣∣∣∣Vac,j∣∣

Xij

(δi − δj) (2.5)

Qij u
∣∣Vac,i∣∣
Xij

(∣∣Vac,i∣∣−∣∣Vac,j∣∣ cos(δi − δj)
)
u
∣∣Vac,i∣∣2 −∣∣Vac,i∣∣∣∣Vac,j∣∣

Xij

(2.6)

As seen from (2.5) and (2.6), the active power flow is approximately proportional to the
voltage angle difference, which in turn is dependent on the frequency, and the reactive power
flow is approximately proportional to the node voltage magnitude. Therefore, inductive
lines help in decoupling active and reactive powers.

Assuming that the line impedances in a microgrid are heavily inductive, P-ω and Q-V
droop controllers can be presented. Figure 2.7 shows the P-ω and Q-V droop characteristics
for both unidirectional and bidirectional schemes.

The conventional droop controllers are described mathematically by (2.7) and (2.8),
where mp and mq are the droop gains, and ω0, Vac,0, Pac,0 and Qac,0 are the droop set
points. It is worth mentioning that Pac,G,0 and Qac,G,0 are usually set to zero, and the
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Figure 2.7: Droop Controllers
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default values of the droop gains are determined based on (2.9) and (2.10). However,
different droop schemes and droop controller gain settings have also been reported in the
literature [53], [72]–[74].

ω = ω0,i −mp,i(Pac,G,i − Pac,G,0,i) (2.7)∣∣Vac,i∣∣ = Vac,0,i −mq,i(Qac,G,i −Qac,G,0,i) (2.8)

mp,i =



ωmax − ωmin
2Pmax

ac,G,i

. . . bidirectional

ωmax − ωmin
Pmax
ac,G,i

. . . unidirectional

(2.9)

mq,i =



Vac,max − Vac,min
2Qmax

ac,G,i

. . . bidirectional

Vac,max − Vac,min
Qmax
ac,G,i

. . . unidirectional

(2.10)

In case of distribution networks, the lines are either predominantly resistive or the X/R
ratio is close to one. For resistive lines, as seen in (2.11) and (2.12), the active power
is approximately proportional to the voltage magnitude, whereas the reactive power is
dependent on the voltage angle. Therefore, P-V and Q-ω droops can be used [75], [76].

Pij u
∣∣Vac,i∣∣
Rij

(∣∣Vac,i∣∣−∣∣Vac,j∣∣ cos(δi − δj)
)
u
∣∣Vac,i∣∣2 −∣∣Vac,i∣∣∣∣Vac,j∣∣

Rij

(2.11)

Qij u
−
∣∣Vac,i∣∣∣∣Vac,j∣∣

Rij

sin(δi − δj) u
−
∣∣Vac,i∣∣∣∣Vac,j∣∣

Rij

(δi − δj) (2.12)

Considering the general case in which the line impedance cannot be approximated
to be heavily inductive or resistive, the active and reactive powers cannot be assumed
decoupled by nature. However, some droop control methods have been proposed to pre-
serve the active and reactive power decoupling, in which active and reactive powers are
transformed into decoupled “rotated ”power components to enhance the system dynamic
performance [77], [78]. Alternatively, implementation of virtual impedance is a possible
solution for decoupling between active and reactive powers. Adopting an inductive vir-
tual impedance, P-ω and Q-V droop controllers can still be used. The concept of virtual
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impedance will be discussed later in this subsection. It is worth mentioning that the most
commonly used droop control scheme in ac microgrids is the P-ω and Q-V despite its
relatively poor dynamic performance in distribution networks, as it is compatible with
droop controls of synchronous generator-based DGs. Therefore, it will be considered for
the models developed in the following chapters.

Note that, in all cases, once the DG reaches its maximum output active and/or reactive
powers, the inner current loop fixes the VSC’s current to the limit, and the converter does
not follow the voltage reference set by the droop controller(s). Thus, the DG is switched to
constant-current (approximately constant-power) control rather than droop control when
it injects its maximum output power(s). Furthermore, if the DG’s power decreases below
the capacity limit, it returns to droop operation once again. This fact is important when
modeling ac DGs in steady-state, as the DG limits and modes of operation has to be taken
into consideration.

AC Virtual Impedance

Virtual impedance emulates the behavior of an actual output impedance connected to the
converters terminals. It typically feeds back the converter output current to the voltage
control loop through a transfer function that defines the virtual impedance elements and
values. Resistive, inductive, and capacitive virtual impedances have been thoroughly dis-
cussed in the literature with the consideration of their effects on the system performance,
harmonic compensation, and power sharing accuracy [79]. As discussed above, virtual
impedance can reshape the output impedance of the converter, and hence it is considered
a control variable that can be tuned to achieve certain transient and steady state perfor-
mances. Equations (2.13) and (2.14) show an example of a virtual impedance transfer
function in dq frame that emulates virtual resistance Rv and inductance Lv. This virtual
impedance voltage drop is then subtracted from the reference voltage to emulate the volt-
age drop across the virtual line impedance. It is worth noting that implementing a virtual
inductive impedance with a proper value can make the P-ω and Q-V droop characteristics
valid regardless of the actual X/R ratio of the network [80]–[83].

Vdrop−d = iodRv − ωLvioq (2.13)

Vdrop−q = ioqRv + ωLviod (2.14)
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2.2.2 Secondary Control of AC Microgrids

Despite the fact that the primary control of microgrids ensures proportional power sharing
and stable operation for ac DGs, relying solely on droop controllers still has disadvan-
tages that cannot be resolved in the primary level of control. These disadvantages can be
summarized as follows:

• Deviations of the ac microgrid’s voltage and frequency from their nominal values,

• Inaccurate proportional sharing of reactive power among DGs due to the differences
in terminal voltages and line impedances, and

• Higher level of coordination (e.g., economic dispatch and loss minimization) not being
possible at the primary control level without communication.

The secondary control level realizes functionalities that resolve the aforementioned
drawbacks of primary controllers within a single microgrid. In order to minimize the
infrastructure cost of the secondary controller, it utilizes small bandwidth communication
links with standard communication protocols. Both centralized and decentralized sec-
ondary controllers have been addressed in the literature [51], [56], [84], [85]. However, only
the centralized secondary controller approach is considered in the scope of this thesis.

Frequency and Voltage Regulation

One functionality of the microgrid secondary controller is frequency and voltage regulation.
Measured microgrid frequency and voltage are compared with their respective nominal
values, and corrective signals δω0,i and δVac,0,i are generated through PI controllers as
shown in Figure 2.8. These corrective signals are communicated to the primary controllers
of the DGs connected to the ac microgrid to change their respective set points (ω0,i and
Vac,0,i) in order to regulate the microgrid frequency and voltage to the nominal values.
Figure 2.9 illustrates the frequency and voltage regulation by the secondary controller.

Reactive Power Sharing Correction

Since the microgrid steady state frequency is a global variable within the microgrid, the
frequency regulation loop can use the measurement of the microgrid frequency at any ar-
bitrary node, which makes the loop shown in Figure 2.8a valid under all cases. However,
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Figure 2.8: Implementation of secondary controller.
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Figure 2.9: Secondary controller actions for frequency and voltage regulation.

since the local terminal voltage magnitudes are dissimilar for different DGs within a mi-
crogrid, the voltage regulation loop shown in Figure 2.8b should be modified. The voltage
regulation loop can employ a control scheme to resolve the inaccurate proportional reactive
power sharing problem of the primary controller.

The modified voltage regulation control loop is shown in Figure 2.10. In this modified
loop, all the DGs within the microgrid transmit their local voltage magnitudes Vac,i and

24



%Qac,MG

Vac,MG

+

+

_ PI

PI

%Qac,G,i

_

Vac,MG

δVac,0

δVac,0,i
+

+

*

’

”δVac,0,i
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relative output reactive power %Qac,G,i. The central secondary controller then uses (2.15)

and (2.16) to calculate their respective average values Vac,MG and %Qac,MG for Nac,DG

connected droop-controlled ac DGs. The microgrid average voltage is controlled by a PI
controller to follow the nominal value, while the reactive power of each DG is controlled
to follow the average reactive power generated by all DGs. The corrective signal δVac,0,i is
set differently for each DG unit to equalize the reactive power sharing and to restore the
nominal microgrid voltage at the same time.

Vac,MG =

∑Nac,DG

i=1,2...

∣∣Vac,i∣∣
Nac,DG

(2.15)

%Qac,MG =

∑Nac,DG

i=1,2... %Qac,G,i

Nac,DG

, %Qac,G,i =
Qac,G,i

Qmax
ac,G,i

(2.16)

Optimal Microgrid Control

As highlighted before, the secondary controller could implement a control scheme to opti-
mize the microgrid operation by attaining one or more objectives, such as economic dis-
patch, minimal losses, minimal emissions . . . etc. In these schemes, the secondary controller
sets the secondary control signals δω0,i and δVac,0,i to achieve an optimal operating point
according to the controller objective(s). In such case, there can be a trade-off between
tightly regulating the microgrid voltage and frequency, accurate reactive power sharing
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among the DGs, and achieving the optimization objective(s). Therefore, some of the ob-
jectives, such as voltage regulation, could be defined as constraints to maintain the voltage
within an acceptable range rather than strictly regulating it to the nominal value.

2.2.3 Tertiary Control of AC Microgrids

Tertiary control is the highest level of control in the hierarchical control structure of ac
microgrids. It is the slowest controller in the system and it is typically used to control
the interactions between the microgrid and other entities, such as a stiff grid and/or other
microgrids. The main functionalities of the tertiary controller can be summarized as follows
[86]:

• Synchronize the microgrid to a stiff grid or another microgrid at the PCC,

• Control the power trading between the microgrid and other entities, and

• Implement higher-level controls/optimizations among multiple entities.

Figure 2.11 shows the main structure of the microgrid tertiary controller. As seen in the
figure, the voltage measurements of both sides of the static switch (the microgrid side and
the external grid side) are processed by a synchronizer which generates the synchronization
signals δωsync and δVac,sync to control the microgrid’s voltage and frequency until the two
grids are fully synchronized. After synchronization, the switch between the two grids is
closed and other controllers are engaged to regulate the active and reactive power trading
between the two grids as shown in Figure 2.12.
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Figure 2.11: Block diagram of tertiary controller.
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Figure 2.12: Tertiary controller structure.
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Figure 2.13: Tertiary controller action for power trading between the microgrid and an
external grid.

Assuming that the tie line between the two grids is predominantly inductive and the
external grid voltage and frequency are fixed, the active and reactive power trading be-
tween the two grids can be controlled by controlling the microgrid frequency and voltage
magnitude, respectively. Figure 2.13a shows the tertiary controller action to control the
active power trading by increasing the frequency set point to export power and vice versa.
Moreover, Figure 2.13b shows the influence of changing the microgrid reference voltage on
the reactive power flow between the two grids. The tertiary controller signals are activated
in case of connection to an external grid; otherwise, the tertiary controller output signals
are set to zero.
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Figure 2.14: DC primary controller.

2.3 Hierarchical Control of DC Microgrids

DC microgrids follow the same hierarchical control structure as in ac microgrids. Primary
control level typically implements droop controllers for decentralized load sharing, whereas
secondary control level implements voltage regulation, load sharing corrections, and/or any
higher level of optimized operation. Tertiary control level is mainly reserved for coordi-
nation (e.g., connection and power trading) with external grids [16], [87]–[94]. The three
levels of control are discussed thoroughly in the following subsections.

2.3.1 Primary Control of DC Microgrids

DC microgrids typically employ dc/dc converters as an interface between DG sources and
the dc network. Both unidirectional and bidirectional dc/dc converters can be used de-
pending on the nature of the DG source [65], [66]. The dc/dc converter is connected to the
dc bus through a low-pass LC/LCL filter. Figure 2.14 shows the primary controller of a
DG source in a dc microgrid. The primary controller employs three nested control loops,
namely current, voltage, and droop control loops [13], [18], [95].

DC Current Controller

The current control loop tightly regulates the filter inductor current and limits the converter
output current in case of overloading or faults. Typically, as shown in Figure 2.15, a PI
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Figure 2.16: DC voltage controller.

controller is adopted to control the converter output current. The current controller gains
are set to allow stable operation with the largest possible bandwidth.

DC Voltage Controller

The second control loop is the voltage control loop, which controls the filter capacitor
voltage. The voltage control loop also employs a simple PI controller to regulate the
output voltage at the reference value. The controller is tuned to have a bandwidth smaller
than that of the current controller, and therefore, it has a slower response, as desired.
Figure 2.16 shows the structure of the voltage control loop.

DC Power Controller

Finally, the outer loop of the primary controller is the droop controller loop. It has been
reported in the literature that either current or power droops can be used in dc microgrids
to allow current or power sharing between parallel DGs, respectively. However, only power
droop is considered in this work, as the main focus is on hybrid ac/dc microgrids which
require power sharing between the two subgrids. Similar to ac microgrids, the droop
controller gain is set based on the permissible output voltage deviation, and the maximum
power of the DG source. Figure 2.17 shows the droop characteristics of dc microgrids,
while (2.17) and (2.18) present the mathematical relations of the droop controllers.
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Figure 2.17: Droop controllers of DC microgrids.

Vdc,i = Vdc,0,i − np(Pdc,G,i − Pdc,G,0,i) (2.17)

np =



Vdc,max − Vdc,min
2Pmax

dc,G,i

. . . bidirectional

Vdc,max − Vdc,min
Pmax
dc,G,i

. . . unidirectional

(2.18)

2.3.2 Secondary Control of DC Microgrids

The secondary control of dc microgrids utilizes slow communication links to provide a
coordinated higher level of control, such as regulating the dc microgrid voltage at the
nominal value, as it deviates by the action of droop controllers under varying loading con-
ditions. Additionally, the secondary controller can be employed to compensate for the
errors in power (or current) sharing among DGs in the dc microgrid. Figure 2.18 shows
the secondary controller including both voltage regulation and power sharing correction
functions [13], [96]. The controller collects the measurements of the output voltage and
power of all droop-controlled DGs connected to the microgrid, calculates the average val-
ues of output voltage and relative output power (Vdc,MG and %Pdc,MG), and generates
the corrective signal δVdc,0,i. The corrective signal is fed through communication links to
the corresponding droop controller [18], [19]. The secondary controller action on droop
controllers is illustrated in Figure 2.19.
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Figure 2.21: Tertiary controller action on droop controllers for power trading.

2.3.3 Tertiary Control of DC Microgrids

As the highest level of control hierarchy of dc microgrids, the tertiary controller is mainly
dedicated to controlling the connection and power transfer with external grids [97], [98].
It may also implement a higher level of control to optimize the microgrid operation [99].
In order to avoid high currents at the moment of connection between the dc microgrid
and an external entity, the control signal δVdc,sync is used to regulate the dc voltage at
the PCC before the interconnecting switch is closed. As shown in Figure 2.20, after the
switch closure, the control signal adjusts the microgrid voltage level to control the power
flow between the microgrid and the external grid. Figure 2.21 demonstrates the tertiary
controller action on the droop controllers to import/export power between the two grids.
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2.4 Control of Hybrid AC/DC Microgrids

The work reported in the literature on autonomous operation of hybrid ac/dc microgrids
has mainly focused on primary controllers, which depend on the frequency and voltage
deviations of the ac and dc subgrids to transfer power between the two subgrids [13], [22],
[25], [26], [80], [96], [100]–[105]. Therefore, this section reviews the autonomous control of
ICs in droop-controlled hybrid ac/dc microgrids.

Consider the structure of a Hybrid ac/dc microgrid, shown in Figure 2.22, in which one
or more ICs interlink the two subgrids. The utility ac grid is defined as an infinite bus (ac
source with constant balanced voltages and fixed frequency). The primary control of ICs
provide the following functionalities.

1. Autonomous proportional power sharing among all the ac and dc DGs in the hybrid
microgrid,

2. Autonomous proportional power-transfer sharing among ICs, and

3. Provide reactive power to the ac subgrid.
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Figure 2.23 shows the primary controller of the interlinking converter l of a hybrid ac/dc
microgrid. The interlinking converter is a standard three-phase three-leg current-controlled
VSC. The phase locked loop (PLL) synchronizes the converter with the ac subgrid, and
measures the ac subgrid frequency as an input to the autonomous primary controller. The
inner current controller is implemented in dq synchronous reference frame utilizing two
identical PI controllers defined by the transfer function Gi,l(s) as defined by (2.19).

Gi,l = kpi,l +
kii,l
s

(2.19)

The d-axis reference current i∗d,l is set by the outer power-transfer controller to determine
the amount and direction of active power-transfer between the two subgrids. On the other
hand, the q-axis reference current i∗q,l follows droop characteristics to provide reactive power
to the ac subgrid.

The power-transfer controller measures the local per-unit values of the ac subgrid fre-
quency deviation and the dc subgrid voltage deviation, as described by (2.20) and (2.21).
The controller calculates the per-unit error epu,l given by (2.22), and processes it using the
controller with the transfer function Gp,k. The definition of the power transfer controller
depends on the number of ICs. If only one IC interfaces the two subgrids, the controller
employs a PI controller to force the per-unit frequency and voltage deviations of the ac and
dc subgrids to be equal, which ideally forces proportional load sharing between the DGs
in the ac and dc subgrids. On the other hand, if multiple ICs interface the two subgrids,
the utilization of PI controllers might not be the best solution, as they will cause power
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deviations between the ICs depending on their initial operating conditions. Hence, droop
control method can be used to share the power transfer between ICs, as shown in Fig-
ure 2.24. However, the droop controllers will not force proportional power sharing among
all DGs. Moreover, poor power sharing between ICs is expected due to the different local
dc voltage measurements at different IC terminals. It is worth noting that the problems
associated with the droop controllers can be solved by a secondary control level through
slow communication links. The mathematical formulation of the autonomous active power
controller is given by (2.23). In either case, the IC injects reactive power according to the
droop characteristics defined by (2.24). Note that the IC injects reactive power to the ac
subgrid only if the active power flows in the same direction.

∆ωpu =
ω − (ωmax + ωmin)/2

(ωmax − ωmin)/2
(2.20)

∆Vdc,pu =
Vdc,l − (Vdc,max + Vdc,min)/2

(Vdc,max − Vdc,min)/2
(2.21)

epu,l = ∆ωpu −∆Vdc pu (2.22)

Gp,l(s) =

kpp,l +
kip,l
s

. . . single IC

γl . . .multiple ICs
(2.23)

Gq,l(s) =

{
ηl if i∗d,l ≤ 0

0 if i∗d,l > 0
(2.24)
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2.5 Power Flow and Optimal Power Flow Analyses

Although dynamic modeling and analysis of electrical power systems is the most generic
and accurate approach, as it describes the detailed dynamic and steady-state behaviors of
power systems, it is impractical to implement in studies where the scope is limited to the
system’s steady-state behavior. The reason for this impracticality is the added complexity
and computational overhead associated with the incorporation of the dynamic system
model, which is unnecessary to obtain the steady-state values of the system variables.
Therefore, power flow analysis is crucial for steady-state studies of electrical power systems,
as it provides fast and sufficiently accurate solution for the power system variables (i.e,
bus voltages, voltage angles, and generator powers). This section reviews the power flow
formulation and solution methods for conventional power systems, which will be used in
the next chapters as a base for power flow analysis of standalone unbalanced hybrid ac/dc
microgrids.

2.5.1 Power-Flow Analysis of Conventional Power Systems

Problem Formulation

Assuming a balanced ac power system with Nac buses, the current injected at any bus i
can be given by (2.25) [106], [107].

Iac,i =
(
Vac,i − Vac,1

)
yi1+

(
Vac,i − Vac,2

)
yi2+· · ·+Vac,iyii+· · ·+

(
Vac,i − Vac,Nac

)
yiNac (2.25)

In (2.25), yij where j ∈ {1, 2 . . . , Nac} is the line admittance between buses i and j, and yii
is the shunt admittance of bus i. Rearranging the equation, the current can be expressed
as:

Iac,i =(−yi1)Vac,1 + (−yi2)Vac,2 + · · ·+ (yi1 + yi2 + · · ·+ yii + · · ·+ yiNac)Vac,i

+ · · ·+ (−yiNac)Vac,Nac

(2.26)

By introducing the mutual admittance Yij and self admittance Yii of bus i as defined by
(2.27) and (2.28), respectively, the injected current can be expressed as given in (2.29).

Yij = −yij (2.27)

Yii = (yi1 + yi2 + · · ·+ yii + · · ·+ yiNac) (2.28)

Iac,i = Yi1Vac,1 + Yi2Vac,2 + · · ·+ YiiVac,i + · · ·+ YiNacVac,Nac

=
Nac∑
j=1

YijVac,j
(2.29)
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The injected active and reactive powers at bus i are, subsequently, given as:

Pac,i − jQac,i = V ∗ac,i Iac,i = V ∗ac,i

Nac∑
j=1

YijVac,j (2.30)

Therefore, the active and reactive powers can be expressed in the polar form as

Pac,i =
Nac∑
j=1

∣∣Vac,i∣∣∣∣Yij∣∣∣∣Vac,j∣∣ cos
(
θij + δj − δi

)
(2.31)

Qac,i = −
Nac∑
j=1

∣∣Vac,i∣∣∣∣Yij∣∣∣∣Vac,j∣∣ sin (θij + δj − δi
)

(2.32)

For each bus, the injected powers Pac,i and Qac,i must satisfy the power balance equa-
tions given by:

Pac,i = Pac,G,i − Pac,L,i =
Nac∑
j=1

∣∣Vac,i∣∣∣∣Yij∣∣∣∣Vac,j∣∣ cos
(
θij + δj − δi

)
(2.33)

Qac,i = Qac,G,i −Qac,L,i = −
Nac∑
j=1

∣∣Vac,i∣∣∣∣Yij∣∣∣∣Vac,j∣∣ sin (θij + δj − δi
)

(2.34)

where Pac,G,i and Qac,G,i are the generator’s specified active and reactive powers at bus i,
respectively, and Pac,L,i and Qac,L,i the load active and reactive powers at bus i, respectively.

To that end, it is important to define the types of buses that may exist in such system
in order to determine the number of unknown variables. There are three types of buses as
follows:

1. Slack Bus – Typically with a large generator connected to it. It is characterized
by a constant voltage magnitude and angle, and is taken as a reference (i.e., voltage
angle is zero). It provides unknown active and reactive powers to maintain the power
balance in the system. Only one slack bus can be defined in the system.

2. PV Bus – Typically with a generator or a synchronous condenser connected to it.
It is characterized by a constant voltage magnitude and specified generated active
power. The voltage angle and generated reactive power are unknown.
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3. PQ Bus – Typically a load bus, with no generators connected to it. It is characterized
by constant specified active and reactive powers. The voltage magnitude and angle
are unknown.

Assuming that the values and of all system loads are known, to solve for the bus voltage
magnitudes and angles for a power system comprised of one slack bus, Nac,PV buses, and
Nac,PQ buses, the system unknowns and equations are identified as follows:

• Unknown Voltage Magnitudes – The number of unknown bus voltage magnitudes
is equal to (Nac − Nac,PV − 1). Meanwhile, the number of reactive power balance
equations, given by (2.34), is the same as the unknown voltage magnitudes.

• Unknown Voltage Angles – The number of unknown bus voltage angles is equal to
(Nac − 1). Similarly, the number of active power balance equations, given by (2.33),
is identical to that of the unknown bus voltage angles.

Therefore, the number of equations is equal to the number of unknowns, which makes
obtaining the problem solution feasible.

Problem Solution

Various numerical/iterative methods are reported for solving the set of nonlinear power flow
equations, among which, Newton-Raphson (NR) is commonly used for its good convergence
characteristics [106], [107]. In this method, the mismatch equations (2.35) and (2.36) are
rewritten as

Γac,P,i = −Pac,G,i + Pac,L,i +
Nac∑
j=1

∣∣Vac,i∣∣∣∣Yij∣∣∣∣Vac,j∣∣ cos
(
θij + δj − δi

)
(2.35)

Γac,Q,i = −Qac,G,i +Qac,L,i −
Nac∑
j=1

∣∣Vac,i∣∣∣∣Yij∣∣∣∣Vac,j∣∣ sin (θij + δj − δi
)

(2.36)

The objective is, therefore, to solve for the bus voltage magnitudes and angles, such that
the power mismatches Γac,P,i and Γac,Q,i are ideally zero.

First, an initial guess for all the unknown variables is made (typically 1.0 pu for all bus
voltage magnitudes and 0.0◦ for all the voltage angles). Based on this guess, the power
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mismatches are evaluated. Second, the voltage magnitudes and angles are updated based
on: [

|Vac|(k+1)

δ(k+1)

]
=

[
|Vac|(k)

δ(k)

]
− J−1

ac

Γac,P(k)

Γac,Q(k)

 (2.37)

where the Jacobian matrix Jac is formed as

Jac =


∂Γac,P

∂ |Vac|
∂Γac,P

∂δ

∂Γac,Q

∂ |Vac|
∂Γac,Q

∂δ

 (2.38)

The Jacobian matrix elements, as well as the power mismatches, are calculated at each
iteration until the problem converges.

Note that although the same concepts apply to unbalanced ac systems, the problem
becomes much more complicated due to the coupling between different network phases.
Therefore, more attention should be paid to the formulation and solution method in order
to achieve accurate and fast solution. Complete modeling and analysis of unbalanced
networks will be discussed in detail in the following chapters, as the scope of this thesis
is unbalanced hybrid ac/dc microgrids. It is also important to mention that, although
the conventional power flow analysis approaches lay out a basis for the analysis of droop-
controlled microgrids, they cannot be directly implemented in such networks, because they
do not accommodate the microgrids’ distinctive features. Thus, novel modeling and power
flow analysis approaches need to be developed for microgrid applications.

2.5.2 Optimal Power-Flow Analysis

Problem Formulation

Optimal power flow (OPF) analysis aims at optimizing the power system operation based
on one or more defined objectives while satisfying the power flow equations. Therefore, the
power flow equations, given by (2.33) and (2.34), are introduced as equality constraints
to the problem. Other inequality constraints can also be defined as required for proper
and secure operation. Therefore, the problem is formulated as a constrained nonlinear
optimization problem. The solution to the problem consists of a set of control variables,
such as generator settings, load curtailment, and capacitor switching actions [108]–[115].
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The general OPF formulation is represented by:

min F (2.39)

subject to:

g(z) = 0 (2.40)

hmin ≤ h(z) ≤ hmax (2.41)

zmin ≤ z ≤ zmax (2.42)

where F is the objective function, (2.40) defines the equality constraints, (2.41) describes
the set of inequality constraints, with hmin and hmax as the lower and upper bounds,
respectively, and z is the set of control variables bounded by zmin and zmax as the lower
and upper bounds, respectively.

Conventionally, the objective function F can be defined for various objectives, including
but not limited to: minimum cost of operation or minimum shift from optimum, loss
minimization, and minimum cost of new installed devices, such as capacitors. The equality
constraints are the set of nonlinear power flow equations, given by (2.33) and (2.34). The
inequality constraints represent constraints on dependent variables, such as line capacity
limits and reserve margins. The set of control variables primarily include bus voltage
magnitudes and angles, in addition to other state variables, such as transformer taps and
capacitor switching actions. These control variables can be bounded by their physical
limits, such as transformer taps and generation limits. They can also be bounded by
security-based limits, rather than physical ones, such as bus voltage magnitudes and angles.
Note that some of the constraints can be omitted or relaxed depending on the application.

Problem Solution

Many OPF solution methods have been reported in the literature. Some of the reported
methods are summarized below [108]–[115].

• Gradient Methods – Demonstrate slow convergence and often are ineffective for solv-
ing the problem when inequality constraints are introduced.

• Newton’s Method – Exhibits fast convergence, but may encounter convergence issues
when inequality constraints exist.
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• Linear Programming OPF (LPOPF) – Handles the nonlinear objective functions
and constraints by linearizion. It is fully developed and commonly used in the lit-
erature for its good convergence characteristics and its ability to handle inequality
constraints.

• Interior Point Method – One of the most widely used methods for solving OPF
problems due to its relatively fast convergence and capability to handle inequality
constraints.

• Heuristic Methods – Many heuristic techniques have been reported in the literature
for solving OPF problems, such as Genetic Algorithms and Particle Swarm. Although
they are effective in solving OPF, analytic methods, such as the interior point method,
are often preferred for their lower computational cost.

2.6 Thesis Scope and Assumptions

The complete dynamic model of a hybrid ac/dc microgrid can be derived from the de-
tailed system components described in Sections 2.2 to 2.4. This complete model is the
most generic, since it can describe both dynamic and steady-state behaviors of the system.
However, developing such a detailed dynamic model for larger microgrids is cumbersome
due to its high complexity. Furthermore, solving such a complicated model requires enor-
mous memory and time, which can be impractical for larger systems. Therefore, dynamic
modeling and analysis approach is typically limited to smaller systems to investigate their
dynamic stability.

On the other hand, since the main goal of the analysis is to study the steady-state
behavior of a microgrid, simplified steady-state models of the system components can be
used for simpler modeling and faster solution of larger systems. These models ignore the
system dynamics and only represent the steady-state characteristics of different system
components. Although this approach is sufficient for steady-state analysis, it does not
reflect the system dynamic stability, neither at the steady-state operating point nor when
the system transitions from one steady-state operating point to another. The two types
of analyses - dynamic and steady-state - complement one another in the sense that the
dynamic analysis captures the system dynamic response and ensures dynamic system sta-
bility, while steady-state analysis provides a simple and computationally-efficient tool for
fast analysis of larger systems.

It is important to mention that the scope of this thesis is limited to steady-state model-
ing and analysis of standalone unbalanced hybrid ac/dc microgrids. The developed frame-
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work considers only the steady-state characteristics of these microgrids, which facilitates
fast and accurate steady-state analysis of larger microgrids. Nonetheless, the provided
analysis and results do not ensure the microgrid dynamic stability, which requires com-
plete dynamic modeling and analysis of the system. Dynamic system modeling and anal-
ysis are beyond the scope of the thesis. Accordingly, the analysis is performed under the
assumption that all microgrids under study are dynamically-stable considering:

• different microgrid configurations, loading conditions, and DG and IC controller set-
tings,

• communication delays of supervisory controllers, and

• transitions between different stead-state operating points.

2.7 Summary and Discussion

This chapter presented the hierarchical control structures of ac, dc, and hybrid ac/dc
microgrids. For ac and dc microgrids, the primary control level mainly regulates the power
sharing among DGs connected to the same microgrid. It also employs inner current and
outer voltage loops to control the output voltage and current of each DG unit. The typical
autonomous decentralized power sharing scheme for microgrids utilizes droop controllers.
Therefore, frequency and voltage deviations of ac microgrids, as well as voltage deviations
in dc microgrids, are expected under varying loading conditions. Moreover, ac microgrids
implementing Q-V droops suffer from poor reactive power sharing due to different terminal
voltages and impedances of ac DGs. For the same reason, poor active power sharing among
droop-controlled DGs in a dc microgrid is expected, as well.

Secondary controllers utilize slow communication links to attain one or more objectives,
such as regulating the frequency and voltage of ac microgrids at their nominal values, and
regulating the voltage of dc microgrids at its nominal value. Another function that can be
implemented by secondary controllers is to improve the accuracy of power sharing (reactive
power in ac microgrids and power in dc microgrids) among DGs connected to a microgrid.
Tertiary control is the highest level of control and it typically implements small-bandwidth
control loops to connect and control the power trading between a microgrid and external
grids.

For hybrid ac/dc microgrids, ICs may implement different primary control schemes –
depending on the number of ICs – to provide autonomous operation for the microgrid. The
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main goal of the ICs’ active power controller is to transfer power between the ac and dc
subgrids, such that the load is ideally shared among all ac and dc DGs in proportion to
their capacities. In case of a single IC, it forces the per-unit deviations of the ac frequency
and the dc voltage at its terminals to be equal. For multiple ICs, they implement droop
controls to share the power-transfer in proportion to their capacities; however errors are
still expected due to dc voltage dissimilarities at different IC terminals.

Moreover, the chapter reviewed the basic concepts of power flow and optimal power flow
analyses of conventional power systems. The problem formulation and solution methods
were briefly discussed for each type of analysis. Furthermore, it was highlighted that
these methods do not directly apply to steady-state analysis of standalone unbalanced
hybrid ac/dc microgrids due to their distinctive operational characteristics discussed above.
However, combined, the presented background about microgrid control and steady-state
analysis of power systems establish an essential foundation for the steady-state analysis of
hybrid ac/dc microgrids that are developed in the following chapters.
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Chapter 3

A Steady-State Analysis Tool for
Unbalanced Islanded Hybrid AC/DC
Microgrids

3.1 Introduction

In Chapters 1 and 2, it was demonstrated that it is essential to develop comprehensive
steady-state analysis tools for hybrid ac/dc microgrids to allow for accurate and fast power
flow analysis of such microgrids. The developed tools must incorporate the distinctive
microgrid operational features, such as droop control of the ac and dc subgrids, unbalanced
ac subgrid, absence of a slack bus, correlation between ac frequency and dc voltage, and
parallel operation of ICs. For that purpose, this chapter discusses different operational
modes for the DGs and ICs, through extensive DG and load modeling, to solidify the
performed analysis. Furthermore, the globally-convergent NTR method is adopted to
solve the proposed power flow formulation. Through incorporation in benchmark networks,
the proposed power flow algorithm demonstrates accurate steady-state results that match
those of detailed time-domain simulations obtained in PSCAD/EMTDC environment. In
addition, the power flow algorithm is utilized to address the effects of ICs’ settings on DGs’
and ICs’ power sharing, and to inspect unbalanced loading of DG phases.

The remainder of this chapter is organized as follows. Comprehensive modeling of ac
subgrid’s components and power flow equations are presented in Section 3.2. Section 3.3
describes the mathematical models used to represent the dc subgrid. Section 3.4 explains
the autonomous operation of ICs and their steady-state models. Section 3.5 describes the
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incorporation of the presented models in a unified power flow formulation. The accuracy
and significance of the developed power flow algorithm are demonstrated in Section 3.6,
and Section 3.7 concludes the chapter.

3.2 AC Microgrid Modeling

This section addresses the mathematical models of power injection, DGs and loads in an
islanded ac microgrid. Unlike conventional distribution systems, in which the frequency
is constant, the DGs implement power/frequency droop characteristics to proportionally
share the loads in islanded ac microgrids. Thus, the system frequency is an additional
power flow variable. The effect of variable system frequency should be considered in system
modeling, since it alters the network reactance. In this analysis, Carson’s equations and
Kron’s reduction [116] are employed to represent the grounded and ungrounded three-phase
wiring between any two ac buses i and j in a complex impedance format. Therefore, the
series impedance matrix of a feeder connecting nodes i and j, Zabc

ij , is given as:

Zabc
ij =

Zaa
ij Zab

ij Zac
ij

Zba
ij Zbb

ij Zbc
ij

Zca
ij Zcb

ij Zcc
ij

 (3.1)

where the diagonal matrix elements are the feeder’s phase self-impedances, and off-diagonal
elements phase mutual-impedances.

Accordingly, the complex branch voltages V abc
ac,i and V abc

ac,j are related to the complex
branch currents Iabcac,ij in terms of the complex branch admittance matrix, Y abc

ij , as

Iabcac,ij = Y abc
ij (V abc

ac,i − V abc
ac,j) (3.2)

where
Y abc
ij = Zabc

ij

−1
(3.3)

For an arbitrary bus i, the injected complex power of the three phases, Sabcac,i, can be
expressed as

Sabcac,i = V abc
ac,i

(
Iabcac,i,inj

)∗
(3.4)

where Iabcac,i,inj is the sum of the currents of all branches connected to bus i. Substituting
(3.2) in (3.4), the injected active and reactive powers of each phase x ∈ {a, b, c} at bus i
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, P x
ac,i and Qx

ac,i,could be represented as demonstrated in (3.5) and (3.6), where Nac is the
set of ac buses, |V x

ac,i| and δxi are the voltage magnitude and angle at bus i, and |Y xy
ij | and

θxyij are the magnitude and angle of bus admittance matrix entries.

P x
ac,i =

∑
j∈Nac\i

∑
y∈{a,b,c}

∣∣∣V x
ac,i

∣∣∣∣∣∣Y xy
ij

∣∣∣∣∣∣V y
ac,i

∣∣∣ cos(θxyij + δyi − δxi )

−
∣∣∣V x
ac,i

∣∣∣∣∣∣Y xy
ij

∣∣∣∣∣∣V y
ac,j

∣∣∣ cos(θxyij + δyj − δxi )

(3.5)

Qx
ac,i =

∑
j∈Nac\i

∑
y∈{a,b,c}

∣∣∣V x
ac,i

∣∣∣∣∣∣Y xy
ij

∣∣∣∣∣∣V y
ac,j

∣∣∣ sin(θxyij + δyj − δxi )

−
∣∣∣V x
ac,i

∣∣∣∣∣∣Y xy
ij

∣∣∣∣∣∣V y
ac,i

∣∣∣ sin(θxyij + δyi − δxi )

(3.6)

3.2.1 AC Load Modeling

Exponential ac load models presented in (3.7) and (3.8) are employed in this analysis to
describe the load active and reactive powers (P x

ac,L,i and Qx
ac,L,i), since they are flexible in

representing load values at different frequencies and voltage levels.

P x
ac,L,i = P 0,x

ac,L,i

∣∣∣V x
ac,i

∣∣∣α,x (1 +Kx
pf,i∆ω) ∀ x ∈ {a, b, c} (3.7)

Qx
ac,L,i = Q0,x

ac,L,i

∣∣∣V x
ac,i

∣∣∣β,x (1 +Kx
qf,i∆ω) ∀ x ∈ {a, b, c} (3.8)

In (3.7) and (3.8), P 0,x
ac,L,i and Q0,x

ac,L,i are the nominal values of the load active and reactive
powers, respectively, α and β are the active and reactive power exponents, ∆ω is the
frequency deviation, and Kx

pf,i and Kx
qf,i are constants that range from 0 to 2 and 3 to 0,

respectively [117].

3.2.2 AC DG Modeling

It is important to mention that, in a microgrid environment, the majority of DGs are
interfaced with the network via power electronic converters. Three-phase voltage source
converters (VSCs) are typically adopted for this purpose. However, the implemented phys-
ical and control structures define the role and thus the model of each DG [36]. VSCs could
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generally be categorized as current-controlled VSCs (CC-VSCs) and voltage-controlled
VSCs (VC-VSCs). Figure 3.1a depicts the block diagram of a CC-VSC that typically
incorporates an inner current loop, which can typically be implemented using either PI-
controllers in dq reference frame or PR-controllers in αβ reference frame. Furthermore,
an outer power loop sets the reference currents to control the injected active and reactive
powers to the microgrid. The CC-VSC is connected to the point of common coupling
(PCC) through a large coupling inductor to suppress the switching harmonic components.
A phase-locked loop (PLL) is implemented to synchronize the converter operation to the
microgrid’s voltage at the PCC. Since CC-VSCs are considered grid-following converters,
they cannot form the grid voltage. On the other hand, Figure 3.1b demonstrates the
structure and control loops of a VC-VSC operated in droop-control mode. The converter
is interfaced with the microgrid through a low-pass LC filter. The output voltage is tightly
controlled by nested voltage and current control loops, while the output voltage magni-
tude and frequency are set by the outer droop controllers. It is worth noting that the
droop-controlled VC-VSCs form the grid voltage and are therefore considered grid-forming
DGs [76]. Accordingly, simplified steady-state models of DGs adopting different control
schemes can be represented as explained in the following subsections.

Constant-PQ DG without imbalance compensation

This DG implements a CC-VSC in a dq reference frame. Nevertheless, as the controllers
do not deal with the system unbalances, the DG output currents are not balanced and
thus cannot be modeled as a current source. Hence, the power electronic converter be-
haves as a balanced voltage source behind the coupling inductor. Based on the active
and reactive power measurements at the PCC, the voltage magnitude and phase angle
are automatically controlled to maintain prespecified average active and reactive power
injections to the system. This control scheme is considered the simplest for emulating a
PQ bus, but it cannot guarantee either balanced voltages or currents at the PCC. The
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Figure 3.1: Power circuits and control structures of electronically-interfaced DGs in ac
microgrids.

mathematical modeling for this control topology is summarized as

Pac,G,i =
∑

x∈{a,b,c}

P x
ac,G,i (3.9)

Qac,G,i =
∑

x∈{a,b,c}

Qx
ac,G,i (3.10)

P x
ac,G,i = Y x

G,iVac,G,iV
x
ac,i sin(δxV,G,i − δxi ) (3.11)

Qx
ac,G,i = Y x

G,iV
∗
ac,G,iV

x
ac,i cos(δxV,G,i − δxi )− V ∗ac,i

2 (3.12)

δaV,G,i = δbV,G,i +
2

3
π = δcV,G,i −

2

3
π (3.13)

where Vac,G,i and δxV,G,i are the converter output voltage magnitude and angle at phase
x ∈ {a, b, c}, respectively, and Y x

G,i is the DG output admittance. The simple constant PQ
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Figure 3.2: Simplified model of constant PQ AC DG.

topology can be represented as a controlled balanced voltage source behind the coupling
impedance, as depicted in Figure 3.2. Note that the three-phase DG’s reactive power is
defined as the summation of the single-phase reactive powers at the three phases.

Constant PQ DG with imbalance compensation

This control scheme is configured by implementing a current controller with imbalance
compensation, therefore maintaining the output currents balanced under unbalanced ter-
minal voltages. The control scheme still reflects the behavior of a PQ bus, which injects
preset total active and reactive powers, and therefore (3.9) and (3.10) can still describe the
DG’s total power injections. However, since the DG’s control topology maintains balanced
current injections, the phase power injections and current phase angles are described by

P x
ac,G,i = V x

ac,iIac,G,i cos(δxi − δxI,G,i) (3.14)

Qx
ac,G,i = V x

ac,iIac,G,i sin(δxi − δxI,G,i) (3.15)

δaI,G,i = δbI,G,i +
2

3
π = δcI,G,i −

2

3
π (3.16)

where Iac,i and δxI,G,i are the converter output current magnitude and angle at phase x ∈
{a, b, c}, respectively. This DG can, thus, be represented as a controlled current source, as
shown in Figure 3.3.

Constant PV

This control topology replaces the reactive power controller with a voltage controller in
the PQ control topology, as shown in red in Figure 3.1a. Furthermore, the voltage control
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Figure 3.3: Simplified model of constant PQ AC DG with imbalance compensation.(c)
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Figure 3.4: Simplified model of constant PV AC DG.

loop accommodates an imbalance compensation scheme to maintain controlled balanced
voltages at the PCC. This control strategy emulates PV bus behavior, since the DG tightly
controls the injected active power, whereas the reactive power injection adapts to maintain
constant balanced voltages at the PCC. The PV control topology could be represented by
a controlled current source that regulates the voltage magnitude and active power injection
at its terminals, as presented in Figure 3.4. It can be mathematically modeled by (3.9)
to describe the DG’s three-phase active power in addition to the voltage magnitude and
angle equations represented by

V a
ac,i = V b

ac,i = V c
ac,i (3.17)

δai = δbi +
2

3
π = δci −

2

3
π (3.18)
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Figure 3.5: Simplified model of droop-controlled AC DG.

Droop-controlled DGs

This operational scheme is a key strategy for balancing the system loading and generation
in islanded ac microgrids. Given the small installed DG capacities, the DGs share the
responsibility of matching any change in the loading condition within permissible frequency
and voltage deviation limits. Accordingly, some DGs follow droop characteristics given
by (3.19) and (3.20) to collaboratively set the ac network’s frequency and volt-age, thus
attaining proportional active and reactive power sharing among the DGs [67]. The AC
DG’s active and reactive powers (Pac,G,i and Qac,G,i) can therefore be given as:

Pac,G,i = µi(ω0,i − ω) (3.19)

Qac,G,i = ηi(Vac,0,i −
∣∣Vac,i∣∣) (3.20)

In (3.19) and (3.20), ω0,i and Vac,0,i are the no-load reference values for the DG output
frequency and voltage, and µi and ηi are the reciprocals of the DG droop gains. It is worth
mentioning that this model assumes that the DG maintains balanced voltages at the PCC
as previously presented in (3.17) and (3.18). Droop-controlled DGs can be simplified
as controlled balanced voltage sources that autonomously change their output voltage
magnitude and frequency based on their output powers, as illustrated in Figure 3.5.

3.3 DC Microgrid Modeling

This section demonstrates the modeling of dc microgrid components. For a dc subgrid
comprised of a set Ndc of buses, the power injected at any arbitrary bus i ∈ Ndc (Pdc,i) can
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be calculated as
Pdc,i = Vdc,i

∑
j∈Ndc

Vdc,jGij (3.21)

where Vdc,i is the voltage of bus i, and Gij is the conductance matrix element.

3.3.1 DC Load Modeling

In general, constant-resistance, constant-power, and constant-current loads are the main
load types in dc distribution networks. Constant-resistance model match various types of
relays, heaters, and lamps. Constant-power loads are the most dominant because variable
speed drives, dc motors, and dc power supplies demonstrate constant-power characteristic
in a wide range of voltage. However, some motors draw almost the same current over a
wide range of voltage and, thus, constant-current model is the best fit in this case. A
generic model for an aggregated load can be represented as

Pdc,L,i = P 0
dc,L,i + Vdc,iI

0
dc,L,i (3.22)

where P 0
dc,L,i and I0

dc,L,i are the constant-power and constant-current portions of the ag-
gregated load, respectively. It is noteworthy that the constant-resistance portion is not
included in the model because this portion is incorporated directly into the system con-
ductance matrix.

3.3.2 DC DG Modeling

DGs could follow either constant power or droop-based characteristics in a dc microgrid.
Figure 3.6a illustrates the structure of constant-power DGs, for which current-controlled
second-quadrant DC/DC converters are typically implemented if unidirectional power flow
is always intended. The current control is typically realized using a PI-controller that
sets the converter’s duty cycle. The current reference is often set by maximum power
point tracking (MPPT) algorithms, although external set points (red colored) can also be
provided through power controllers in some scenarios.

As in ac microgrids, droop controls can be adopted to enhance power sharing among
DGs in islanded dc microgrids, as illustrated in Figure 3.6b. This topology adopts nested
current, voltage, and droop controllers to autonomously adjust the DG’s output voltage
according to the droop characteristics. This control topology can be realized via two main
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Figure 3.6: Power circuits and control structures of electronically-interfaced DGs in dc
microgrids.
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(b) Droop-controlled DC DG

Figure 3.7: Simplified models of electronically-interfaced DGs in dc microgrids.

control structures – namely, I-V and P-V (integrating red blocks). The droop operational
characteristics are represented as

Pdc,G,i = ϑP,i(Vdc,0,i − Vdc,i) (3.23)

Idc,G,i = ϑI,i(Vdc,0,i − Vdc,i) (3.24)

where Pdc,G,i and Idc,G,i are the DG output power and current, Vdc,0,i is the DG no-load
reference voltage, and ϑP,i and ϑI,i are the droop gains for the DG output power and
current, respectively. Figures 3.7a and 3.7b show the simplified models of constant power
DGs (represented as a controlled current source) and droop-controlled DGs (represented
as an autonomously controlled voltage source), respectively.

3.4 IC Modeling

ICs are essential components that connect ac and dc subgrids in a hybrid microgrid. As
explained in subgrid modeling, droop-based DGs are implemented to share the load power
within a single subgrid. Meanwhile, ICs between the ac and dc subgrids are responsible for
sharing the overall load demand of the hybrid microgrid, regardless of the load location. ICs
realize this objective by transferring active power from lightly loaded subgrids to heavily
loaded ones. It is noteworthy that the relative loading of each sub-grid is inferred through a
different variable depending on the subgrid type, i.e., frequency in ac subgrids and voltage
in dc subgrids. Hence, ICs map these variables into a common normalized range to compare
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the loading levels of unalike subgrids, following

∆ωpu =
ω − 0.5(ωmax + ωmin)

0.5(ωmax − ωmin)
(3.25)

∆Vdc,pu,l =
Vdc,l − 0.5(Vdc,max + Vdc,min)

0.5(Vdc,max − Vdc,min)
(3.26)

where ωmax and ωmin are the maximum and minimum permissible values for the ac subgrid
angular frequency, andVdc,max and Vdc,min are the maximum and minimum allowable volt-
ages in the dc subgrid. In this formulation, the loading conditions are normalized within
the range 1 to 1 for both ac and dc subgrids; however, other normalizing ranges are also
applicable. Hence, a single IC could transfer the appropriate amount of active power to
equalize the normalized values of ∆ωpu and ∆Vdc,pu,l, thus attaining proportional power
sharing between the ac and dc subgrids. Alternatively, if multiple ICs are installed in
the same hybrid microgrid, they employ a droop control scheme that allows active power
sharing among the ICs. This droop scheme is realized by introducing an intentional error
epu between the normalized voltage and frequency, given by

epu,l = ∆ωpu −∆Vdc,pu,l (3.27)

This error is a variable that stimulates the ICs to share the active power transfer propor-
tionally to their capacities according to

Pac,IC,l =
∑

x∈{a,b,c}

P x
ac,IC,l =

epu,l
kl

(3.28)

where Pac,IC,l is the active power injected at the ac-side, and kl is an error coefficient
inversely proportional to the IC capacity. However, proportional power sharing is not
guaranteed if the ICs are installed at different dc buses, because, unlike the ac frequency,
the dc voltage is not a global power flow variable in dc subgrids.

Moreover, the IC could provide reactive power support to the ac subgrid, which is ad-
justed via droop characteristics that function in the average three-phase terminal voltages
while limited by the converter’s capacity [22]. The reactive power Qac,IC,l of an IC, injected
at the ac-side bus i ∈ Nac can therefore be modeled as

Qac,IC,l =
∑

x∈{a,b,c}

Qx
IC,l = ηl(Vac,l,0 −

1

3

∑
x∈{a,b,c}

∣∣∣V x
ac,l

∣∣∣) (3.29)

As shown in Figure 3.8a, ICs implement CC-VSCs with typical converter and control
structures as explained in Section 3.2.2 , thus allowing for power exchange between ac and
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Figure 3.8: Power circuit, control structure, and simplified model of IC in hybrid ac/dc
microgrids.
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dc subgrids. The IC’s ac side is connected and synchronized to the ac subgrid while the dc
terminals are connected to the dc subgrid. The voltages of the ac and dc subgrids are locally
measured at the IC terminals and processed by the power controller to follow (3.25)-(3.29)
in order to set the converter’s active and reactive power references. ICs’ controllers are
assumed to account for ac subgrid’s unbalanced voltages, and therefore they realize active
power exchange and reactive power support by injecting balanced three-phase currents
on the ac side, even with unbalanced terminal ac voltages. Hence, the phase active and
reactive powers of the IC are described by

P x
ac,IC,l = V x

ac,l Iac,IC,l cos(δxl − δxI,IC,l) (3.30)

Qx
ac,IC,l = V x

ac,l Iac,IC,l sin(δxl − δxI,IC,l) (3.31)

δaI,IC,l = δbI,IC,l +
2

3
π = δcI,IC,l −

2

3
π (3.32)

where Iac,IC,l and δxI,IC,l are the converter output current magnitude and angle at phase
x ∈ {a, b, c}, respectively.

To enhance the accuracy of the results, the generic power loss formula for the interlink-
ing converter is adopted in this work [39], [118]:

PIC,loss,l = C0 + C1Iac,IC,l + C2I
2
ac,IC,l (3.33)

where PIC,loss,l is the converter power loss, Iac,IC,l is the injected current at the converter
ac side, and C0, C1 and C2 are the quadratic function coefficients. Figure 3.8b presents
the IC’s simplified model, implying that the IC is realized as a load for one subgrid while
seen as a supply by the other. It is, however, represented as controlled current sources on
both sides.

3.5 Power Flow Formulation

The power flow problem is the comprehensive formulation that defines the steady-state
behavior of the entire system. The problem is formulated by identifying the minimum
number of variables that could represent the system in the steady state. In order to have
a well-defined system, the formulation must incorporate as many mismatch equations as
power flow variables.
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3.5.1 Mismatch Equations in an AC Subgrid

In steady-state analysis, a traditional ac power network could be represented by the values
of the three-phase voltage magnitudes and angles at different buses. These power flow
variables are extended to include the system frequency and additional variables based
on the control strategy of the installed DGs. The active and reactive power balancing
equations for each phase x ∈ {a, b, c} are employed as key mismatch equations for each
bus as

P x
ac,G,i = P x

ac,L,i + P x
ac,i (3.34)

Qx
ac,G,i +Qx

ac,IC,l = Qx
ac,L,i +Qx

ac,i (3.35)

For a DG unit that implements constant PQ control without imbalance compensation,
eight independent variables are defined:

xac,PQ,i = [V abc
ac,i δabci Vac,G,i δaV,G,i]

T
(3.36)

As demonstrated by (3.36), the converter output voltage angles at phases {b, c} are not
included, since the converter voltage is considered balanced. In this case, the eight corre-
sponding mismatch equations are introduced by substituting (3.11) and (3.12) into (3.9),
(3.10), (3.34), and (3.35), respectively. For a DG unit that adopts constant PQ scheme
with imbalance compensation, the following eight independent variables are included in
the problem.

xac, comp,i = [V abc
ac,i δabci Iac,G,i δaI,G,i]

T
(3.37)

Since the injected currents are balanced, the bus angles at phases b,c are dependent
variables (3.18) and thus are not included in the formulation. The corresponding mismatch
equations could be formulated using (3.9), (3.10), (3.34) and (3.35) after substituting the
three-phase active and reactive powers modeled in (3.14) and (3.15). Further, a DG unit
emulating a PV bus introduces only the phase angle of phase {a} voltage as an independent
power flow variable

xac,PV,i = [δaI,G,i]
T (3.38)

The voltage magnitude is not included because it takes a pre-specified value in this control
scheme. The voltage angles at phases {b, c} are not considered due to their dependence
on the voltage angle at phase {a}. Accordingly, the existence of a PV bus is handled by
a single equation which is reached by substituting the injected three-phase active powers
(3.9) into (3.34).
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Moreover, for a droop-based DG, the voltage magnitude and angle at phase {a} repre-
sent the independent power flow variables

xac,droop,i = [V a
ac,i δai ]

T (3.39)

Two corresponding mismatch equations could be defined by substituting the total three-
phase injected active and reactive powers (3.19) and (3.20) into (3.34) and (3.35), respec-
tively. Finally, since the first bus voltage angle at phase {a} is considered the reference
angle (δa1 = 0) while the system frequency is an unknown, the matching is maintained
between the number of power flow variables and that of problem equations.

3.5.2 Mismatch Equations in an DC Subgrid

Compared to ac systems, the steady-state analysis of dc systems is much simpler, as the
voltage values at different buses are sufficient to give a full steady-state representation of a
dc system. Also, the mismatch equation is defined by directly combining the transferred,
load, and generated powers (3.21)-(3.24) into the active power balancing equation (3.40)
regardless of the DG type.

Pdc,G,i + Vdc,G,iIdc,G,i = Pdc,L,i + Pdc,i (3.40)

3.5.3 Mismatch Equations of the Interlinking Converter

For each ac bus connected to an interlinking converter, the power flow variables are aug-
mented by eight variables:

xIC,l = [V abc
ac,l δabci Iac,IC,l δaI,IC,l]

T
(3.41)

To handle these variables, (3.34), (3.35), (3.28) and (3.29) are added to the set of prob-
lem equations after substituting the three-phase active and reactive powers, as stated in
(3.30) and (3.31). It is noteworthy that the active power injected at the dc-side is not an
independent power flow variable, and is therefore not included in the problem, since it is
a function of the active power injected in the ac-side as:

Pdc,G,l = −Pac,IC,l + PIC,loss,l (3.42)
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3.5.4 Newton-Trust Region

A set of non-linear equations representing the power flow problem is traditionally solved
based on well-known Newton Raphson (NR) algorithms. In general, NR approaches il-
lustrate quadratic rate of convergence in solving nonlinear problems. However, due to
different factors associated with the power flow problem in unbalanced distribution sys-
tems, the NR algorithms may confront many challenges. Unlike transmission systems,
distribution networks are characterized by predominantely resistive feeders in addition to
the need of sparse Jacobian matrix inversion [28], [119]. Furthermore, with the added
complexity associated with the integration of dc networks and their interactions with the
unbalanced ac subgrid, the conventional NR methods could encounter further convergence
issues. Accordingly, NR techniques may fail to successfully solve the power flow problem
of the type of microgrid under investigation even with a flat start. This phenomenon is
attributed to the narrow region of attraction while solving the formulated problem for such
systems. In addition, the absence of a slack bus results in an operational state close to the
boundary between the unsolvable and solvable regions. In this chapter, a Newton-Trust
Region (NTR) approach is introduced, as an alternative, to avoid the common drawbacks
of the NR methods. Trust-Region methods are considered effective, albeit simple, tools
for solving larger-scale optimization problems and different sets of nonlinear equations.
Furthermore, NTR approaches illustrate a quadratic rate of convergence similar to NR
algorithms [120]; however, they belong to the gradient descent family, which guarantees
conversion to the solution if it exists.

The set of nonlinear equations modeling the steady-state behavior of the islanded net-
work can be formulated as a minimization problem:

min



F1(X) = f1(X)− A1

...

Fi(X) = fi(X)− Ai
...

Fn(X) = fn(X)− An

(3.43)

whereFi(X)(i = 1, 2, · · · , n) represents a set of equations that describe the network, fi(X)
and Ai are the variable dependent and independent terms, respectively, and n is the number
of variables. The proposed NTR algorithm starts by assuming an initial guess X0 for the
network variables. Then, at each iteration k, the algorithm calculates the suitable change
in variables ∆k that maintains Fi(Xk + ∆k) < Fi(Xk). For this purpose, the original
function Fi(Xk) is approximated by a quadratic function F̃i|k(Xk) that demonstrates a
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 Figure 3.9: The power flow algorithm using NTR.

similar behavior in the neighborhood of Xk and within a ball, a trust region, defined by a
radius rk:

F̃i|k(Xk) = Fi(X) + ∆T
k∇Fi(Xk) +

1

2
∆T
k∇2Fi(Xk)∆k (3.44)

where ∇Fi(Xk) and ∇2Fi(Xk) are the Jacobian and Hessian of the original function Fi at
Xk. Thus, ∆k is solved as the minimizer of F̃i|k within the trust region:

min F̃i|k(Xk) subject to ‖∆k‖ < rk (3.45)

The presentation of (3.45) is the standard form for the NTR algorithm. The solution
mechanism of this representation includes two main steps: solving ∆k and updating rk.
Both steps are explained in detail in the following subsections while Figure 3.9 highlights
the steps of the proposed power flow in light of the NTR method.
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Updating variables (Dogleg Method)

Using the Lagrangian Function, (3.46) can be solved in terms of a Lagrantian multiplier
Λ ≥ 0 [121]:

(∇2Fi(Xk) + ΛI)∆∗k = −∇Fi(Xk) (3.46)

If the solution lies inside the trust region, i.e., ‖∆k‖ > rk, then Λ = 0 and the problem is
a simple unconstrained minimization:

∆∗k = (∇2Fi(Xk))
−1 −∇Fi(Xk) (3.47)

Otherwise, the optimum solution can be calculated as

∆∗k = −(∇2Fi(Xk)) + ΛI
−1 −∇Fi(Xk) (3.48)

Estimating Λ can be achieved through Dogleg method which is efficient and entails low
computational cost. Dogleg method approximates the function ∆k() by a piecewise linear

polygon ˜∆(τ):

˜∆(τ) =

{
τ∆u 0 ≤ τ < 1

∆u + (τ − 1)(∆∗ −∆u) 1 ≤ τ ≤ 2
(3.49)

Updating the trust regions radius

The quality of the approximated function, F̃i|k, in representing the original function, Fi, is
the factor that determines the trust region radius rk. The quality of the approximation is
represented by ratio σk calculated as:

σk =
Fi(Xk)− Fi(Xk + ∆k)

F̃i|k(0)− F̃i|k(Xk)
(3.50)

High values of σk, i.e., σk ≥ 0.09, reflects the good behavior of F̃i|k, and thus the trust
region is expanded (rk+1 = 2rk) and the solution is updated (Xk+1 = Xk + ∆k). For
moderate values of σk, i.e., σk ∈ [0.01, 0.09], F̃i|k is considered satisfactory and the solution
is updated (Xk+1 = Xk + ∆k), yet without changing the trust region radius (rk+1 = rk).
Finally, if σk is found to be low, i.e., σk < 0.01, F̃i|k is not trusted to represent Fi within the
radius. Accordingly, the trust region rk is reduced to half and the new solution is rejected
in this iteration (Xk+1 = Xk).
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It is worth mentioning that for each iteration, the active and reactive powers of DGs
and ICs are calculated. If the output power of a droop-controlled DG exceeds its capacity
limit, it is fixed at the maximum value, and the droop equations are overriden. Similarly,
ICs’ powers follow (3.28) and (3.29) only until they hit their maximum values. It is also
noteworthy that the IC’s active power transfer is given priority over its reactive power
injection, which means that the reactive power limit depends on the available capacity
after meeting the active power exchange requirements.

3.5.5 Initialization Procedure

For iterative solution methods, the initial variable assignment (i.e., the initial guess X0)
plays a vital role in the problem convergence. Typically, a flat start (i.e., the case with all
bus voltages set to 1.00∠0.0◦ pu) is utilized in balanced ac power flow algorithms, where
the voltage magnitudes and angles are the unknown independent variables. On the other
hand, the proposed algorithm solves for the three phase voltages of the ac subgrid’s buses,
the ac subgrid’s frequency, the dc subgrid’s voltages, and the ICs’ currents/powers. In
the proposed algorithm, a three-phase flat start is initially assigned to all ac buses (i.e.,
V a
ac,i = 1.0∠0.0◦ pu, V b

ac,i = 1.0∠ − 120.0◦ pu, and V c
ac,i = 1.0∠120.0◦ pu) while the ac

subgrid’s frequency is set to 1.0 p.u. The dc voltages are all set to 1.0 pu Furthermore,
the ICs’ active powers are initiated at zero values, which implies that the ICs’ current
magnitudes and angles are initially set to zero as well.

3.6 Case Studies

3.6.1 Model Validation

The accuracy of the power flow algorithm was verified through comparing its results with
the steady-state results of detailed time-domain simulations performed in PSCAD/EMTDC
software. This analysis was performed on a hybrid microgrid that combines ac and dc mi-
crogrids studied in [67], [122], respectively. Figure 3.10 shows the schematic diagram of the
system under test. The subgrids have been deliberately selected with relatively small sizes
to be suitable for time-domain simulations. The unbalanced behavior of the ac subgrid is
provoked by replacing the loads defined in [67] with unbalanced constant PQ loads at buses
1 and 3. Two different operational scenarios are considered to highlight the generality and
applicability of the presented models and the proposed power flow approach.
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Figure 3.10: Test microgrid#3.1.

In the first operational scenario, the installed DGs in the ac subgrid are identical droop-
based units with active power rating of 0.5 p.u, each. Similarly, two 0.25 p.u. droop-based
DGs are placed at buses 1 and 3 of the dc subgrid. Two ICs connect buses 5 and 2 in the
ac and dc subgrids, respectively, to allow power transfer/sharing between the two subgrids
with an error coefficient kl of 0.1 p.u. Table 3.1 presents the steady-state results obtained
from the proposed algorithm and the detailed time-domain simulation. The results indicate
close agreement, with errors smaller than 4.7× 10−4 pu and 2.8× 10−4 rad for the voltage
magnitudes and phase angles, respectively. These results highlight the high accuracy of the
proposed modeling approach when used in unbalanced islanded hybrid ac/dc microgrids.
It is worth mentioning that without power exchange between the subgrids, the ac subgrid
incurs a higher loading ratio of 75% compared to 20.6% for the dc subgrid. However,
with the frequency and voltage coupling principle in (3.28), the ICs equally share a total
power transfer of 0.1497 p.u., yielding loading ratios of 59.8% and 56.8% in the ac and
dc subgrids, respectively. Equal power sharing between the two ICs is achieved, since
they are connected to the same dc bus, and therefore both measure the same dc voltage.
Meanwhile, the approximate equality of the subgrid loading ratios is attained due to the
system’s small size. However, in larger-scale microgrids, the ICs power-sharing performance
is quite different where a number of ICs connect various buses of the two subgrids. Thus,
it should be given more attention, as discussed in Section 3.6.3.
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Table 3.1: Validation results of test microgrid#3.1 (all DGs implement droop control)

P
S
C

A
D
\E

M
T

D
C

AC |V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc DC Vdc

Bus# (pu) (rad) (pu) (rad) (pu) (rad) Bus# (pu)

1 1.0074 0.0000 1.0038 −2.0957 0.9998 2.0907 1 0.9917
2 1.0124 −0.0011 1.0114 −2.0978 1.0105 2.0874 2 0.9904
3 1.0117 −0.0137 1.0113 −2.1086 1.0099 2.0800 3 0.9945
4 1.0215 0.0067 1.0215 −2.0876 1.0215 2.1011 4 0.9897
5 1.0194 0.0015 1.0181 −2.0962 1.0171 2.0880 5 0.9887
6 1.0142 −0.0134 1.0142 −2.1078 1.0142 2.0810

Pac,IC = 0.1501 pu

P
ro

p
o
se

d
m

e
th

o
d

AC |V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc DC Vdc

Bus# (pu) (rad) (pu) (rad) (pu) (rad) Bus# (pu)

1 1.0070 0.0000 1.0042 −2.0958 1.0001 2.0908 1 0.9919
2 1.0128 −0.0010 1.0118 −2.0977 1.0102 2.0875 2 0.9904
3 1.0118 −0.0138 1.0110 −2.1084 1.0098 2.0801 3 0.9946
4 1.0216 0.0069 1.0216 −2.0874 1.0216 2.1013 4 0.9894
5 1.0192 0.0012 1.0185 −2.0962 1.0174 2.0881 5 0.9889
6 1.0141 −0.0134 1.0141 −2.1078 1.0141 2.0810

Pac,IC = 0.1497 pu

In the second operational scenario, the DG units implement a mix of control strategies.
This scenario is performed by changing the control strategy of the AC-DG2 to a constant
PQ DG unit with current imbalance compensation (Pac,G2 = 0.4 pu, QG2 = 0.3 pu), and
DC-DG2 to a constant power DG (Pdc,G2 = 0.1) pu, respectively. The results, shown
in Table 3.2, confirm the good match between the proposed algorithm solution and the
PSCAD/EMTDC output results, with a maximum error of 4.4 × 10−4 pu and 2.6 × 10−4

rad for the voltage magnitudes and phase angles, respectively. Therefore, the presented
DG models and the proposed power flow algorithm can be utilized to analyze larger and
more complicated systems, with high accuracy.
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Table 3.2: Validation results of test microgrid#3.1 (DGs implement mixed control schemes)

P
S

C
A

D
\E

M
T

D
C

AC |V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc DC Vdc

Bus# (pu) (rad) (pu) (rad) (pu) (rad) Bus# (pu)

1 1.0202 0.0000 1.0155 −2.1027 1.0079 2.0723 1 0.9978
2 1.0350 0.0063 1.0277 −2.1068 1.0164 2.0524 2 0.9964
3 1.0749 0.0094 1.0648 −2.1105 1.0490 2.0368 3 0.9994
4 1.0291 0.0010 1.0291 −2.0939 1.0291 2.0952 4 0.9955
5 1.0332 0.0191 1.0286 −2.0976 1.0200 2.0542 5 0.9948
6 1.0796 0.0082 1.0693 −2.1121 1.0538 2.0351

Pac,IC = 0.0314 pu

P
ro

p
o
se

d
m

e
th

o
d

AC |V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc DC Vdc

Bus# (pu) (rad) (pu) (rad) (pu) (rad) Bus# (pu)

1 1.0204 0.0000 1.0156 −2.1028 1.0080 2.0724 1 0.9976
2 1.0351 0.0061 1.0279 −2.1064 1.0164 2.0523 2 0.9963
3 1.0751 0.0096 1.0649 −2.1106 1.0491 2.0366 3 0.9993
4 1.0291 0.0007 1.0291 −2.0937 1.0291 2.0951 4 0.9953
5 1.0333 0.0192 1.0283 −2.0978 1.0202 2.0543 5 0.9948
6 1.0799 0.0083 1.0697 −2.1120 1.0541 2.0351

Pac,IC = 0.0314 pu
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Figure 3.11: Test microgrid#3.2.

3.6.2 Effect of the Starting Point on Power Flow Convergence

As mentioned in Section 3.5.5, the starting point directly affects the power flow conver-
gence. Therefore, this case study examines the proposed algorithm’s convergence against
changes in the starting point from the default values. This behavior is analyzed by incorpo-
rating the proposed steady-state models in a larger-scale hybrid microgrid. The microgrid
under study is formed by connecting an unbalanced 25-bus ac subgrid [39] to a 7-bus dc
subgrid [23], as shown in Figure 3.11.

The starting point of each variable group (i.e., ac voltages, dc voltages, ac frequency,
and ICs’ currents) were gradually changed, and the number of iterations needed to attain
convergence for each case was accordingly recorded in Table 3.3. It is worth mentioning
that only one variable group is changed at a time while the other groups are maintained at
their default values. The results show that the algorithm convergence is most sensitive to
the ac voltage starting point. However, it is fairly robust over a range of 35% around the
rated value. On the other hand, the initial ac frequency guess has an insignificant effect on
the solution convergence, even when it is set to zero. Furthermore, the starting dc voltage
only affects the problem convergence at very low values, and leads to solution divergence
as it approaches zero. Finally, as the ICs are initially set at any value within the ICs’
rating of 0.25 pu in either direction, the algorithm is still able to converge with minimal

68



Table 3.3: Convergence results of test microgrid#3.1

Vac,0 #iter.
ω0 #iter.

Vdc,0 #iter.
PIC,0 #iter.

(pu) (pu) (pu) (pu)

1.25 Diverge 2.0 6 2.0 5 0.25 4
1.20 5 1.8 4 1.8 5 0.20 4
1.15 5 1.6 4 1.6 4 0.15 4
1.10 4 1.4 4 1.4 4 0.10 4
1.05 4 1.2 4 1.2 4 0.05 4
1.00 4 1.0 4 1.0 4 0.00 4
0.95 4 0.8 4 0.8 5 −0.05 3
0.90 4 0.6 4 0.6 5 −0.10 3
0.85 5 0.4 4 0.4 12 −0.15 3
0.80 Diverge 0.2 5 0.2 12 −0.20 3
0.75 Diverge 0.0 6 0.0 Diverge −0.25 3

number of iterations. It is also observed that the number of iterations decreases when the
ICs’ active powers are initially set in the same direction (negative direction in this case)
as their final values. Therefore, the proposed algorithm can generally be considered stable
against initial point variations.

3.6.3 Active Power Sharing among ICs in Large-Scale Microgrids

According to [26], multiple ICs could be installed to increase system reliability. The im-
plementation of (3.28) could maintain near-equal loading conditions at individual subgrids
with the introduction of low error coefficient kl. However, the ICs’ active power transfer
may differ based on the dc bus voltages at which the ICs are installed and the error coeffi-
cients kl of the ICs. It is worth mentioning that the two subgrids of test microgrid#3.2 are
interlinked through two identical ICs, thus having the same kl, but installed at two differ-
ent locations. The analysis can be better understood by referring to Figures 3.12 and 3.13,
which depict the effect of changing kl on the subgrids’ percentage loadings, defined by
(3.51), and the active power transfer through the ICs, respectively.

Subgrid′s Percentage Loading =

∑
i=1,2,··· PG,i∑
i=1,2,··· P

max
G,i

× 100 (3.51)
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l

Figure 3.12: Subgrids’ loading conditions under different error coefficients.

l

Figure 3.13: ICs’ active power transfer under different error coefficients.

In (3.51), PG,i is the total active-power output of the DG (ac or dc) and Pmax
G,i the active-

power capacity of the DG (ac or dc).

As demonstrated in Figures 3.12 and 3.13, there is a trade-off between the sharing
accuracy of the overall system loading between the ac and dc subgrids and the sharing
accuracy of the power transfer between the ICs. Lower values of kl lead to more even
sharing of overall system loading between the ac and dc subgrids, as depicted in Figure 3.12.
However, the plots in Figure 3.13 demonstrate that smaller error coefficient kl results in
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increased mismatch between the ICs’ active power transfers. For instance, although the
total power transfer from the ac system to the dc system approaches the optimum value
when kl is less than 1.3 p.u. (red shaded area), a hunting problem emerges (i.e., IC1 injects
active power to the ac-side, while IC2 injects active power to the dc-side). On the other
hand, high values of kl result in more even sharing of the active power transfer through the
two ICs. However, less total active power is transferred to the heavily loaded dc subgrid in
this case, thereby resulting in unequal loading of the subgrids. The optimal choice of IC
locations, sizes, and parameters is a challenging point of research that may enable robust
behavior of hybrid microgrids under different loading conditions.

3.6.4 The imbalance Effect on DG Phase-Loading

This case study highlights the importance of analyzing the unbalanced powers of DG phases
in islanded hybrid microgrids. First, it is important to recall that droop-controlled DGs are
introduced to increase system reliability by distributing load transients among all DGs. To
minimize overall system operational cost, DG droop settings could be individually adjusted
to dispatch the DG output powers [31]. This approach leads to higher loading of low-cost
units compared to high-cost ones. According to models provided in [39], once the DG
hits its maximum apparent-power limit, it switches to constant-PQ mode and maintains
balanced voltages at its terminals. Although this model may be employed for steady-
state studies of balanced microgrids, it cannot be generalized when analyzing unbalanced
systems.

The aforementioned claim could be verified by applying the DG models of [39] while
increasing the no-load reference values of one DG unit in test microgrid#3.2. In this
example, the no-load reference values of AC-DG3 are increased, assuming it has the lowest
operational cost. The apparent power of its phases as well as the total three-phase loading,
defined by (3.52), would then be considered with the increase of the system ac loading.

Loading (%) =



Sxac,G,i

Sph,maxac,G,i

· · · (1− ph)

∑
x∈{a,b,c} S

x
ac,G,i

3Sph,maxac,G,i

· · · (3− ph)

(3.52)

In (3.52), Sxac,G,i and Sph,maxac,G,i are the output phase apparent-power and the phase apparent-
power capacity of the AC-DG, respectively. To control the ac loads, a loading factor λ is
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Figure 3.14: Loading percentage of AC-DG3 phases at different loading factors.

introduced such that
Sac,L,i = λSac,L,base,i (3.53)

where Sac,L,i and Sac,L,base,i are the actual and base apparent powers of ac load i.

As demonstrated in Figure 3.14, as the loading factor increases above 0.76, the apparent
power of phase {c}, Scac,G, exceeds the phase capacity limit, while the overall DG loading
is still below the DG’s total three-phase capacity. At a loading factor of 1.08, AC-DG3
reaches its full-load three-phase capacity; however, phase {c} is overloaded by 13.28% due
to the ac subgrid’s unbalanced loading. Moreover, the figure shows that for loading factors
beyond 1.08, the droop-controlled DG switches to constant PQ mode to maintain the
total DG power at its three-phase capacity limit. In general, exceeding the single-phase
capacity of a DG unit has a severe impact on the power electronic converter. Therefore,
the operation at high loading factors (e.g., loading factor higher than 0.76 in the case
under study) is critical for electronically-interfaced DGs. Further research efforts should
be conducted to develop advanced control schemes that accommodate unbalanced loading
over the DG phases.

At the system level, injecting reactive power via ICs could replace a portion of the
reactive power supplied by the AC DGs, thus relieving the stressed generation units. Fig-
ure 3.15 illustrates the percentage loading of phase {c} of AC-DG3 for different reactive-
power droop gains ηl for the installed ICs. It is observed that for ηl = 1.0, the loading factor
λ can be increased up to 1.2 without overloading the DG’s phase, whereas for ηl = 0.0 (i.e.,
no reactive power injection), the subgrid’s load cannot be safely increased beyond 0.76, as
the DG’s phase loading exceeds its limit. In other words, increasing the reactive power
droop gains implies more reactive power injection by the ICs, which enhances the system
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Figure 3.15: Loading percentage of AC-DG3 phases at different loading factors.

loadability. However, proper selection of the IC droop gains is necessary in order to avoid
excessive reactive power injection by the ICs that may cause the AC DGs to operate at
leading power factors.

3.7 Conclusions and Discussion

The sophisticated operational philosophy of islanded hybrid ac/dc microgrids entails a
convenient steady-state tool for analyzing such evolving paradigm. Unlike grid-connected
systems, islanded hybrid microgrids employ variables, yet linked, ac frequency and dc
voltage to attain autonomous power sharing among ac and dc DGs. The lack of reported
power flow methods that are capable of analyzing unbalanced hybrid ac/dc microgrids
urged the development of a generic analysis tool that incorporates their modern operational
aspects.

Accordingly, in this chapter, a novel power flow algorithm has been developed. The
algorithm incorporates the models of different system components in phase coordinates,
while considering various control schemes under unbalanced conditions, using the glob-
ally convergent NTR method. Time-domain simulations have been conducted to validate
the accuracy of the introduced algorithm. In addition, the precision and effectiveness of
the proposed analysis tool has been further verified by comparing the presented method’s
results with those of other methods reported in the literature. Furthermore, the robust
convergence characteristics of the proposed approach have been confirmed by using dif-
ferent starting points. The algorithm was henceforth employed in different case studies
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to highlight technical challenges confronting autonomous operation of hybrid microgrids.
The first case demonstrated the effect of IC droop settings on power-sharing accuracy;
the results revealed a trade-off between the load-sharing precision between the ac and dc
subgrids, and the power-exchange sharing accuracy among ICs. Furthermore, the second
case signified the importance of considering the critical effect of unbalanced operation on
droop-controlled DGs. Additionally, the relieving impact of ICs’ reactive power support
on ac DGs was thoroughly discussed via the second case. The main merit of the pro-
posed work, with respect to the approaches reported in the literature, is that it provides a
generic platform that can be used for investigations on planning and operation of hybrid
droop-controlled microgrids with unbalanced ac networks. Furthermore, it can be applied
to more complicated systems comprising multiple interconnected ac and dc subgrids, with
high accuracy of results.
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Chapter 4

A Novel Adaptive Power Routing
Scheme to Maximize Loadability of
Islanded Hybrid AC/DC Microgrids

4.1 Introduction

As concluded in Chapter 2, the unbalanced operation of the ac subgrid in islanded hybrid
ac/dc microgrids poses restrictions on loading of the microgrid, which directly affects the
microgrid loadability. Taking into consideration the limited energy resources in islanded
microgrids, allowing maximum use of the available resources becomes of great interest for
microgrid planning and operation. Accordingly, this chapter thoroughly investigates the
effect of unbalanced loading on the microgrid loadability and the necessity of load shedding
under heavy loading conditions of autonomously-controlled microgrids. Furthermore, it
explains the shortfalls of conventional supervisory controller in avoiding load shedding at
heavily loaded phases. Thus, a novel adaptive power routing (APR) scheme is proposed to
permit power routing among the unbalanced ac subgrid phases. The proposed APR scheme
is incorporated into an optimal power flow (OPF) algorithm, which is executed through a
supervisory controller with minimal communication requirements. The effectiveness of the
proposed approach is verified through multiple case studies.

The remainder of the chapter is organized as follows: Section 4.2 provides a brief
description of the imbalance problem in islanded microgrids. The proposed APR strategy
is introduced in Section 4.3. Section 4.4 provides detailed steady-state models of the ac
and dc subgrids and the ICs. In Section 4.5, the complete formulation of the proposed
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APR-based OPF algorithm is presented in detail. Section 4.6 elaborates on the tackled
problem and validates the proposed algorithm via several case studies, and Section 4.7
concludes the chapter.

4.2 Problem Description

Microgrids can be considered as electric regions with significant generation that could
contribute to supplying the local power demand. Among the numerous features that
microgrids should acquire, reliability, efficiency and resilience are the most salient. The
reliability aspect is realized through sustaining power delivery to the local critical loads
under system outages (i.e., disconnection from the utility grid). In balanced three-phase
microgrids, the entire local loads could be served if the distributed generation satisfies

Nac,DG∑
i=1

Pmax
ac,G,i ≥

Nac,L∑
j=1

Pac,L,j +

Nac,F∑
k=1

Pac,loss,k (4.1)

Nac,DG∑
i=1

Qmax
ac,G,i ≥

Nac,L∑
j=1

Qac,L,j +

Nac,F∑
k=1

Qac,loss,k (4.2)

where Pmax
ac,G,i and Qmax

ac,G,i are the active and reactive power capacity of the ith DG, Pac,L,j
and Qac,L,j the active and reactive powers of the jth load, Pac,loss,k and Qac,loss,k active and
reactive power losses in the kth line, and Nac,DG, Nac,L, and Nac,F the total number of DGs,
loads, and system feeders, respectively. If the aforementioned power adequacy constraints
are not met, some of the uncritical loads have to be shed to maintain feeding of the critical
ones.

On the other hand, in unbalanced three-phase microgrids, conditions (4.1) and (4.2)
are not sufficient to represent the system’s power adequacy criteria. In general, unbalanced
loading is an intrinsic feature of ac microgrids due to the existence of single-phase loads.
Furthermore, the network may comprise both three-phase and single-phase DGs. Although
single-phase DGs typically have smaller ratings, their high penetration can result in signif-
icant generation capacity imbalance among the microgrid phases. This highly-unbalanced
nature of the network imposes more challenges on the steady-state operation of the system
in islanded mode of operation. Although the total installed DG capacity could be greater
than the total three-phase demand and losses, the generation capacity of one phase may
not be sufficient to supply the total demand connected to the same phase. This problem
is anticipated to arise in heavily-loaded microgrids that normally import power from the
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utility grid in grid-connected mode. In an islanding event, the total local generation could
be critically sufficient to supply the total local loads, but insufficient to meet each phase’s
demand. Considering the structure of ac microgrids, the aforementioned power adequacy
criteria can only be generalized if complemented by the single-phase adequacy criterion

Nac,DG∑
i=1

Sph,maxac,G,i ≥
Nac,L∑
j=1

Sxac,L,j +

Nac,F∑
k=1

Sxac,loss,k ∀ x ∈ {a, b, c} (4.3)

where Sph,maxac,G,i is the phase apparent power capacity of the ith DG, Sxac,L,j the phase ap-
parent power demand of the jth load, and Sxac,loss,k the phase apparent power loss of the
kth distribution feeder. It is noteworthy that the apparent power is considered for the
single-phase adequacy criterion rather than active or reactive powers. This criterion is
used because the active and reactive power capacities of DGs are defined for the three
phases combined, whereas the single-phase power limits are defined by the DG phase cur-
rent/apparent power capabilities.

Moreover, droop controllers are typically adopted in microgrids to realize proportional
active and reactive power sharing among DG units. The droop control in ac microgrids is
achieved by defining

ω = ω0,i −mp,iPac,G,i (4.4)∣∣Vac,i∣∣ = Vac,0,i −mq,iQac,G,i (4.5)

where ω and ω0,i are the DG output and no-load angular frequencies,
∣∣Vac,i∣∣ and Vac,0,i the

DG output and no-load voltages, mp and nq the active power and reactive power droop
gains, and Pac,G,i and Qac,G,i the total DG output active and reactive powers, respectively.
It is noteworthy that Pac,G,i and Qac,G,i are the total active and reactive powers over the
three phases of the DG unit. Therefore, if one phase of the DG unit is overloaded while the
other two phases are not, the total DG power would conventionally be considered within
limits. However, unlike conventional machine-based generators, overload capabilities of
electronically-interfaced DGs are considerably limited [123]. Hence, a rather insignificant
overload on one of the DG phases may result in the unit outage, and eventually microgrid
collapse.

Load shedding is typically applied to relieve overloaded power systems to avert black-
outs. Thus, shedding loads on overloaded phases could sustain the microgrid operation.
Nonetheless, in the process, the customers’ service reliability will be compromised. This
chapter presents a novel APR scheme that utilizes the connection between the ac and dc
subgrids to dynamically maximize the hybrid microgrid loadability under islanded mode of
operation. A detailed description of the proposed method is explained in the next section.
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4.3 Proposed Adaptive Power Routing Scheme

In hybrid ac/dc microgrids, the power flow between the ac and dc subgrids is typically
realized through three-phase bidirectional ICs, thereby sharing the total load among all
the DGs connected to both subgrids. The autonomous operation at the primary level of
multiple ICs is attained by adopting droop controllers described by (4.6)-(4.9) for the lth
IC [26].

∆ωpu =
ω − 0.5(ωmax + ωmin)

0.5(ωmax − ωmin)
(4.6)

∆Vdc,pu,l =
Vdc,l − 0.5(Vdc,max + Vdc,min)

0.5(Vdc,max − Vdc,min)
(4.7)

Pac,IC,l = γl(∆ωpu −∆Vdc,pu,l) (4.8)

Qac,IC,l =

{
ηl(Vac,l,0 −

∣∣Vac,l∣∣) if Pac,IC,l ≤ 0

0 if Pac,IC,l > 0
(4.9)

In (4.6)-(4.9), ∆Vdc,pu,l is the per-unit dc voltage deviation, Vdc,l the dc voltage at the
IC’s terminals, Vdc,max and Vdc,min the maximum and minimum allowed voltages of the dc
subgrid, respectively, ∆ωpu the per-unit angular frequency deviation of the ac subgrid,ωmax
and ωmin the maximum and minimum permissible angular frequencies of the ac subgrid,
respectively, Pac,IC,l the three-phase active power transfer between the two subgrids, Qac,IC,l

the three-phase reactive power injected by the IC, γl and ηl the active- and reactive power
coefficients, respectively, Vac,l,0 the nominal ac subgrid voltage, and

∣∣Vac,l∣∣ the ac voltage
magnitude at the IC’s terminals. However, this control scheme realizes balanced power
transfer through the three phases of the ICs, thus restricting the ICs to balanced operation.
It is worth mentioning that according to (4.9), ICs can provide reactive power support only
if active power is transferred from the dc to ac subgrids, implying that the local loading of
the ac subgrid is relatively higher than that of the dc one [23], [26]. However, it could be
beneficial to permit reactive power injection to support the ac subgrid even if the active
power flows in the opposite direction.

In the proposed APR scheme, independent control of IC phases is considered. Hence,
additional functionalities and auxiliary services can be provided through the links between
the two subgrids. Many converter topologies and control schemes can be adopted to real-
ize the connection between typical four-wire-ac and dc subgrids. For instance, three-phase
four-leg voltage-source converters (VSCs) can provide compact transformer-less connec-
tions, while three-phase three-leg VSCs with delta/wye transformer is advantageous in
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regard to voltage-level flexibility. Moreover, single-phase topologies can be adopted to
flexibly provide interconnections at different locations of the hybrid microgrid, especially
if the ac subgrid contains single- and/or two-phase laterals. Different configurations can
be adopted in the same hybrid microgrid depending on various economic and technical
aspects. It is worth mentioning that the proposed APR scheme is applicable to different
system configurations [124]. In this study, three-phase three-leg ICs are assumed to be
interfaced with the ac subgrid through delta/wye transformers.

4.3.1 Proposed IC Primary Control

At the IC primary control level, droop controls are still adopted to realize decentralized
power sharing. However, the active power references of each phase are set independently.
Furthermore, to provide reactive power support to the ac subgrid under heavy loading
conditions, the reactive power injection to the ac subgrid is always allowed. Eliminating
the restrictions on reactive power injection provides an additional degree of freedom to
the microgrid supervisory controllers, thus allowing both active and reactive power rout-
ing. Reformulating (4.6)-(4.9) and applying the proposed changes, the IC’s phase droop
characteristics are obtained as

P x
ac,IC,l = γl(ω

′ − V ′

dc,l − εp) ∀ x ∈ {a, b, c} (4.10)

Qx
ac,IC,l = ηl(Vac,l,0 −

∣∣∣V x
ac,l

∣∣∣) ∀ x ∈ {a, b, c} (4.11)

where

ω
′
=

ω

0.5(ωmax − ωmin)
(4.12)

V
′

dc,l =
Vdc,l

0.5(Vdc,max − Vdc,min)
(4.13)

εp =
Vdc,max + Vdc,min
Vdc,max − Vdc,min

− ωmax + ωmin
ωmax − ωmin

(4.14)

Equation (4.11) implies that more reactive power will be injected to the ac subgrid phases
with lower voltage magnitudes, thereby partially compensating for voltage (and reactive
power) imbalance on the ac side.

4.3.2 Supervisory Control and Adaptive Power Routing

A secondary control layer with low communication requirements is introduced to attain
more complex operational objectives. The supervisory controller communicates two control
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Figure 4.1: Graphical illustration of the proposed APR scheme.

signals δεxp and δεxq to the ICs’ droop controllers in order to bias their active and reactive
reference powers, respectively. Integrating the secondary signals into (4.10) and (4.11), the
droop control equations can be rewritten as

P x
ac,IC,l = γl(ω

′ − V ′

dc,l − εp + δεxp) ∀ x ∈ {a, b, c} (4.15)

Qx
ac,IC,l = ηl(Vac,l,0 −

∣∣∣V x
ac,l

∣∣∣+ δεxq ) ∀ x ∈ {a, b, c} (4.16)

Since the supervisory controller can bias the active and reactive power references of each
phase individually, the power can be routed between the ac subgrid phases, as shown in
Figure 4.1. In this case, the dc subgrid does not act only as an autonomous subgrid inter-
faced with the ac side in a hybrid structure, but also represents a dc energy pool providing
an interfacing medium between the ac subgrid phases [125]. It is worth mentioning that the
power routing can occur through different legs of three-phase converters, or via single-phase
ICs connected at different locations. Furthermore, the routed power is superimposed on
the power transferred between the ac and dc subgrids, maintaining the total ac-dc active
power exchange at the desired value. The set points of each IC are optimally adjusted
by the secondary controller in order to exploit the total available generation to supply
the unbalanced ac subgrid loads; the optimization algorithm is discussed thoroughly in
Section 4.6.
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4.4 Hybrid Microgrid Steady-State Modeling

4.4.1 AC Microgrid Model

Modeling of unbalanced ac microgrids necessitates the development of single-phase repre-
sentations for all steady-state mathematical formulations. This applies to the models of
DGs, loads, and feeders, as well as the power flow equations.

AC DG Model

There are two major categories of DG units that can be integrated into an ac microgrid,
namely, dispatchable and non-dispatchable DGs. Dispatchable DGs typically adopt droop
controllers to proportionally share the load power at the primary control level, without
the need for communication links. Furthermore, these DGs shape the ac subgrid voltage
wave-form and collaboratively set the voltage magnitude and frequency, depending on the
loading conditions. Since droop-controlled DGs follow the droop control characteristics in
(4.4) and (4.5), the two equations can be reformulated to describe the DG generated active
and reactive powers as

Pac,G,i =
∑

x∈{a,b,c}

P x
ac,G,i = µi(ω0,i − ω + δω0,i) (4.17)

Qac,G,i =
∑

x∈{a,b,c}

Qx
ac,G,i = ηi(Vac,0,i −

∣∣Vac,i∣∣+ δVac,0,i) (4.18)

where P x
ac,G,i and Qx

ac,G,i are the DG phase-x active and reactive powers, δω0,i and δVac,0,i
bias values that can be set by the supervisory controller, and µi and ηi the reciprocals of
the active- and reactive power droop gains, respectively. µi and ηi are defined as

µi =
Pmax
ac,G,i

ωmax − ωmin
(4.19)

ηi =
Qmax
ac,G,i

Vac,max − Vac,min
(4.20)

where Vac,max and Vac,min are the maximum and minimum allowed voltage magnitudes for
the ac subgrid, respectively.

The droop-controlled DGs are assumed to employ negative-sequence compensators that
mitigate voltage unbalances at the DG terminals. Therefore, the three-phase voltages at
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the DG bus are strictly balanced even under unbalanced loading. The voltages at the DG
bus can then be described as

V a
ac,i = V b

ac,i = V c
ac,i (4.21)

δai = δbi +
2

3
π = δci −

2

3
π (4.22)

where V a
ac,i, V

b
ac,i, and V c

ac,i are the voltage magnitudes, and δai , δ
b
i , and δci the phase angles

for the three phases at the DG bus.

On the other hand, non-dispatchable units inject constant active and reactive powers
into the microgrid. However, they incorporate grid-following controllers that are incapable
of independently forming the grid voltage. Therefore, they are often modeled as negative
constant power loads.

AC Load Model

The steady-state characteristics of ac loads is primarily dependent on their nature. The
load frequency and voltage inherently affect the load behavior. Therefore, a generic static
load model incorporating the voltage and frequency dependencies can be given by

P x
ac,L,i = P 0,x

ac,L,i

∣∣∣V x
ac,i

∣∣∣α,x (1 +Kx
pf,i∆ω) ∀ x ∈ {a, b, c} (4.23)

Qx
ac,L,i = Q0,x

ac,L,i

∣∣∣V x
ac,i

∣∣∣β,x (1 +Kx
qf,i∆ω) ∀ x ∈ {a, b, c} (4.24)

where P 0,x
ac,L,i and Q0,x

ac,L,i are the nominal values of the load active and reactive powers,
respectively, α and β are the active and reactive power exponents, ∆ω is the frequency
deviation from the nominal value, and Kx

pf,i and Kx
qf,i are constants that define the load

active and reactive power-frequency dependencies, respectively [117]. The values of the
power exponents α and β along with the two constants Kx

pf,i and Kx
qf,i define the types of

individual loads in the ac subgrid.

AC Feeders Model

In contrast with conventional power systems, the steady-state frequency of an islanded ac
subgrid is load-dependent. Thus, the variation of the ac subgrid’s line impedances, as the
system frequency changes, should be taken into account. Applying Kron’s reduction to
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Carson’s model of the three-phase four-wire grounded ac system, the following reduced 33
admittance matrix can be obtained.

Y abc
ij (ω) =

Zaa
ij Zab

ij Zac
ij

Zba
ij Zbb

ij Zbc
ij

Zca
ij Zcb

ij Zcc
ij


−1

(4.25)

It is worth noting that the frequency-dependent admittance matrix implicitly include the
neutral line admittance.

AC Power Flow Equations

For an unbalanced ac subgrid comprised of Nac set of buses, the phase active and reactive
powers injected at any phase of an arbitrarily selected bus i can be given by (4.26) and
(4.27), where Y xy

ij and θxyij are the Y-bus admittance matrix element’s magnitude and angle,
which vary with the ac subgrid’s total loading.

P x
ac,i =

∑
j∈Nac\i

∑
y∈{a,b,c}

∣∣∣V x
ac,i

∣∣∣∣∣∣Y xy
ij

∣∣∣∣∣∣V y
ac,i

∣∣∣ cos(θxyij + δyi − δxi )

−
∣∣∣V x
ac,i

∣∣∣∣∣∣Y xy
ij

∣∣∣∣∣∣V y
ac,j

∣∣∣ cos(θxyij + δyj − δxi )

(4.26)

Qx
ac,i =

∑
j∈Nac\i

∑
y∈{a,b,c}

∣∣∣V x
ac,i

∣∣∣∣∣∣Y xy
ij

∣∣∣∣∣∣V y
ac,j

∣∣∣ sin(θxyij + δyj − δxi )

−
∣∣∣V x
ac,i

∣∣∣∣∣∣Y xy
ij

∣∣∣∣∣∣V y
ac,i

∣∣∣ sin(θxyij + δyi − δxi )

(4.27)

4.4.2 DC Microgrid Model

Dc microgrids may implement different configurations (e.g., unipolar or bipolar dc), various
interface topologies (e.g., unidirectional and bidirectional power-electronic interface), and
numerous control techniques (e.g., droop control, power control, or dc bus signaling) [18],
[19], [126]. In this work, a unipolar dc microgrid with droop-controlled power-electronics-
interfaced DGs is adopted. The dc subgrid may also include non-dispatchable power-
controlled DGs represented as negative constant power loads.
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DC DG Model

Droop controlled generation units in dc microgrids can adopt either I-V or P-V droop con-
trols in order to realize proportional power sharing among the connected DGs, as described
by

Pdc,G,i = ϑP,i(Vdc,0,i − Vdc,i + δVdc,0,i) (4.28)

Idc,G,i = ϑI,i(Vdc,0,i − Vdc,i + δVdc,0,i) (4.29)

where Pdc,G,i and Idc,G,i are the DG output power and current, Vdc,0,i and Vdc,i the DG
no-load and output voltages, respectively, δVdc,0,i a bias value adjusted by the secondary
controller, and ϑP,i and ϑI,i the reciprocals of the droop gains for the DG output power
and current, respectively. In hybrid ac/dc microgrids, P-V droops are commonly used to
allow power sharing among the DGs integrated into both subgrids, and therefore (4.28)
will be considered for this model. To attain proportional power sharing among the DGs in
the dc subgrid, the droop gains are calculated as:

ϑP,i =
Pmax
dc,G,i

Vdc,max − Vdc,min
(4.30)

where Pmax
dc,G,i is the maximum output power of the DG unit.

DC Load Model

In order to account for all types of dc loads that can exist in dc distribution systems (e.g.,
constant power, constant-current, and constant-resistance loads), a generic load model is
considered, which is described by

Pdc,L,i = P 0
dc,L,i + Vdc,iI

0
dc,L,i (4.31)

where Pdc,L,i and I0
dc,L,i are the load constant power and constant-current portions, respec-

tively. It can be seen from (4.31) that the load model can represent any combination of
constant power and constant-current loads connected to the same dc bus. Furthermore,
constant-resistance loads can directly be integrated into the system conductance matrix.

DC Feeders Model

Although dc feeders inherently contain inductances, these inductances may only affect
the dynamic behavior of the network, whereas under steady-state conditions, the line is
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represented only by its resistance [41], [127]. Therefore, the line conductance gij between
two arbitrary dc buses i and j is given as

gij =
1

rij
(4.32)

where rij is the line resistance.

DC Power Flow Equations

For a dc subgrid comprised of Ndc buses, the power injected at any arbitrary bus i can be
obtained by

Pdc,i = Vdc,i
∑
j∈Ndc

Vdc,jGij (4.33)

where Vdc,i is the dc bus i voltage, and Gij is the conductance matrix element.

4.4.3 Interlinking Converter Model

The proposed APR strategy suggests that each phase of three-phase ICs be controlled
independently; thus, the IC is modeled as three single-phase converters. Further, the
mathematical model given by (4.12)-(4.16) is valid under all conditions, including when
single-phase ICs are used. For improved modeling accuracy, the power losses for each IC
phase is calculated as

P x
IC,loss,l = C0 + C1I

x
ac,IC,l + C2I

x
ac,IC,l

2 ∀ x ∈ {a, b, c} (4.34)

where P x
IC,loss,l is the converter phase power loss, Ixac,IC,l the phase injected current at

the converter ac-side, and C0, C1 and C2 the quadratic function coefficients. It is worth
mentioning that the power given by (4.15) is assumed at the IC’s ac side; thus, the power
losses are accounted for on the dc side.

4.5 Proposed Optimal Power Flow with Adaptive Power

Routing

The highest priority in the operation of microgrids is to supply electrical power to the
customers with minimal interruptions. Other lower-priority objectives (e.g., minimal op-
erational cost) can be satisfied after meeting the customers’ service continuity. Thus, this
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chapter focuses on load shedding minimization, which is formulated as an OPF problem
solved using an interior point method [53].

4.5.1 Objective Function

In grid-connected mode of operation, microgrids can avoid load shedding by importing
power from the external utility grid. However, load shedding is essential in islanded micro-
grids under inadequate generation. Furthermore, load prioritization should be taken into
consideration in order to maximize the microgrid’s welfare. In [128], prioritization fac-
tors were introduced to classify the loads based on their respective criticalities and power
ratings. The optimal power flow problem can then be mathematically formulated as

min

Nac,L∑
i=1

UL,i ×WL,i (4.35)

where UL,i is a control variable that determines the state of the load i, with 1 meaning
the load is shed, WL,i the priority factor for the load i, taking higher values as the load
priority increases, and Nac,L the total number of loads. In this study, it is assumed that the
loads’ priority factors are dependent only on their respective powers implying that smaller
loads are shed first. However, the loads’ respective criticalities could also be considered if
necessary.

4.5.2 Control Variables

The supervisory controller optimally sets the control parameters of all DGs installed in
both ac and dc subgrids. Only set points δω0, δVac, and δVdc are considered controllable in
this work, while droop gains are kept constant. Furthermore, the two bias signals δεxp and
δεxq for each IC phase are adjusted to attain the desired power routing and reactive power
support, thereby minimizing load shedding on heavily-loaded phases.

4.5.3 Problem Constraints

The problem must satisfy the set of equations (4.12)-(4.34), which describe the IC, DG,
and load models in addition to the power flow equations as equality constraints. Moreover,
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the DG capacities for both ac and dc subgrids as well as the ac and dc lines’ capacities
must be accounted for by inequality constraints represented by∑

x∈{a,b,c}

P x
ac,G,i ≤ Pmax

ac,G,i (4.36)

Sxac,G,i ≤ Sph,maxac,G,i ∀ x ∈ {a, b, c} (4.37)

Qx
ac,G,i ≤

√
(Sph,maxac,G,i )

2 − (P x
ac,G,i)

2 ∀ x ∈ {a, b, c} (4.38)

Pdc,G,i ≤ Pmax
dc,G,i (4.39)

Ixac,k ≤ Iph−maxac,k (4.40)

Idc,k ≤ Imaxdc,k (4.41)

where Sph,maxac,G,i is the phase apparent power capacity of the DG’s interfacing converter, Ixac,k
and Iph−maxac,k the current and line capacities of the kth ac feeder, and Idc,k and Imaxdc,k the
current and line capacities of the kth dc feeder. It is noteworthy that for ac units, the
total DG active power is limited by the energy source capacity, whereas the phase capacity
Sph,maxac,G,i is limited by the current rating of the DG’s interfacing converter. Thus, the two
constraints (4.36) and (4.37) are considered separately. To consider the IC power capacity
limits, the active- and reactive power limits for any phase of converter l are set according
to

P x
ac,IC,l ≤ Sph−maxac,IC,i ∀ x ∈ {a, b, c} (4.42)

Qx
ac,IC,l ≤

√
(Sph−maxac,IC,i )

2 − (P x
ac,IC,i)

2 ∀ x ∈ {a, b, c} (4.43)

where Sph−maxac,IC,i is the IC’s phase apparent power limit.

Moreover, since the set points of DGs will be controlled by the supervisory controller,
the bus voltages and the ac subgrid frequency could largely deviate from their nominal
values. Therefore, to ensure proper microgrid operation, both ac and dc bus voltages in
addition to the ac subgrid frequency are constrained within the standard limits as follows

Vac,min ≤ V x
ac,i ≤ Vac,max ∀ x ∈ {a, b, c} (4.44)

ωmin ≤ ω ≤ ωmax (4.45)

Vdc,min ≤ Vdc,i ≤ Vdc,max (4.46)
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Table 4.1: AC DG units’ locations, ratings, and droop settings (test microgrid#4.1)

DG# Bus#
µ η ω0 Vac,0 Pmax

ac,G Smaxac,G

(pu) (pu) (pu) (pu) (pu) (pu)

1 13 8.0 1.0 1.0083 1.05 0.16 0.185
2 19 4.0 0.5 1.0083 1.05 0.08 0.095
3 25 8.0 1.0 1.0083 1.05 0.16 0.185

4.6 Case Studies

In order to demonstrate the effectiveness and generality of the power management scheme
in increasing the overall system loadability, the proposed approach has been applied on two
test systems, incorporating the unbalanced 25-bus and the IEEE 123 node test feeder ac
systems along with two dc systems. The 25-bus system is employed as a small test system
to investigate the following points: loadability restrictions in heavily-loaded ac microgrids,
as illustrated in Section 4.2, limitations of conventional droop settings in resolving the
loadability problem, and the effectiveness of the installed ICs in increasing the system
overall loadability by implementing the proposed APR scheme and reactive power support.
On the other hand, the IEEE 123 bus system is simulated to shed light on the effects of
the IC base loading on the proposed scheme.

4.6.1 Hybrid 25-Bus AC/7-Bus DC Microgrid

To introduce an unbalanced hybrid ac/dc microgrid, the 25-bus unbalanced ac test system
[129] is interlinked with a 7-bus dc test system [130] through two ICs, as shown in Figure 4.2.
Three ac DG units have been placed at different locations of the ac subgrid, while four dc
DG units have been connected on the dc side. Tables 4.1 and 4.2 give the DG locations,
ratings, and droop settings for the ac and dc subgrids, respectively. The base ac loads can
be found in [39], while three constant power dc loads rated at 0.21, 0.14, and 0.16 p.u. are
connected at buses 1, 4, and 6 of the dc subgrid, respectively. The two ICs are assumed
identical with 0.2 p.u. power rating, and the active power coefficients for both converters,
γ1 and γ2, are set to 10.
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Figure 4.2: Test microgrid#4.1.

Table 4.2: DC DG units’ locations, ratings, and droop settings (test microgrid#4.1)

DG# Bus#
ϑP Vdc,0 Pmax

dc,G

(pu) (pu) (pu)

1 2 1.25 1.05 0.125
2 3 1.25 1.05 0.125
3 5 1.25 1.05 0.125
4 7 1.25 1.05 0.125
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Case 1: Heavily-Loaded Microgrid with Autonomous Control

This case study highlights the problem arisen due to unbalanced operation of ac subgrids
in islanded hybrid microgrids under heavy loading conditions. The loads of the ac subgrid
are controlled by defining

Sac,L,i = λSac,L,base,i (4.47)

where Sac,L,i and Sac,L,base,i are the actual and base complex powers of ac load i, and λ is the
loading factor. The loading factor λ is changed from 0.7 to 1.17 to examine the unbalanced
microgrid loading effect on the DG phase loading. The system is autonomously operated
as proposed by the authors in [26]. To highlight the technical problems associated with
the autonomous operation, the DG apparent power limits defined by (4.37) are ignored,
while the DGs’ three-phase active power limits in (4.36) are considered. Therefore, the
DGs can operate beyond their phase capacities for simulation purposes. The percentage
loadings of some microgrid components (i.e., AC DG#1, ICs, ac subgrid, and dc subgrid),
defined by (4.48), are plotted versus λ to examine the autonomous microgrid control under
unbalanced conditions.

Loading (%) =



Sxac,G/IC,i

Sph,maxac,G/IC,i

· · · (1− ph)

∑
x∈{a,b,c} S

x
ac,G/IC,i

3 Sph,maxac,G/IC,i

· · · (3− ph)

∑NDG

i=1 PDG∑NDG

i=1 Pmax
DG

· · · (subgrid)

(4.48)

where Sxac,G/IC,i is the phase apparent power of the AC DG or the IC, Sph,maxac,G/IC,i the phase
apparent power capacity of the AC DG or the IC, PDG the total active power output of
the DG (ac or dc), and Pmax

DG the active power capacity of the DG (ac or dc). Table 4.3
summarizes the control variables used in each case study. Note that no control variables
are introduced in this case study, as the microgrid is autonomously operated.
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Table 4.3: Summary of control variables in different case studies (test microgrid#4.1)

Case#
AC DGs DC DGs ICs Loads

δω0 Vac,0 Vac,0 εxp εxp UL

1
2 X X X X
3 X X X X X
4 X X X X X X

As demonstrated in Figure 4.3a, the total three-phase apparent power of AC DG#1
reaches the DG capacity as λ approaches 1.04. Nevertheless, as λ increases beyond 0.79,
phase {c} exceeds the phase capacity, thereby constraining the DG’s operation beyond this
point. Furthermore, Figure 4.3b shows the percentage active power loadings of the ac and
dc subgrids governed by the droop-controlled ICs as the ac load changes. As illustrated in
the figure, although the installed energy sources can provide active power until the loading
factor reaches 1.17, the DGs are restricted by the abovementioned lower limits.

Moreover, as shown in Figure 4.3c, as the ac load increases, the active powers exchanged
through ICs decrease, thus allowing for power routing through different IC phases. Further,
the ICs transfer unmatched powers due to different bus voltages at the dc side. Figure 4.3d
depicts phase loading of the ac DGs and the ICs at λ = 1.15. It is noteworthy that ac DGs
are loaded differently as a result of the unequal reactive power sharing. Furthermore, load
shedding on overloaded DG phases becomes a necessity. The aforementioned shortcomings
of autonomous control entail a secondary controller to supervise and optimize the microgrid
operation.
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(a) Apparent power loading of AC DG1
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(b) Active power loading of ac and dc subgrids
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(c) Active power loading of ICs
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(d) Apparent power loading of DGs and ICs at λ = 1.15

Figure 4.3: Results of case 1.
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(a) Apparent power loading of AC DG1
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(b) Apparent power loading of DGs and ICs at λ = 1.15

Figure 4.4: Results of case 2.

Case 2: Conventional Optimal DG Droop Settings

In this case study, the conventional supervisory control approach that optimizes DG droop
settings is utilized to minimize load shedding. The ICs are autonomously controlled while
the secondary controller is capable of shedding loads to protect DGs from phase overload-
ing. Figure 4.4a shows that optimizing the DG droop settings could extend the microgrid
loadability range to λ = 0.94. However, any further increase in the ac load cannot be fully
accommodated since phase {c} reaches the capacity limit. Furthermore, as the load fac-
tor exceeds 1.1, the secondary controller commences shedding phase b loads. Figure 4.4b
shows the DG and IC percentage phase loadings at λ = 1.15. Due to the ac subgrid im-
balance, DG phases {b} and {c} operate at their limits, whereas phase {a} is underloaded.
The results imply that loads are shed from heavily loaded phases despite the unused DG
capacity on the lightly loaded ones. The shed ac loads are found to be 9% of the total ac
demand. Therefore, power routing among ac subgrid phases would enhance the generation
capacity utilization.
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Case 3: Adaptive Active Power Routing

The proposed APR algorithm is employed in this case to permit active power exchange
among the ac subgrid phases. Figure 4.5a demonstrates that APR tends to reduce the DG
phase imbalance, thus avoiding load shedding up until λ reaches 1.075. The APR algorithm
could be better understood by referring to Figure 4.5b, which demonstrates the change of
IC1 phase powers over the range of load variation. The figure shows that more power is
routed between the lightly and heavily loaded phases {a} and {c} as the load increases,
while slight change of phase {b} power is observed. It is worth mentioning that in order to
resolve the unequal IC power sharing problem, the optimizer constrains the total powers of
the two ICs to be identical. Thus, the total IC 1 three-phase power is constant and equal
to the total power through IC 2.

In contrast with the previous case considering the microgrid operation at λ = 1.15,
the DG capacities are better exploited as illustrated in Figure 4.5c. Consequently, load
shedding is reduced to 3%. Nevertheless, load shedding can further be diminished by
allowing reactive power injection through ICs. Furthermore, operating the ac DGs at their
limits might critically jeopardize the system stability. Hence, IC reactive power support
will play a vital role in relieving the generation units.
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(a) Apparent power loading of AC DG1
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(b) Active power loading of IC1
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  (c) Apparent power loading of DGs and ICs at λ = 1.15

Figure 4.5: Results of case 3.
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Case 4: Adaptive Power Routing with Reactive Power Injection

This case sheds light on the significance of employing the unutilized IC capacities for re-
active power support irrespective of the active power direction. Furthermore, in order to
maximize the system flexibility, the reactive power of each IC phase is controlled indepen-
dently. It can be observed in Figure 4.6a that the proposed algorithm renders the DG
phases more balanced. Moreover, reactive power support mitigates the high DG loading,
thereby granting higher loadability levels. Nonetheless, since the IC phases carry both ac-
tive and reactive powers, higher IC apparent powers along with increased converter losses
are anticipated, as demonstrated in Figure 4.6b. However, the relieved DGs, as shown
in Figure 4.6c, could expand their active power contribution, thus entirely averting load
shedding at λ = 1.15.

Figure 4.7 compares the percentage active power loading of the dc and ac subgrids for
the three supervisory controllers deemed in the presented case studies. It is noticeable
that all controllers force the DC DGs to generate their maximum powers, subsequently
relieving the ac subgrid to minimize load shedding. The proposed APR-based controller
with reactive power support has proved efficient to supply the linearly increasing load
up until the DGs hit their limits. On the other hand, the other MGCCs fail to avoid
shedding loads, although the total load is smaller than the system capacity. Disabling the
IC reactive power support omits load shedding for λ below 1.075 compared to 0.94 for
the droop-setting-based control. It is noteworthy that, despite the differences, all types of
supervisory control can maintain safe microgrid operation for loading levels higher than
that of autonomous control, which is restricted to 0.74.
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(a) Apparent power loading of AC DG1
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(b) Apparent power loading of IC1
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(c) Apparent power loading of DGs and ICs at λ = 1.15

Figure 4.6: Results of case 4.
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Figure 4.7: Loading of ac and dc subgrids for the different cases.
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4.6.2 Hybrid IEEE 123-Node AC Test Feeder/22-Bus DC Mi-
crogrid

In the proposed APR scheme, the unused IC capacities play a vital role in determining
the maximum amount of powers that can be routed among the ac subgrid’s phases. The
available unutilized IC capacities predominantly depend on the base power transferred
through the ICs to supply the dc critical loads. Since the base power transfer changes
with the generation and loading conditions of the subgrids, it becomes essential to take its
effect into account when considering the application of the proposed scheme in practical
systems with varying load and generation profiles. For example, when the two subgrids are
heavily loaded, yet almost self-sufficient, the majority of the ICs’ capacities are unoccupied,
and therefore they can be fully employed in the APR scheme to avoid load shedding. On
the other hand, under generation deficiency of either subgrid, the ICs transfer more base
pow-er to supply the overloaded subgrid. Consequently, only the remaining IC capacities
can be employed in routing the power among the ac subgrid’s phases, which might restrict
the system operation. This case study investigates the impact of the load and generation
conditions on the proposed scheme, where a self-sufficient dc subgrid is first introduced,
and then the dc generation is gradually reduced, which entails higher IC loading.

In this case study, the IEEE 123 node test feeder system [40] has been coupled to the
22-bus dc microgrid in [131] through two three-phase ICs to form a hybrid ac/dc microgrid,
as shown in Figure 4.8. Three droop-controlled AC DGs have been connected to ac buses
149, 54, and 300, respectively. The AC DGs have active power/reactive power ratings of
0.35/0.1, 0.35/0.1, and 0.2/0.06 p.u., respectively. Furthermore, four droop-controlled DC
DGs, rated at 0.1 p.u. each, are connected to dc buses 4, 8, 15, and 16, respectively. The
dc load ratings and connections are defined in Table 4.4. The two ICs are rated at 0.21
p.u. each, which come to a total capacity slightly larger than the total dc load to be able
to supply the dc loads in case of total loss of the dc generation. It is noteworthy that the
dc subgrid is almost self-sufficient and the ac subgrid should theoretically be able to supply
loads up to λ equal to 1.24 under this condition. The DC DGs will then be sequentially
disconnected in order to introduce different generation deficiency levels in the dc subgrid.
The conventional and the proposed supervisory control schemes discussed in case studies 2
and 4 have been adopted to optimize the microgrid operation for each level of insufficiency.
Note that disconnecting DC DGs reflects on the total microgrid capacity, which inherently
means that the maximum possible ac load factor λ becomes smaller as the deficiency level
increases.
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Figure 4.8: Test microgrid#4.2.

Table 4.4: DC loads of the 22-bus dc subgrid in test microgrid#4.2

DC Bus# 11 12 14 17 18 20 21 22

Load Rating (pu) 0.06 0.07 0.05 0.07 0.05 0.03 0.03 0.04
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Table 4.5 shows the percentage loading levels of different ac microgrid components, as
well as the percentage load shedding for each controller. The table also shows the loading
factor λ used for each case. The results reveal that the load shedding on heavily loaded
phases is inevitable under the conventional supervisory control scheme for all deficiency
levels, since the DGs’ phases reach their limits, as expected. It can also be noticed that
the base loading of the ICs gradually increase as the dc generation deficiency increases.

However, with the implementation of the proposed controller, the ac loads are diverted
from the DGs’ heavily loaded phases to the lightly loaded one, as long as the unemployed
IC capacities are capable of providing power routing paths among the ac phases. It is
noteworthy that the reduced system capacity resulting from disconnecting DC DGs entails
reduced overall ac loading (i.e., λ < 1.24), which consequently decreases the total ac
active and reactive power demands, and requires less capacity from the ICs for active
power routing and reactive power support. This fact explains why the proposed APR-
based supervisory controller succeeds in eliminating load shedding even with increased
base power transfer through the ICs. Nevertheless, it is important to observe that the
extreme case of total loss of all the DC DGs requires almost full occupancy of the IC
capacities to supply the critical dc loads, thereby strictly limiting the available IC capacity
for power routing.

However, the proposed scheme utilizes the remaining IC capacities to minimize, yet not
to totally avoid, load shedding within the IC limits. In other words, the proposed APR
scheme is effective even when the ICs transfer considerable base power, unless the ICs are
fully loaded under extreme conditions (i.e., maximum dc load and zero dc generation).
The results verify the generality and effectiveness of the proposed supervisory controller in
maximizing the hybrid microgrid’s loadability.
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Table 4.5: Results of test microgrid#4.2

DC generation 0.0 0.1 0.2 0.3 0.4
deficiency (pu) (λ = 1.24) (λ = 1.10) (λ = 0.95) (λ = 0.81) (λ = 0.67)

Supervisory
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#
1
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a 100.0 97.0 100.0 96.8 100.0 95.7 100.0 95.6 100.0 100.0

b 85.0 95.2 87.9 95.6 89.6 95.6 91.7 95.6 95.3 96.2

c 100.0 96.6 100.0 96.4 98.8 95.4 98.4 95.4 99.2 98.4

A
C

D
G

#
2
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d
(%

)

a 100.0 96.0 100.0 96.2 100.0 95.6 100.0 96.0 100.0 100.0

b 72.4 96.6 72.4 96.3 72.7 95.6 74.6 94.9 75.9 81.3

c 98.7 96.2 96.6 96.2 94.6 95.6 93.9 95.9 93.0 97.1

A
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D
G

#
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d
(%

)

a 100.0 95.7 100.0 94.9 100.0 92.9 100.0 92.6 100.0 100.0

b 90.7 93.4 91.2 93.3 89.5 91.8 89.5 92.4 88.3 90.4

c 100.0 94.8 99.5 94.1 96.8 92.2 96.3 92.3 94.4 97.3

IC
#
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a 1.4 97.4 28.9 81.7 56.5 77.3 73.7 78.7 96.1 100.0

b 1.4 61.1 28.9 69.6 56.5 89.3 73.7 99.9 96.1 100.0

c 1.4 61.5 28.9 62.8 56.5 75.7 73.7 86.7 96.1 100.0
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a 1.0 97.4 19.1 81.3 43.7 74.4 69.2 73.5 94.5 100.0

b 1.0 75.9 19.1 86.2 43.7 99.6 69.2 99.2 94.5 100.0

c 1.0 62.1 19.1 63.3 43.7 74.2 69.2 86.5 94.5 100.0

Load
7.7 0.0 7.3 0.0 6.7 0.0 5.9 0.0 5.0 3.1

Shedding (%)

101



4.7 Conclusions and Discussion

The unbalanced nature of hybrid ac/dc microgrids restricts autonomous system operation
under islanded mode. A higher layer of control is typically provided to coordinate the
DGs’ operation. Under heavy loading conditions, conventional supervisory controllers fail
to adequately supply loads on heavily loaded phases even if the three-phase generation
sufficiency criteria are satisfied. This chapter introduced a supervisory controller, imple-
menting a novel adaptive power routing (APR) technique that utilizes ICs to enable power
routing among the ac subgrid’s phases. Furthermore, the work proposed unrestricting IC
reactive power support to relieve the ac subgrid, thus extending the system loadability.
Various case studies were conducted to address the drawbacks of autonomous control, to
demonstrate the performance of the proposed APR-based controller, and to compare its
effectiveness against conventional approaches. The results demonstrate the ability of the
pro-posed technique to better exploit the microgrid resources, thereby enhancing system
reliability. The results also prove the proposed scheme generic and effective for different
microgrid sizes, configurations, and loading conditions.
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Chapter 5

A Generic Modeling and Power Flow
Analysis Approach for Isochronous
and Droop-Controlled AC Microgrids

5.1 Introduction

In Chapters 3 and 4, the ac subgrid was modeled in phase coordinates. Although the
developed ac subgrid model provided an acceptable platform for steady-state analysis of
unbalanced islanded hybrid ac/dc microgrids, there are some aspects that can be im-
proved towards a more comprehensive, computationally-efficient, and accurate power flow
approach. First, even though modeling in phase coordinates provides accurate models for
EIDGs, it does not accurately represent the steady-state characteristics of SGDGs, due to
the effect of their internal impedances on their terminal voltage unbalances. Second, inter-
facing transformers – typically used to connect 3-leg EIDGs to the 4-wire network – were
not incorporated. Third, delta-connected loads were not considered in the models. Finally,
in Chapter 3, the problem was formulated in a unified scheme and solved using a Newton-
Trust Region (NTR) method. Nevertheless, other power flow methods could be employed
to break down the system model into smaller subsystems, which will potentially enhance
the power flow algorithms’ performance. Therefore, an improved power flow approach for
standalone hybrid ac/dc microgrids is developed over two stages for better readability and
more detailed analysis. The first stage – presented in this chapter – provides a generic mod-
eling and power flow approach for ac microgrids. The analysis incorporates the different
ac microgrid’s modes of operation, namely, isochronous and droop controls. The second
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stage – presented in the next chapter – integrates the dc subgrid and ICs into the power
flow algorithm to provide the complete framework, which can be used for both standalone
unbalanced ac and hybrid ac/dc microgrids.

This chapter proposes a generic power flow algorithm for droop-controlled and isochronous
microgrids under unbalanced conditions. The algorithm incorporates the sequence compo-
nent models – rather than phase coordinate models used in [39] – of all system components,
including various types of DG units with different steady-state characteristics. The adopted
models allow for precise representations of SGDGs, as well as different configurations and
controls of EIDGs [76]. The proposed algorithm utilizes these sequence component models
to break down the steady-state analysis into three smaller independent, yet correlated,
sub-problems. Accordingly, this method significantly reduces the power flow execution
time with respect to NTR methods, as it deals with a set of small matrices rather than
one large matrix representing the system as a whole.

The remainder of the chapter is organized as follows: Section 5.2 sheds lights on different
operational modes of islanded and isolated microgrids. Section 5.3 describes the steady-
state sequence-component mathematical modeling of microgrid elements. The proposed
power flow algorithm is explained in Section 5.4. Section 5.5 attests to the validity of
the proposed algorithm, and Section 5.6 investigates the introduced approach and the
microgrid operation through case studies. Finally, Section 5.7 concludes the chapter.

5.2 Operational Modes of AC Microgrids

Numerous factors affect the operational mode of a microgrid, among which microgrid size,
availability of RER, access to fuel, types of loads, and various economic considerations are
significant [132]. A large DG may operate isochronously to set the microgrid’s frequency,
whereas a group of DGs with relatively similar capacities may employ droop controllers
to collaboratively set the microgrid’s voltage and frequency. Hence, microgrids can be
categorized as droop-controlled and isochronously-controlled.

5.2.1 Droop-Controlled AC Microgrids

Droop controls are typically adopted to allow proportional power sharing among generators
with comparable capacities. Thus, SGDGs could be droop-controlled at the primary level
along with EIDGs in islanded microgrids if they have close capacities. In this context, the
microgrid’s voltage magnitude and frequency are load-dependent. It is worth mentioning
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that a low-bandwidth supervisory controller is potentially required to monitor and regu-
late system variables (i.e., microgrid’s voltage magnitude and frequency), especially if the
microgrid supplies sensitive and critical loads. However, lack of a slack bus and propor-
tional power sharing among the DGs eliminate system’s dependence on one genera-tor,
which potentially increases the microgrid’s autonomy and reliability. This scheme could
be desirable in islanded microgrids that normally operate in grid-connected mode.

5.2.2 Isochronously-Controlled AC Microgrids

In this mode, a dominant DG – typically SGDG – is operated in isochronous mode, there-
by functioning as a slack bus (i.e., maintaining constant frequency and voltage at its
terminals regardless of the connected load). Other DGs can inject active and reactive
powers to the microgrid while following the main SGDG’s frequency. It is noteworthy
that this case is similar to the grid-connected mode of operation where the connection
with the grid operates as a slack bus. However, the synchronous generator cannot keep
its terminal voltages balanced under unbalanced loading due to its internal impedances,
and thus it is not considered an ideal slack bus. Although the dominant SGDG forms the
microgrid’s voltage, other dispatchable DGs can still adopt droop control to sustain the
microgrid operation in case of failure of the main SGDG. The output powers of these DGs
are controlled by adjusting their droop settings, which is attainable through a higher level
secondary controller. Non-dispatchable DGs – typically EIDGs – can inject powers to the
microgrid; yet, they cannot form the microgrid voltage for proper operation if the main DG
fails. This scheme is most suitable for isolated microgrids where DGs are to be integrated
into existing gas- or diesel-powered networks.

5.3 AC Microgrid Modeling in Sequence Components

Unlike ac transmission systems, ac distribution networks are predominantly unbalanced due
to the networks’ intrinsic features, such as the existence of single-phase DGs and loads,
feeder configurations, and single- and two-phase distribution laterals. This imbalance im-
poses further challenges on microgrids’ modeling and analysis. A symmetrical sequence
component analysis is therefore employed in this study for accurate representation of all
microgrid components under unbalanced conditions.
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5.3.1 AC Feeder Modeling

Distribution networks typically adopt 4-wire three-phase feeders, commonly unbalanced
and untransposed, in addition to single- and/or two-phase laterals. Thus, the impedance
matrix Zabc

ij between any two nodes i and j, and the shunt admittance matrix Babc
i,j are

asymmetrical in the phase form. The sequence component series admittance matrix Y 012
ij

can, hence, be calculated as

Y 012
ij = T−1Zabc

ij

−1
T =

y00
ij y01

ij y02
ij

y10
ij y11

ij y12
ij

y20
ij y21

ij y22
ij

 (5.1)

where 0, 1 and 2 stand for zero-, positive- and negative-sequence components, respectively,
and the transformation matrix T is defined as

T =

1 1 1
1 a2 a
1 a a2

 where a = 1∠120◦

Similarly, the shunt admittance matrix B012
i,j can be obtained in the sequence component

frame as

B012
i,j = T−1Babc

i,j T =

b00
i,j b01

i,j b02
i,j

b10
i,j b11

i,j b12
i,j

b20
i,j b21

i,j b22
i,j

 (5.2)

Since the phase matrices are asymmetrical, the sequence component admittance ma-
trices are not symmetric diagonal, which implies that the three sequence components are
coupled. Considering the series admittance matrix, given by (5.1), the sequence component
currents I012

ac,ij flowing through the feeder connecting nodes i and j in terms of the sequence
component voltages V 012

ac,i are given byI0
ac,ij

I1
ac,ij

I2
ac,ij

 =

y00
ij y01

ij y02
ij

y10
ij y11

ij y12
ij

y20
ij y21

ij y22
ij


V 0

ac,i − V 0
ac,j

V 1
ac,i − V 1

ac,j

V 2
ac,i − V 2

ac,j

 (5.3)

By introducing series admittance decoupling currents, ∆I012
ac,ij−se, defined by (5.4), the three
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sequence currents can be decoupled as illustrated in (5.5).I0
ac,ij−se
I1
ac,ij−se
I2
ac,ij−se

 =

 0 y01
ij y02

ij

y10
ij 0 y12

ij

y20
ij y21

ij 0


V 0

ac,i − V 0
ac,j

V 1
ac,i − V 1

ac,j

V 2
ac,i − V 2

ac,j

 (5.4)

I0
ac,ij

I1
ac,ij

I2
ac,ij

 =

y00
ij 0 0
0 y11

ij 0
0 0 y22

ij


I0

ac,ij−se
I1
ac,ij−se
I2
ac,ij−se

 (5.5)

Similarly, the shunt admittance matrix, defined by (5.2), introduces coupled sequence
component currents I012

ac,ii injected at node i asI0
ac,ii

I1
ac,ii

I2
ac,ii

 =

b00
ij b01

ij b02
ij

b10
ij b11

ij b12
ij

b20
ij b21

ij b22
ij


V 0

ac,i

V 1
ac,i

V 2
ac,i

 (5.6)

The shunt injected currents can also be decoupled if shunt decoupling currents, ∆I012
ac,ij−sh,

are introduced as I0
ac,ij−sh
I1
ac,ij−sh
I2
ac,ij−sh

 =

 0 b01
ij b02

ij

b10
ij 0 b12

ij

b20
ij b21

ij 0


V 0

ac,i

V 1
ac,i

V 2
ac,i

 (5.7)

Hence, the sequence currents injected due to the feeder shunt admittance can be decoupled
using (5.8). I0

ac,ii

I1
ac,ii

I2
ac,ii

 =

b00
ij 0 0
0 b11

ij 0
0 0 b22

ij


I0

ac,ij−sh
I1
ac,ij−sh
I2
ac,ij−sh

 (5.8)

Therefore, complete decoupling of different sequence frames can be realized using cur-
rent decoupling components, ∆I012

ac,i−j, that are comprised of both series and shunt decou-
pling currents, as given in (5.9).I0

ac,i−j
I1
ac,i−j
I2
ac,i−j

 =

I0
ac,ij−se
I1
ac,ij−se
I2
ac,ij−se


I0

ac,ij−sh
I1
ac,ij−sh
I2
ac,ij−sh

 (5.9)
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Furthermore, since positive-sequence power flow analysis deals with active and reactive
powers rather than currents, the positive-sequence decoupling component is transformed
from current into active and reactive powers (∆P 1

ac,i−j and ∆Q1
ac,i−j) by applying

∆P 1
ac,i−j + ∆Q1

ac,i−j = V 1
ac,i(I

1
ac,i−j)

∗
(5.10)

Finally, the decoupling current/power components can be formulated in their complete
forms as

∆I0
ac,i−j = y01

ij (V 1
ac,i − V 1

ac,j) + y02
ij (V 2

ac,i − V 2
ac,j) + b01

ij V
1
ac,i + b02

ij V
2
ac,i (5.11)

∆P 1
ac,i−j + ∆Q1

ac,i−j = V 1
ac,i

[
y10
ij (V 0

ac,i − V 0
ac,j) + y12

ij (V 2
ac,i − V 2

ac,j) + b10
ij V

0
ac,i + b12

ij V
2
ac,i

]∗
(5.12)

∆I2
ac,i−j = y20

ij (V 0
ac,i − V 0

ac,j) + y21
ij (V 1

ac,i − V 1
ac,j) + b20

ij V
0
ac,i + b21

ij V
1
ac,i (5.13)

Consequently, three decoupled Y-bus matrices – Y 00, Y 11, and Y 22 – can be constructed
to formulate the three sequence component power flow problems independently. It is
noteworthy that, unlike in grid-connected systems, the admittance matrices’ parameters
are load-dependent in droop controlled microgrids [39]. This fact necessitates updating the
admittance matrices’ elements according to the microgrid’s frequency, which complicates
the power flow problem.

5.3.2 AC DG Modeling

The physical structures of different DGs along with their various control schemes imply
different mathematical models to precisely represent each DG type. DGs can mostly be
classified into four categories as discussed in the following subsections. Note that other
DG types can be modeled following the same approach.

Droop-controlled SGDG

Although various SGDGs adopt similar primary circuit configurations, as shown in Fig-
ure 5.1a, their models slightly vary based on their control schemes. Assuming that the
SGDG regulates the positive sequence voltage at its terminals, the positive-sequence DG
model can be represented as depicted in Figure 5.1b [36]. Furthermore, the negative and
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zero sequence component circuits can be modeled as shown in Figures 5.1c and 5.1d, re-
spectively, where the zero and negative-sequence admittances (Y 0

DG and Y 2
DG) are obtained

from the generator’s datasheet or calculated using [133]

Y 0
DG =

Ra + 3Rn + j

(
X

′′

d−unsat +X
′′
q−unsat

2
+ 3Xn

)−1

(5.14)

Y 2
DG =

[
Ra + j

X
′′

d−unsat +X
′′
q−unsat

2

]−1

(5.15)

where Ra is the armature resistance, X
′′

d−unsat and X
′′
q−unsat the unsaturated direct- and

quadrature-axis sub-transient reactances respectively, and Rn andXn the neutral resistance
and reactance, respectively. Although SGDG generates balanced positive-sequence internal
electromotive force (EMF), its terminal voltage undergoes unbalances under unequal phase
loadings. The voltages across the negative and zero sequence admittances represent the
voltage imbalance at the terminals.
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(d)

Figure 5.1: Structure and sequence component models of SGDG. (a) structure of SGDG,
(b) positive-sequence model, (c) negative-sequence model, and (d) zero-sequence model.
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Figure 5.2: Simplified model of droop-controlled SGDG.

As shown in Figure 5.2, a droop-controlled SGDG’s output voltage magnitude and
frequency are dependent on the positive-sequence output active and reactive powers (P 1

ac,G,i

and Q1
ac,G,i), as governed by the droop equations

P 1
ac,G,i =

1

3
µi(ω0,i − ω) (5.16)

Q1
ac,G,i =

1

3
ηi(Vac,0,i −

∣∣∣V 1
ac,i

∣∣∣) (5.17)

where the droop gains µi and ηi are typically set as

µi =
Pmax
ac,G,i

ωmax − ωmin
(5.18)

ηi =
Qmax
ac,G,i

Vac,max − Vac,min
(5.19)

In (5.18) and (5.19), Pmax
ac,G,i and Qmax

ac,G,i are the DG’s maximum active and reactive powers,
respectively, ωmax and ωmin the microgrid’s maximum and minimum allowed frequencies,
respectively, and Vac,max and Vac,min the DG’s maximum and minimum positive-sequence
terminal voltages, respectively. It is essential to mention that the SGDG’s zero- and
negative- sequence admittances, Y 0

DG and Y 2
DG, are not constant, since the DGs’ reactances

are reliant on the load-dependent system frequency ω.

Isochronously-controlled SGDG

An isochronously-controlled SGDG is able to fix the microgrid’s frequency while regulating
the voltage at its terminals to a constant value. It can, thus, be considered a non-ideal
slack bus. To model this DG, the same models and droop equations presented above can
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Figure 5.3: Simplified model of isochronous SGDG.

still be adopted by setting the droop gains to infinity. The SGDG’s set-points (i.e., ω0,i and
V 1
ac,i) will determine the microgrid’s frequency and the DG’s terminal voltage, as shown in

Figure 5.3. The SGDG’s admittances are no longer variable in this case.

Droop-controlled EIDG

Voltage-source converter (VSC)-based EIDGs, Figure 5.4a, can also implement droop con-
trols to contribute in forming the microgrid voltage, as depicted in Figure 5.5. In general,
EIDGs have positive-, negative-, and zero-sequence models similar to those of SGDGs, as
depicted in Figures 5.4b to 5.4d. However, in contrast with SGDGs, they can suppress
negative-sequence voltages at their terminals by implementing proper control loops, which
denotes infinity negative-sequence admittance, as shown in Figure 5.4e [82]. However,
other negative-sequence controls can also be adopted to realize negative-sequence current
sharing among EIDGs [134]. Moreover, EIDGs can incorporate different circuit configu-
rations, which primarily affect the DG’s zero-sequence model. DGs that implement 3-leg
VSCs do not provide a neutral current path; thus, they are represented as open circuit in
the zero-sequence frame, as depicted in Figure 5.4f. However, 4-leg VSCs provide a neutral
wire interfaced to the fourth leg through a filtering inductor. Therefore, their zero-sequence
circuit is modeled as a short circuit if the VSC’s controllers maintain balanced terminal
voltages, or as a finite admittance otherwise, as shown in Figure 5.4d.
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(a) Structure of EIDG
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Figure 5.4: Structure and sequence component models of EIDG. (a) structure of EIDG,
(b) positive-sequence model, (c) negative-sequence model, (d) zero-sequence model, (e)
negative-sequence model as a short circuit, and (f) zero-sequence model as an open circuit.
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Figure 5.5: Simplified model of droop-controlled EIDG.
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Figure 5.6: Simplified model of grid-tied EIDG.

It is worth mentioning that 3-leg VSCs are often interfaced to the 4-wire network
through delta/grounded-wye transformers. With this configuration, the transformer’s
model, given by (5.20), must be integrated into the EIDG’s model [135]. The previ-
ously presented droop equations (5.16)-(5.19) are valid for all discussed configurations of
droop-controlled EIDGs.

I0
∆

I1
∆

I2
∆

I0
Y

I1
Y

I2
Y


=



0 0 0 0 0 0
0 Ys.c 0 0 −Ys.c∠− 30◦ 0
0 0 Ys.c 0 0 −Ys.c∠30◦
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0 −Ys.c∠30◦ 0 0 Ys.c 0
0 0 −Ys.c∠− 30◦ 0 0 Ys.c





V 0
∆

V 1
∆

V 2
∆

V 0
Y

V 1
Y

V 2
Y


(5.20)

Grid-Tied EIDG (Constant PQ/PV EIDG)

EIDGs may employ a grid-tied control scheme, which is typical for intermittent and non-
dispatchable sources. In this control topology, the EIDG often employs a current-controlled
VSC that does not contribute to forming the grid voltage; instead, it synchronizes to the
existing grid and acts as a grid-follower (i.e., grid-tied) [76]. The EIDG injects controlled
currents, as illustrated in Figure 5.6, to follow the DG’s power or voltage references.

In the positive-sequence frame, a constant PQ EIDG is modeled as constant active and
reactive power source, given by

P 1
ac,G,i =

1

3
Pac,G,sp,i (5.21)

Q1
ac,G,i =

1

3
Qac,G,sp,i (5.22)
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where Pac,G,sp,i and Qac,G,sp,i are the EIDG’s specified active and reactive powers. Alter-
natively, a constant PV EIDG can fix the node voltage, rather than injecting constant
reactive power, and henceforth it can be represented by (5.21) and (5.23).

V 1
ac,i = Vsp,i (5.23)

Other grid-tied EIDG control schemes can also be represented by introducing minor mod-
ifications to (5.21) and (5.22).

On the other hand, the EIDG is represented as admittances in the zero- and negative-
sequence models, as shown in Figures 5.4c and 5.4d, respectively. The zero- and negative
sequence admittances can have zero, infinite, or finite nonzero values. Such values are
dependent on the converter’s structure (i.e., 3-leg or 4-leg), output filter configuration, and
EIDG’s control scheme, as detailed in [36] and [136]. It is noteworthy that although the
same EIDG models for grid-connected microgrids in [36] and [136] can be adopted in the
proposed work, the frequency dependency of the EIDGs’ admittances has to be taken into
consideration in this study.

5.3.3 AC Load Modeling

The steady-state model of loads is primarily dependent on their type. Loads are affected
differently by voltage and frequency deviations that typically occur in droop-controlled
microgrids. The load’s features are incorporated in this study through a generic static load
model that reflects the load’s dependency on voltage and frequency [117]:

P x
ac,L,i =P 0,x

ac,L,i

∣∣∣V x
ac,i

∣∣∣α,x (1 +Kx
pf,i∆ω) (5.24)

Qx
ac,L,i =Q0,x

ac,L,i

∣∣∣V x
ac,i

∣∣∣β,x (1 +Kx
qf,i∆ω) (5.25)

∀ x ∈

{
{a, b, c} for Y loads

{ab, bc, ca} for ∆ loads

where P 0,x
ac,L,i and Q0,x

ac,L,i are the nominal load active and reactive powers, α and β the
active and reactive power exponents, ∆ω the frequency deviation, and Kx

pf,i and Kx
qf,i

the constants defining the load dependency on frequency deviations [117]. The values of
the power exponents are sometimes equal, and take the values of 0, 1, or 2 for constant-
power, constant-current, and constant-impedance loads, respectively. They, however, may
be assigned different values to represent other load types if needed. On the other hand, the
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values of Kx
pf,i and Kx

qf,i vary with the load class (i.e., residential, commercial, etc.) and
season (i.e., summer, winter, etc.). At the lower power level, the load components (i.e.,
air conditioner, heater, television set, etc.) contribute to these values. Further details on
various load types and their dependencies on voltage and frequency can be found in [117]
and [137].

Since loads in distribution systems are typically unbalanced, the currents of load phases
must be calculated individually:

Ixac,L,i =
P x
ac,L,i − jQx

ac,L,i

V x
ac,L,i

∀ x ∈

{
{a, b, c} for Y loads

{ab, bc, ca} for ∆ loads
(5.26)

The load currents can, then, be transformed into their respective sequence components
(I012
ac,L,i) by applying

I012
ac,L,i = T−1Iabcac,L,i (5.27)

The positive-sequence load active and reactive powers (P 1
ac,L,i and Q1

ac,L,i) can, therefore,
be calculated as

P 1
ac,L,i +Q1

ac,L,i = V 1
ac,i(I

1
ac,L,i)

∗
(5.28)

While (5.26)-(5.28) can directly be applied to Y -connected loads, ∆-connected loads
require more attention, as they encounter line voltages. Conversions between line and phase
quantities, through (5.29) and (5.30), are necessary before substituting into (5.26)-(5.28).V ab

ac,L,i

V bc
ac,L,i

V ca
ac,L,i

 =

 1 −1 0
0 1 −1
−1 0 1


V a

ac,L,i

V b
ac,L,i

V c
ac,L,i

 (5.29)

Iaac,L,iIbac,L,i
Icac,L,i

 =

 1 0 −1
−1 1 0
0 −1 1


Iabac,L,iIbcac,L,i
Icaac,L,i

 (5.30)

5.4 Proposed AC Power Flow Algorithm

Obtaining a generic and accurate steady-state solution for droop-controlled microgrids is
cumbersome if the problem is formulated in phase-coordinates. The decomposition into
sequence components provides a more flexible and accurate alternative for modeling differ-
ent operational modes of DGs and the inherent unbalanced feature of microgrids. In this
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work, the sequence component approach is adopted to solve the power flow of microgrids
that comprise different DG types. As illustrated in Figure 5.7, the algorithm starts by
ac-quiring the system data and applying per unit conversions. Then, the admittance ma-
trices are constructed and factorized, and the load sequence component currents/powers
are calculated. Consequently, the sequence component voltages and system frequency are
solved for. The load flow variables are then updated and the phase node voltages are cal-
culated. To take the DGs’ capacity limits into account, the output powers of all DGs are
evaluated at each iteration. If a DG’s power limit is exceeded, the output power is fixed at
the maximum value, and the DG no longer follows the droop characteristics. The iteration
is repeated until the results converge. It is worth noting that the loads, sequence load
currents, decoupling components, and admittance matrices are updated at each iteration,
as the microgrid’s voltage magnitude and frequency change. The remainder of this section
explains the subroutines in the proposed algorithm.

5.4.1 Positive-Sequence Power Flow

Decoupling sequence-component circuits allows independent, yet correlated, solutions of
the three subsystems. The positive sequence power flow problem can be solved using the
well-known NR method with some modifications. For a microgrid comprised of Nac buses,
2Nac positive-sequence mismatch equations are defined for active and reactive powers at
all buses. Assuming that all nodes integrate a DG and a load, generic active and reactive
power mismatch equations can be formulated at an arbitrary bus i as

Γac,P,i = P 1
ac,G,i − P 1

ac,L,i − P 1
ac,i −

∑
j∈Nac\i

∆P 1
ac,i−j (5.31)

Γac,Q,i = Q1
ac,G,i −Q1

ac,L,i −Q1
ac,i −

∑
j∈Nac\i

∆Q1
ac,i−j (5.32)

where P 1
ac,i and Q1

ac,i are the active and reactive power injections at the bus i, which are
defined by

P 1
ac,i =

∑
j∈Nac

∣∣∣V 1
ac,i

∣∣∣∣∣∣V 1
ac,j

∣∣∣∣∣∣Y 11
ij

∣∣∣ cos
(
δ1
i − δ1

j − θ11
ij

)
(5.33)

Q1
ac,i =

∑
j∈Nac

∣∣∣V 1
ac,i

∣∣∣∣∣∣V 1
ac,j

∣∣∣∣∣∣Y 11
ij

∣∣∣ sin(δ1
i − δ1

j − θ11
ij

)
(5.34)

In (5.33) and (5.34), |V 1
ac,i| and

∣∣∣V 1
ac,j

∣∣∣, and δ1
i and δ1

j are the positive-sequence voltage

magnitudes and angles at nodes i and j, respectively, and |Y 11
ij | and θ11

ij the magnitude and
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Figure 5.7: Flow chart of the proposed power flow algorithm.
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angle of the positive-sequence Y-bus matrix element, respectively. Note that the absence
of generation and/or load at a bus translates to substituting their powers with zeros.

Considering that the microgrid frequency is primarily dependent on the positive-sequence
power flow, and by choosing the first bus’s angle as a reference (i.e., δ1

1 = 0.0), 2Nac un-
knowns have to be solved for: Nac node voltages, the microgrid’s frequency ω, and Nac− 1
node angles. Thus, the positive-sequence voltage magnitudes (|V1

ac|), angles (δ1), and
frequency (ω) for iteration (k+ 1) in terms of the variables of iteration (k) are obtained as

∣∣V1
ac

∣∣
(k+1)

δ1(k+1)

ω(k+1)

 =


∣∣V1

ac

∣∣
(k)

δ1(k)

ω(k)

− J−1
ac

Γac,P(k)

Γac,Q(k)

 (5.35)

where the Jacobian matrix Jac is formed as

Jac =


∂Γac,P

∂ |V1
ac|

∂Γac,P

∂δ1
∂Γac,P

∂ω

∂Γac,Q

∂ |V1
ac|

∂Γac,Q

∂δ1
∂Γac,Q

∂ω

 (5.36)

Due to the microgrid’s droop characteristics, the Jacobean matrix elements are not exactly
the same as those of conventional systems. By substituting from (5.12), (5.16), (5.17),
(5.24), (5.25), (5.33), and (5.34) into (5.31) and (5.32), the matrix elements are obtained
as (5.37)-(5.42).
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∂Γac,P,i
∂ |V 1

ac|
=



∂Γac,P,i

∂
∣∣∣V 1
ac,i

∣∣∣ =−
∑
j∈Nac

∣∣∣V 1
ac,j

∣∣∣∣∣∣Y 11
ij

∣∣∣ cos
(
δ1
i − δ1

j − θ11
ij

)
− 2
∣∣∣V 1
ac,i

∣∣∣∣∣∣Y 11
ij

∣∣∣ cos
(
θ11
ii

)
− ᾱiP 1

ac,L,i

∣∣∣V 1
ac,i

∣∣∣ᾱi−1 (
1 + ¯Kpf,i∆ω

)
∂Γac,P,i

∂
∣∣∣V 1
ac,j

∣∣∣ = −
∑
j∈Nac

∣∣∣V 1
ac,i

∣∣∣∣∣∣Y 11
ij

∣∣∣ cos
(
δ1
i − δ1

j − θ11
ij

)
(5.37)

∂Γac,Q,i
∂ |V 1

ac|
=



∂Γac,Q,i

∂
∣∣∣V 1
ac,i

∣∣∣ =−
∑
j∈Nac

∣∣∣V 1
ac,j

∣∣∣∣∣∣Y 11
ij

∣∣∣ sin(δ1
i − δ1

j − θ11
ij

)
− 2
∣∣∣V 1
ac,i

∣∣∣∣∣∣Y 11
ij

∣∣∣ sin (θ11
ii

)
− β̄iQ1

ac,L,i

∣∣∣V 1
ac,i

∣∣∣β̄i−1 (
1 + ¯Kqf,i∆ω

)
∂Γac,Q,i

∂
∣∣∣V 1
ac,j

∣∣∣ = −
∑
j∈Nac

∣∣∣V 1
ac,i

∣∣∣∣∣∣Y 11
ij

∣∣∣ sin(δ1
i − δ1

j − θ11
ij

)
(5.38)

∂Γac,P,i
∂δ1

=



∂Γac,P,i
∂δ1

i

=
∑
j∈Nac

∣∣∣V 1
ac,i

∣∣∣∣∣∣V 1
ac,j

∣∣∣∣∣∣Y 11
ij

∣∣∣ sin(δ1
i − δ1

j − θ11
ij

)
∂Γac,P,i
∂δ1

j

= −
∣∣∣V 1
ac,i

∣∣∣∣∣∣V 1
ac,j

∣∣∣∣∣∣Y 11
ij

∣∣∣ sin(δ1
i − δ1

j − θ11
ij

) (5.39)

∂Γac,Q,i
∂δ1

=



∂Γac,Q,i
∂δ1

i

= −
∑
j∈Nac

∣∣∣V 1
ac,i

∣∣∣∣∣∣V 1
ac,j

∣∣∣∣∣∣Y 11
ij

∣∣∣ cos
(
δ1
i − δ1

j − θ11
ij

)
∂Γac,Q,i
∂δ1

j

=
∣∣∣V 1
ac,i

∣∣∣∣∣∣V 1
ac,j

∣∣∣∣∣∣Y 11
ij

∣∣∣ cos
(
δ1
i − δ1

j − θ11
ij

) (5.40)

∂Γac,P,i
∂ω

u −1

3
µi − P 1

ac,L,i

∣∣∣V 1
ac,i

∣∣∣ᾱi
¯Kpf,i (5.41)

∂Γac,Q,i
∂ω

u −1

3
ηi −Q1

ac,L,i

∣∣∣V 1
ac,i

∣∣∣β̄i ¯Kqf,i (5.42)
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The bars above load parameters (i.e., α, β, Kpf , and Kqf ) in (5.37), (5.38), (5.41), and
(5.42) denote their averaged values over the unbalanced loads at node i.

It is worth mentioning that for the derivatives with respect to the microgrid’s frequency,
the admittance is assumed constant, as its change has insignificant contribution to the Ja-
cobian elements’ values. However, the admittance variation is considered when calculating
the mismatch equations to ensure accurate results.

5.4.2 Negative- and Zero-Sequence Power Flows

The negative and zero-sequence voltages (|V2
ac| and |V0

ac|) for the same iteration (k + 1)
can be directly calculated by solving

V0
ac(k+1) =

[
Y 00

(k+1)

]−1 [
−I0ac,L(k+1)

−∆I0ac(k+1)

]
(5.43)

V2
ac(k+1) =

[
Y 22

(k+1)

]−1 [
−I2ac,L(k+1)

−∆I2ac(k+1)

]
(5.44)

where I0ac,L and I2ac,L are zero- and negative-sequence the load current vectors, respectively,
and the decoupling current vectors ∆I0ac and ∆I2ac are constructed by calculating the total
decoupling currents at each bus i as

∆I0
ac,i =

∑
j∈Nac

∆I0
ac,i−j (5.45)

∆I2
ac,i =

∑
j∈Nac

∆I2
ac,i−j (5.46)

Furthermore, since equations (5.31) and (5.32) assume three-phase feeders and Y-connected
loads, all delta-connected loads must be pre-processed using (5.29) and (5.30) at each
iteration.

5.4.3 Comparison with the Problem Formulation of the NTR
method

The NTR-based approach, reported in [39], formulates the unbalanced power flow problem
in phase coordinates. Accordingly, the power flow problem comprises 6 equations at each
node to represent the active and reactive power mismatches for the three phases, leading
to a problem size of (6Nac × 6Nac). Furthermore, the adopted NTR solution method is
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formulated as an optimization algorithm to minimize the mismatch powers (ideally to zero).
Although this method demonstrates good convergence performance in terms of robustness
and number of iterations, its computational cost is significantly high due to the problem’s
large size. On the other hand, as per (5.35), (5.43), and (5.44), the proposed approach
breaks down the power flow problem into three independent sub-problems of sizes (2Nac×
2Nac), (Nac×Nac), and (Nac×Nac), for the decoupled positive-, negative-, and zero-sequence
subsystems, respectively. Such reduction in problem size results in substantial decrease in
computational and memory requirements of the problem solution, even when including
the decoupling computational overhead in the proposed method [138]. Meanwhile, the
proposed approach allows parallel solution of the sub-problems, which leads to further
reduction in the algorithm’s execution time. Additionally, the NTR method evaluates the
gradient and Hessian matrices numerically, thus adding considerable computational burden
on the algorithm; this burden significantly escalates as the microgrid size increases. On
the contrary, the Jacobian matrix elements are directly calculated through (5.37)-(5.42)
in the proposed approach, thereby resulting in minimal computational effort. Altogether,
these factors remarkably advantage the proposed approach’s performance over that of its
NTR-based counterpart.

5.5 Performance Validation of the Proposed Approach

The performance of the proposed modeling and power flow algorithm was validated through
comparison of accuracy and computational time against time-domain simulations and a
traditional NTR-based algorithm.

5.5.1 Comparison with time-domain simulations

The power flow algorithm was tested on a modified IEEE 13-node test feeder [40], shown in
Figure 5.8. Three droop-controlled DGs of different types, sizes, and settings, presented in
Table 5.1, were connected to buses 650, 681, and 692. The SGDG’s ratings and parameters
can be found in [139]. Furthermore, a 2.5 MVA delta-wye transformer interfaces the 3-leg
EIDG to the 4-wire network; its short-circuit resistance and reactance at 60 Hz are 1%
and 6%, respectively. Although the system is relatively small, it includes all different com-
ponents of distribution systems, namely, untransposed feeders, unbalanced loads, different
load connections, distribution transformers, and single- and two-phase laterals and loads.
The microgrid’s small size allows conducting detailed time-domain simulations for model
validation.
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Figure 5.8: Test microgrid#5.1: modified IEEE 13-node test feeder

Table 5.1: DG ratings and droop settings (test microgrid#5.1)

DG# DG Type
µ η ω0 Vac,0 Pmax

ac,G Smaxac,G

(pu) (pu) (pu) (pu) (pu) (pu)

1 SGDG 25.2 7.56 1.00 1.00 0.504 0.630
2 4-leg EIDG 18.0 5.40 1.00 1.00 0.360 0.450
3 3-leg EIDG 20.0 6.00 1.00 1.00 0.400 0.500
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A complete time-domain model of the test microgrid was constructed and run in MAT-
LAB/Simulink environment until it converged to a steady state. The proposed algorithm,
implemented in MATLAB, was also executed to solve the same power flow problem. Ta-
ble 5.2 demonstrates close agreement between the power flow results obtained based on the
proposed models and solution algorithm and those of the time-domain simulations. The
mismatches are smaller than 6.06 × 10−4 pu, 0.13◦ (2.36 × 10−3 rad), and 5.72 × 10−5 pu
for the voltage magnitude, angle, and frequency, respectively, validating the accuracy of
the proposed method.

5.5.2 Robustness of the Proposed Approach

It is important to ensure that a power flow algorithm is robust and able to converge under
various conditions. Therefore, the robustness of the proposed approach was examined
under light and heavy microgrid loading conditions, which may result in over- and under-
voltages, respectively. The loads of test microgrid#5.1 were multiplied by a factor λ to
change the microgrid loading, as per

P 0,x
ac,L,i + jQ0,x

ac,L,i = λ
(
P 0,x
ac,L,base,i + jQ0,x

ac,L,base,i

)
(5.47)

where P 0,x
ac,L,base,i and Q0,x

ac,L,base,i are the base load active and reactive powers, respectively.

Table 5.3 shows the maximum and minimum observed voltages of the microgrid under
each loading condition. Furthermore, for a power mismatch tolerance of 1.0 × 10−6, the
table shows the number of iterations for convergence in each case. The results demonstrate
that for the no-load condition (i.e., λ = 0), the connected capacitors boost the microgrid
voltage above the DG’s set points. On the contrary, heavy loading condition (i.e., λ = 1.5)
results in under-voltages at some microgrid nodes. In all cases, the proposed algorithm
converges in 7 or 8 iterations, proving the robustness of the proposed approach under
different loading and voltage conditions.

5.5.3 Performance Comparison with the NTR-based approach

To further validate the accuracy and performance of the proposed approach, a performance
comparison against the NTR method was performed through solving the power flow of
the 25-node microgrid in [12], which considered the integration of three identical droop-
controlled DGs. Both algorithms were executed on a PC with a 64-bit Intel Core i7 @3.4
GHz CPU and 16 GB of RAM. The two methods were initialized at a three-phase flat start:
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Table 5.2: Power-flow results of test microgrid#5.1

M
A

T
L

A
B

/
S
im

u
li
n
k

Bus#
|V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc

(pu) (deg) (pu) (deg) (pu) (deg)

650 0.9921 0.00 0.9845 −120.30 0.9863 120.13
632 0.9802 − 0.65 0.9709 −121.43 0.9765 119.08
633 0.9772 − 0.72 0.9691 −121.48 0.9740 119.08
634 0.9546 − 1.38 0.9514 −121.95 0.9561 118.60
645 0.9620 −121.62 0.9747 119.10
646 0.9604 −121.55 0.9727 119.15
671 0.9760 − 1.43 0.9759 −121.41 0.9763 118.58
680 0.9804 − 1.06 0.9791 −121.01 0.9804 118.98
681 0.9906 −29.62 0.9906 −149.63 0.9906 90.37
684 0.9740 − 1.46 0.9743 118.48
611 0.9724 118.34
652 0.9685 − 1.38
692 0.9760 − 1.43 0.9759 −121.41 0.9763 118.58
675 0.9700 − 1.67 0.9781 −121.58 0.9742 118.60

ω = 0.98951 pu

P
ro

p
o
se

d
M

e
th

o
d

Bus#
|V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc

(pu) (deg) (pu) (deg) (pu) (deg)

650 0.9920 0.00 0.9839 −120.25 0.9866 120.19
632 0.9803 − 0.57 0.9709 −121.34 0.9765 119.17
633 0.9774 − 0.63 0.9690 −121.38 0.9740 119.16
634 0.9548 − 1.29 0.9513 −121.85 0.9562 118.70
645 0.9620 −121.52 0.9747 119.19
646 0.9604 −121.60 0.9728 119.24
671 0.9762 − 1.30 0.9762 −121.30 0.9762 118.70
680 0.9804 − 0.96 0.9791 −121.92 0.9803 119.09
681 0.9906 −29.54 0.9906 −149.54 0.9906 90.46
684 0.9742 − 1.32 0.9742 118.60
611 0.9723 118.46
652 0.9688 − 1.25
692 0.9762 − 1.30 0.9762 −121.30 0.9762 118.70
675 0.9701 − 1.54 0.9783 −121.47 0.9743 118.70

ω = 0.98957 pu
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Table 5.3: Robustness results (test microgrid#5.1)

λ 0.0 0.5 1.0 1.5

Max. node voltage 1.0143 0.9990 0.9920 0.9852
Min. node voltage 1.0054 0.9793 0.9513 0.9246
#iterations 8 7 8 8

Table 5.4: Performance comparison (25-node microgrid)

Proposed method NTR [39]

Tolerance 1.0× 10−6 1.0× 10−12 1.0× 10−6 1.0× 10−12

Solution time (ms) 75 108 3,220 3,893
#iterations 3 7 3 4

the NTR method adopted a flat start in phase coordinates (i.e., all nodes were assigned
V a
ac,i = 1.0∠0.0◦ pu, V b

ac,i = 1.0∠ − 120.0◦ pu, and V c
ac,i = 1.0∠120.0◦ pu), while the

proposed method was initialized in symmetrical sequence components (i.e., all nodes were
assigned V 0

ac,i = 0.0 pu, V 1
ac,i = 1.0∠0.0◦ pu, and V 2

ac,i = 0.0 pu). The microgrid’s frequency
was assumed to be initially 1.0 pu for both methods. The stopping criterion was unified
and selected such that the gradient norm did not exceed the specified tolerance value. The
two approaches produced similar results if directly-connected 4-leg EIDGs were assumed
in the proposed method. However, the NTR-based approach failed to produce accurate
results when the transformers’ effects and/or other types of DGs were considered. The
reason for this inaccuracy is neglecting the interfacing transformers’ effects and assuming
that all DG types can maintain balanced terminal voltages. Furthermore, the proposed
algorithm demonstrated considerably improved solution time, as shown in Table 5.4, for
two tolerance values. The results prove that the proposed approach outperforms its NTR-
based counterpart not only in accuracy, but also in computational-efficiency.

5.6 Case Studies

The following case studies highlight the effectiveness of the proposed algorithm in solving
larger and more complex microgrids. The modified IEEE 123-node test feeder has been
adopted to form a test microgrid by adding three DG units to nodes 149, 251, and 300,
as shown in Figure 5.9. While the system structure remained the same, the two micro-
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Figure 5.9: Test microgrid#5.2: modified IEEE 123-node test feeder

grid operational control modes (i.e., droop and isochronous) were investigated in the two
following subsections.

5.6.1 Droop-Controlled Microgrid

In this analysis, the DGs implement droop characteristics according to the parameters
stated in Table 5.1. The voltage magnitudes and angles of all buses are presented in
Table 5.5. The DGs collaboratively set the steady-state frequency to 0.98905 pu. The
results demonstrate key aspects pertaining to the behaviors of different types of DGs
under unbalanced operation. While the 4-leg EIDG with negative- and zero-sequence
voltage compensation maintains balanced voltages at its terminals (node#300), the 3-wire
EIDG cannot compensate for zero-sequence voltages behind the interfacing transformers, as
observed at node#250. Furthermore, the SGDG encounters unbalanced terminal voltages
(node#149) due to its internal impedances.
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Table 5.5: Power flow results of test microgrid#5.2

Bus#
|V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc

(pu) (deg) (pu) (deg) (pu) (deg)

149 0.9815 0.00 0.9861 −119.49 0.9868 120.17
1 0.9770 − 0.25 0.9846 −119.63 0.9826 120.02
2 0.9844 −119.63
3 0.9809 119.99
4 0.9804 119.98
5 0.9797 119.97
6 0.9790 119.96
7 0.9736 − 0.42 0.9836 −119.74 0.9803 119.95
8 0.9715 − 0.53 0.9828 −119.82 0.9788 119.90
9 0.9700 − 0.56
10 0.9681 − 0.60
11 0.9678 − 0.60
12 0.9825 −119.83
13 0.9694 − 0.65 0.9813 −119.92 0.9765 119.80
14 0.9684 − 0.59
15 0.9751 119.77
16 0.9741 119.75
17 0.9746 119.76
18 0.9661 − 0.63 0.9789 −119.89 0.9746 119.97
19 0.9648 − 0.66
20 0.9639 − 0.68
21 0.9676 − 0.52 0.9795 −119.79 0.9755 120.04
22 0.9782 −119.82
23 0.9689 − 0.44 0.9804 −119.69 0.9761 120.10
24 0.9746 120.07
25 0.9701 − 0.35 0.9814 −119.59 0.9771 120.18
26 0.9699 − 0.37 0.9766 120.16
27 0.9695 − 0.39 0.9766 120.16
28 0.9711 − 0.27 0.9820 −119.52 0.9781 120.25
29 0.9730 − 0.12 0.9827 −119.41 0.9798 120.33
30 0.9757 0.06 0.9834 −119.29 0.9817 120.41
250 0.9770 0.17 0.9838 −119.22 0.9831 120.47
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Bus#
|V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc

(pu) (deg) (pu) (deg) (pu) (deg)

251 0.9915 −28.05 0.9915 −148.05 0.9915 91.95
31 0.9760 120.15
32 0.9756 120.14
33 0.9682 − 0.42
34 0.9755 119.78
35 0.9633 − 0.72 0.9764 −119.98 0.9735 119.91
36 0.9624 − 0.74 0.9759 −120.03
37 0.9617
38 0.9752 −120.04
39 0.9748 −120.05
40 0.9618 − 0.76 0.9752 −120.03 0.9725 119.86
41 0.9721 119.85
42 0.9603 − 0.80 0.9741 −120.08 0.9716 119.82
43 0.9729 −120.10
44 0.9592 − 0.83 0.9734 −120.11 0.9708 119.79
45 0.9586 − 0.84
46 0.9582 − 0.85
47 0.9582 − 0.85 0.9724 −120.14 0.9698 119.74
48 0.9579 − 0.86 0.9721 −120.15 0.9696 119.74
49 0.9579 − 0.86 0.9718 −120.15 0.9695 119.72
50 0.9579 − 0.87 0.9718 −120.14 0.9691 119.71
51 0.9577 − 0.88 0.9719 −120.14 0.9691 119.71
52 0.9676 − 0.82 0.9804 −120.09 0.9757 119.65
53 0.9670 − 0.89 0.9799 −120.18 0.9753 119.57
54 0.9668 − 0.93 0.9794 −120.23 0.9751 119.52
55 0.9666 − 0.93 0.9793 −120.24 0.9752 119.52
56 0.9665 − 0.93 0.9791 −120.25 0.9752 119.52
57 0.9669 − 1.04 0.9778 −120.38 0.9745 119.38
58 0.9771 −120.39
59 0.9768 −120.40
60 0.9674 − 1.29 0.9754 −120.65 0.9727 119.09
61 0.9674 − 1.29 0.9754 −120.65 0.9727 119.09
610 0.9674 − 1.29 0.9754 −120.65 0.9727 119.09
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Bus#
|V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc

(pu) (deg) (pu) (deg) (pu) (deg)

62 0.9666 − 1.29 0.9743 −120.63 0.9706 119.08
63 0.9660 − 1.28 0.9734 −120.61 0.9696 119.07
64 0.9657 − 1.26 0.9716 −120.58 0.9674 119.04
65 0.9651 − 1.27 0.9713 −120.53 0.9644 119.03
66 0.9653 − 1.29 0.9715 −120.50 0.9629 119.03
67 0.9683 − 1.37 0.9754 −120.76 0.9728 119.01
68 0.9667 − 1.40
69 0.9648 − 1.44
70 0.9635 − 1.47
71 0.9627 − 1.48
72 0.9686 − 1.47 0.9744 −120.87 0.9725 118.88
73 0.9703 118.84
74 0.9685 118.80
75 0.9674 118.78
76 0.9684 − 1.53 0.9737 −120.97 0.9731 118.83
77 0.9695 − 1.60 0.9747 −121.05 0.9738 118.75
78 0.9698 − 1.62 0.9751 −121.06 0.9739 118.73
79 0.9695 − 1.63 0.9752 −121.07 0.9739 118.74
80 0.9717 − 1.68 0.9766 −121.12 0.9746 118.62
81 0.9737 − 1.76 0.9787 −121.15 0.9750 118.51
82 0.9745 − 1.80 0.9799 −121.18 0.9757 118.48
83 0.9756 − 1.82 0.9809 −121.21 0.9765 118.43
84 0.9723 118.46
85 0.9710 118.43
86 0.9674 − 1.57 0.9718 −121.14 0.9744 118.80
87 0.9668 − 1.59 0.9710 −121.24 0.9749 118.78
88 0.9667 − 1.62
89 0.9664 − 1.59 0.9707 −121.28 0.9753 118.76
90 0.9706 −121.32
91 0.9662 − 1.59 0.9704 −121.30 0.9754 118.75
92 0.9753 118.69
93 0.9658 − 1.59 0.9702 −121.32 0.9755 118.75
94 0.9651 − 1.61
95 0.9658 − 1.58 0.9698 −121.34 0.9757 118.75
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Bus#
|V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc

(pu) (deg) (pu) (deg) (pu) (deg)

96 0.9695 −121.34
97 0.9697 − 1.29 0.9759 −120.74 0.9735 119.05
98 0.9694 − 1.30 0.9757 −120.75 0.9734 119.04
99 0.9697 − 1.29 0.9748 −120.76 0.9731 119.00
100 0.9699 − 1.29 0.9748 −120.75 0.9727 118.98
450 0.9699 − 1.29 0.9748 −120.75 0.9727 118.98
101 0.9713 − 1.20 0.9767 −120.71 0.9744 119.09
102 0.9729 119.06
103 0.9714 119.03
104 0.9695 118.99
105 0.9726 − 1.10 0.9776 −120.71 0.9763 119.18
106 0.9764 −120.73
107 0.9749 −120.76
108 0.9742 − 1.00 0.9797 −120.66 0.9780 119.30
300 0.9838 − 0.47 0.9838 −120.47 0.9838 119.53
109 0.9700 − 1.08
110 0.9680 − 1.12
111 0.9673 − 1.14
112 0.9674 − 1.13
113 0.9654 − 1.17
114 0.9649 − 1.18

Moreover, the effect of the transformer delta-wye connection on the DG phase loading
can be concluded from the results in Table 5.6. It is observed that not only the total
DG active and reactive powers are higher at the DG terminals (node#251) than those
at the microgrid’s bus (node#250) due to the transformer impedance, but also the power
unbalances among the three phases are different at the two nodes because of the transformer
delta-wye connection. This analysis is critical, in particular, for microgrids’ loadability
studies [1], [2]. The proposed method accounts for various system components and their
different characteristics, ensuring more accurate analysis compared to other methods.

To further investigate the robustness and performance of the proposed approach in
solving larger-scale microgrids, the analysis performed in Sections 5.5.2 and 5.5.3 were re-
peated for test microgrid#5.2. Table 5.7 presents the maximum and minimum microgrid
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Table 5.6: DG output phase powers for test microgrid#5.2

DG# Node#
P a
ac,G P b

ac,G P c
ac,G Qa

ac,G Qb
ac,G Qc

ac,G

(pu) (pu) (pu) (pu) (pu) (pu)

1 149 0.1042 0.0817 0.0902 0.0390 0.0310 0.0448
2 300 0.0855 0.0467 0.0649 0.0425 0.0243 0.0207
3 250 0.0883 0.0576 0.0721 0.0235 0.0110 0.0101
4 251 0.0849 0.0692 0.0650 0.0146 0.0284 0.0079

Table 5.7: Robustness results (test microgrid#5.2)

λ 0.0 0.5 1.0 1.5

Max. node voltage 1.0284 1.0048 0.9915 0.9844
Min. node voltage 1.0046 0.9840 0.9577 0.9308
#iterations 8 7 7 7

voltages as well as the number of iterations for the algorithm to converge. Meanwhile, Ta-
ble 5.8 compares the proposed approach’s performance against that of the NTR method.
It is noteworthy that since the NTR approach does not model delta-connected loads, the
microgrid loads were all converted to wye-connection, for the sake of performance compar-
ison. As seen in Table 5.8, the performance superiority of the proposed algorithm becomes
more evident with the increase in the microgrid size. Overall, the results solidify the pre-
viously obtained ones for test microgrid#5.1, and therefore they confirm the approach’s
robustness and enhanced performance over the conventional one.

Table 5.8: Performance comparison (test microgrid#5.2)

Proposed method NTR [12]

Tolerance 1.0× 10−6 1.0× 10−12 1.0× 10−6 1.0× 10−12

Solution time (ms) 467 1,009 111,849 144,827
#iterations 3 10 3 4

131



5.6.2 Isochronously-Controlled Microgrid

This case studies the microgrid’s isochronous operation. The active and reactive power
ratings of SGDG (DG#1) are increased to 4.0 and 5.0 pu, respectively, allowing it to
dominate the microgrid’s operation. Furthermore, its droop gains µ and η are set to infinity,
resulting in tight regulation of microgrid’s frequency at its reference value of ω = 1.00 pu.
On the other hand, DG#2 and DG#3 are droop-controlled and their droop set-points, ω0

and Vac,0, can be adjusted to control their output powers.

To examine the effect of changing the frequency set-point on the microgrid opera-
tion, DG#2’s frequency set-point ω0 was gradually changed from 0.975 to 1.025 pu, while
DG#3’s was kept constant at 1.00 pu. Figure 5.10a depicts the changes of the output
active power of the three phases of DG#2, while Figure 5.10b shows the total output
power of the three DGs. Although the output power of the three-phases are unequal due
to the system unbalances, it can generally be observed that the phase active powers pro-
portionally increase with the frequency set-point if set above the microgrid frequency (i.e.,
ω0 > 1.00 pu). Furthermore, as the set-point is decreased below the microgrid frequency
(i.e., ω0 < 1.00 pu), the active power reverses direction meaning that the DG absorbs
power, which can be desirable for ESSs. Moreover, as DG#2 approaches its active power
capacity in either direction (i.e., ω0 < 0.98 pu or ω0 > 1.02 pu), the power is limited to
the maximum value, which verifies the effectiveness of the proposed algorithm in enforcing
DG limits in the solution. Note that, as illustrated in Figure 5.10b, the total output active
power of DG#3 is zero regardless of the set-point of DG#2 because its set-point is fixed
at the microgrid’s frequency. However, as DG#2’s active power changes, the isochronous
DG autonomously adjusts its power to maintain successful microgrid operation, since it
acts as a non-ideal slack bus.

Similarly, DG#2’s voltage set-point Vac,0 was gradually changed from 0.825 to 1.100 pu.
The corresponding phase reactive powers are plotted in Figure 5.11a. Unlike the microgrid
frequency, the voltage is not a global variable, and thus the DG injects reactive power at
Vac,0 = 1.00 pu due to voltage drops across the feeders. Nevertheless, the DG’s reactive
power approaches zero at Vac,0 u 0.96 pu where the set-point is almost equal to the DG’s
positive-sequence terminal voltage. Below this value, DG#2 absorbs reactive power from
the microgrid. The algorithm is also capable of limiting the DG’s reactive power as it
approaches its maximum value in either direction. The effect of changing DG#2’s voltage
set-point on other DGs is demonstrated in Figure 5.11b. The figure shows that, due to
different deviations in bus voltages, DG#3’s reactive power is neither zero nor constant
as DG#2’s voltage set-point is being changed. However, the significant reactive power
changes are observed in the controlled DG (i.e., DG#2) and the isochronous SGDG, as it
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Figure 5.10: Effects of changing the droop frequency set-point on active powers.
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(a) DG#2 phase reactive powers



0.975 0.980 0.985 0.990 0.995 1.000 1.005 1.010 1.015 1.020 1.025

P
 (

pu
)

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15
Pa 

Pb

Pc

 



0.975 0.980 0.985 0.990 0.995 1.000 1.005 1.010 1.015 1.020 1.025

P
 (

pu
)

-0.40
-0.20
0.00
0.20
0.40
0.60
0.80
1.00
1.20

PDG#1 PDG#2 PDG#3

 

V

0.825 0.850 0.875 0.900 0.925 0.950 0.975 1.000 1.025 1.050 1.075 1.100

Q
 (

pu
)

-0.12
-0.09
-0.06
-0.03
0.00
0.03
0.06
0.09
0.12

Qa 

Qb

Qc

 

V

0.825 0.850 0.875 0.900 0.925 0.950 0.975 1.000 1.025 1.050 1.075 1.100

Q
 (

pu
)

-0.30
-0.20
-0.10
0.00
0.10
0.20
0.30
0.40
0.50

QDG#1 QDG#2 QDG#3

 

(b) Reactive powers of all DGs

Figure 5.11: Effects of changing the droop voltage set-point on reactive powers.
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maintains the reactive power balance of the microgrid.

It is worth mentioning that the results also confirm the algorithm’s robustness when
solving isochronous microgrids, as it converged under a wide range of DG settings. Al-
though the microgrid’s node voltages varied from values as low as 0.9016 p.u at Vac,0 = 0.825
pu to values as high as 1.0093 pu at Vac,0 = 1.10 pu, the algorithm successfully converged
under both normal and extreme operational conditions.

5.7 Conclusions and Discussion

Steady-state analysis is crucial for planning and operation studies of microgrids. Since
microgrids can be controlled in either droop or isochronous modes, the development of
a generic, accurate, and computationally-efficient power flow analysis approach becomes
essential. The unbalanced nature of distribution networks and the possibility of the coexis-
tence of SGDGs and EIDGs entail precise modeling of their different characteristics. In this
chapter, a generalized methodology based on symmetrical sequence component analysis of
microgrids was developed. The models of different DG types were presented and inte-
grated into the power flow formulation. An NR algorithm was used to solve the power flow
problem while taking the DG droop characteristics and power limits into consideration.

The IEEE 13-node test feeder was modified to form a droop-controlled microgrid for
model and algorithm validation. The detailed time-domain model of the test system was
built and simulated in MATLAB/Simulink. The close match between the results of the
algorithm and time-domain simulations proves the accuracy of the developed method. Fur-
thermore, two case studies, incorporating a modified IEEE 123-node test microgrid, were
introduced to examine the effectiveness of the proposed method in analyzing more complex
microgrids, and to study the operation of droop-based DGs in isochronous microgrids. The
results shed light on the use of droop settings for 4-quadrant control of dispatchable units
in isochronous microgrids. They also show the effectiveness of the proposed algorithm in
limiting the DGs’ powers, in both directions, as they approach their limits.

Moreover, the robustness of the proposed algorithm was tested through changing the
test microgrids’ operational conditions from light to heavy loading, and from droop to
isochronous modes of operation. The algorithm demonstrated solid convergence charac-
teristics under various testing conditions. Furthermore, the algorithm showed superior
performance, in terms of accuracy and execution time, when compared to the reported
NTR approach.
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Chapter 6

An Improved Modeling and Power
Flow Analysis Approach for
Unbalanced Islanded Hybrid AC/DC
Microgrids

6.1 Introduction

In Chapter 5, a comprehensive modeling and power flow analysis approach for standalone
unbalanced ac microgrids was developed. In this chapter, the work is extended to include
the dc subgrid and ICs to provide a complete, accurate, and efficient platform for steady-
state analysis of hybrid ac/dc microgrids. Accordingly, this chapter proposes an enhanced
sequential power flow algorithm – as compared with the unified power flow algorithm previ-
ously developed in Chapter 3 – that takes the features of islanded hybrid ac/dc microgrids
into consideration. First, an NR method is adopted to solve for the decoupled symmetrical
components of the unbalanced ac subgrid. Subsequently, the coupling parameters between
the ac and dc subgrids are updated; henceforth, the dc subgrid is solved. The algorithm
exhibits three main merits over the one based on NTR [1]

1. Generality – the approach considers the unbalanced features of ac subgrids, integra-
tion and coexistence of various DG types, and parallel operation of ICs.

2. Computational efficiency – the algorithm breaks down the system model into smaller
decoupled ac and dc sets of equations, and further divides the ac system into smaller
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symmetrical component models that are solved independently, thereby significantly
reducing the computational requirements [41], [35].

3. Accuracy – different models are adopted to represent the features of different DG
types (i.e., SGDG and EIDG) in symmetrical components, rather than one inaccurate
unified model in phase coordinates [36].

The remainder of the chapter is organized as follows: Section 6.2 illustrates the core
differences between the conventional unified and the proposed sequential power flow ap-
proaches. Section 6.3 reviews the steady-state modeling of the ac subgrid based on sym-
metrical component analysis. Section 6.4 describes the dc subgrid’s steady-state modeling.
ICs’ models, considering their different control schemes, are presented in Section 6.5. The
proposed power flow algorithm is thoroughly explained in Section 6.6. Section 6.7 validates
the proposed algorithm through comparisons with time-domain simulations. The algo-
rithm’s computational efficiency and limit-enforcement capabilities are examined, through
further case studies, in Section 6.8. Finally, Section 6.9 concludes the chapter.

6.2 Sequential versus Unified Power Flow Approaches

for Unbalanced Hybrid AC/DC Microgrids

Computational and memory requirements are crucial factors in defining the computational
efficiency of power flow algorithms. In conventional unified power flow approaches for hy-
brid ac/dc microgrids, the ac and dc power flow problems, in addition to the coupling
between the two through ICs, are integrated into one problem. Accordingly, the unbal-
anced ac subgrid comprisingNac nodes introduces 6Nac equations for the active and reactive
powers of the three phases at each node. Additionally, the dc subgrid with Ndc nodes intro-
duces Ndc power flow equations. Finally, if the two subgrids are coupled through NIC ICs,
their active power equations are added to the problem. Altogether, the microgrid compo-
nents result in a problem of size (6Nac +Ndc +NIC). Considering the dramatic nonlinear
increase in the memory and computational requirements of matrix operations – typically
used in power flow algorithms – with the matrix size, solving such a problem becomes
computationally inefficient, especially for online and large-scale microgrid applications.

In this work, a sequential approach is proposed to break down the system model into
smaller subsystems, thus resulting in considerable reduction in the problem solution re-
quirements. The proposed approach constructs the ac and dc power flow problems sepa-
rately. The ac subproblem solves only for the ac variables. In addition, instead of formu-
lating the ac problem in phase coordinates leading to a problem size of 6Nac, decoupled
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sequence component analysis is adopted to break down the ac subgrid into smaller subsys-
tems of sizes 2Nac, Nac, and Nac for the positive-, negative-, and zero-sequence subsystems,
respectively. These decoupled ac subsystems can be solved in parallel, leading to signifi-
cant improvement in the ac subproblem solution time. On the other hand, the dc power
flow subproblem – of size (Ndc + NIC ) – incorporates the dc subgrid power flow as well
as the IC equations. The correlation between the ac and dc subproblems is conserved by
updating the dc power flow variables based on the ac power flow results in a sequential
manner. These multiple reductions in the problem size extensively enhance the algorithm
performance as compared to conventional unified approaches.

6.3 AC Subgrid Modeling in Sequence Components

The complete ac subgrid modeling is identical to the unbalanced ac microgrid modeling
presented earlier in Section 5.3.

6.4 DC subgrid Modeling

Steady-state modeling of dc microgrids is simpler than that of their ac counterparts, since
they do not include complex impedances, reactive powers, and unbalances. This section
describes the steady-state models of the dc subgrid’s main components.

6.4.1 DC DG Modeling

Modern dc microgrids adopt droop-controlled dc generation to partially or fully feed the
local dc loads, and to exchange power with external systems. Droop-controlled dc DGs
employ dc/dc converters and local controllers, as shown in Figure 6.1a. Thus, a droop-
controlled dc DG can be simplified as in Figure 6.1b. Droop control allows proportional
power sharing among dc DGs, which is mathematically represented, for a DG at an arbi-
trary dc bus i, as

Pdc,G,i = ϑP,i
(
Vdc,0,i − Vdc,i

)
(6.1)

where Pdc,G,i is the dc DG’s output power,Vdc,0,i and Vdc,i the DG’s output voltages at no-
load and under load, respectively, and ϑP,i the droop gain. The droop gain is set according
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(b) Simplified model

Figure 6.1: Schematic diagram and simplified model of droop-controlled DC DG.

to (6.2) to attain the desired proportional power sharing, yet with some inevitable error
due to voltage mismatches among dc buses.

ϑP,i =
Pmax
dc,G,i

Vdc,max − Vdc,min
(6.2)

In (6.2) Pmax
dc,G,i is the maximum DG power, and Vdc,max and Vdc,min the maximum and

minimum allowed dc voltages, respectively.

6.4.2 DC Feeder Modeling

Line resistance is the only parameter representing dc feeders at steady-state. Thus, for
any feeder connecting dc nodes i and j, conductance can be given in terms of the total line
resistance rij as

gij =
1

rij
(6.3)

6.4.3 DC Load Modeling

Similar to ac loads, a generic dc load model, given by (6.4), is used to describe the load
power as a function of the dc voltage.

Pdc,L,i = P 0
dc,L,i(Vdc,i)

% (6.4)

In (6.4), P 0
dc,L,i is the load rated-power and % the power exponent that is assigned a value of

0, 1, or 2 for constant-power, constant-current, or constant-impedance loads, respectively.
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(b) Simplified model

Figure 6.2: Schematic diagram and simplified model of IC.

6.5 Interlinking Converter Modeling in Sequence Com-

ponents

Typically, ICs implement three-phase bidirectional current-controlled VSCs that inject/absorb
balanced three-phase currents to/from the ac subgrid and absorb/inject dc current from/to
the dc subgrid, as shown in Figure 6.2a. Therefore, the converter is seen from the ac side
as a power source/load in the positive-sequence frame, whereas it is represented as open
circuits for negative- and zero-sequence models. At the dc side, the converter is seen as a
dc load/source, as depicted in the simplified model in Figure 6.2b.

The amount of power transferred through an IC depends on the adopted IC control
scheme, which is also related to the microgrid configuration. To attain generality, ac and
dc subgrids are assumed droop-controlled, and are interlinked through multiple droop-
controlled ICs to share the power exchanged between the subgrids. For autonomous op-
eration, the lth IC locally measures the ac subgrid’s frequency, ω, and the dc subgrid’s
voltage at its terminal, Vdc,l, and calculates their per-unit deviations as

∆ωpu =
ω − 0.5(ωmax + ωmin)

0.5(ωmax − ωmin)
(6.5)

∆Vdc,pu,l =
Vdc,l − 0.5(Vdc,max + Vdc,min)

0.5(Vdc,max − Vdc,min)
(6.6)

Then, the IC implements (6.7) to autonomously determine its share of the active power
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P 1
ac,IC,l transferred between the two subgrids.

P 1
ac,IC,l =

1

3
γl(∆ωpu −∆Vdc,pu,l) (6.7)

In (6.7), the IC droop gain γl is set according to (6.8) to attain proportional power sharing,
where SmaxIC,l is the IC’s rated power and eac−dc,max the globally defined difference between
∆ωpu and ∆Vdc,pu,l at, or beyond, which all ICs should ideally transfer their maximum
powers. It is worth mentioning that inaccuracies in proportional power sharing among ICs
are expected due to unequal dc voltages at different ICs’ dc terminals [1], [26].

γl =
SmaxIC,l

eac−dc,max
(6.8)

Moreover, an IC usually provides reactive power support to the ac subgrid as long as its
capacity, SmaxIC,l , is not fully occupied by the prioritized active power. Therefore, bound by
the maximum value given by (6.9), ICs inject reactive power Q1

ac,IC,l following the droop
characteristics in (6.10). The droop gain ηl is calculated using (6.11), where the constant
ρ is unified for all ICs.

Q1
ac,IC,max,l =

√(
SmaxIC,i

)2

−
(
P 1
ac,G,i

)2

(6.9)

Q1
ac,IC,l = ηl

(
Vac,l,0 −

∣∣∣V 1
ac,l

∣∣∣) (6.10)

ηl = ρ
SmaxIC,l

Vac,max − Vac,min
0 < ρ ≤ 1 (6.11)

For a hybrid ac/dc microgrid integrating a single IC, a tighter control scheme, using a
PI controller, can be adopted to achieve

∆ωpu = ∆Vdc,pu,l (6.12)

Mathematically, equation (6.12) can be deduced from the general formula (6.7) by setting
eac−dc,max to zero in (6.8). Similarly, other control schemes for ICs can be deduced from
(6.7) by applying minor modifications, which renders the proposed approach generic.
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6.6 Proposed AC/DC Microgrid Power Flow Algo-

rithm

For minimized computational requirements, this work proposes a sequential power flow
algorithm, illustrated in Figure 6.3, which sequentially solves the decoupled ac and dc
subgrid equations, while maintaining the correlation between the two, according to the IC
control scheme. The independent solution of each subgrid’s set of equations considerably
reduces the algorithm’s execution time as compared to those in unified approaches, because
it allows conducting mathematical operations on smaller matrices, instead of one large
matrix describing the entire system. Besides, the symmetrical component method further
reduces the ac power flow subroutine’s execution time, as it permits parallel solution of
the symmetrical component models. The following subsections explain the algorithm’s
subroutines in detail.

6.6.1 AC Power Flow

The positive-sequence power flow is solved using a modified NR method to accommodate
the ac subgrid’s droop-characteristics. For an ac subgrid comprising Nac buses, the total
injected active and reactive powers at any node i can be described as

P 1
ac,i =

∑
j∈Nac

∣∣∣V 1
ac,i

∣∣∣∣∣∣V 1
ac,j

∣∣∣∣∣∣Y 11
ij

∣∣∣ cos
(
δ1
i − δ1

j − θ11
ij

)
(6.13)

Q1
ac,i =

∑
j∈Nac

∣∣∣V 1
ac,i

∣∣∣∣∣∣V 1
ac,j

∣∣∣∣∣∣Y 11
ij

∣∣∣ sin(δ1
i − δ1

j − θ11
ij

)
(6.14)

where
(∣∣∣V 1

ac,i

∣∣∣ and
∣∣∣V 1
ac,j

∣∣∣ ) and (δ1
i and δ1

j ) are the positive-sequence voltage magnitudes and

angles at nodes i and j, respectively, and
∣∣∣Y 11
ij

∣∣∣ and θ11
ij the positive-sequence Y-bus matrix

element’s magnitude and angle, respectively. Accordingly, the node’s power mismatch
equations can be formulated as

Γac,P,i = P 1
ac,G,i + P 1

ac,IC,l − P 1
ac,L,i − P 1

ac,i −
∑

j∈Nac\i

∆P 1
ac,i−j (6.15)

Γac,Q,i = Q1
ac,G,i +Q1

ac,IC,l −Q1
ac,L,i −Q1

ac,i −
∑

j∈Nac\i

∆Q1
ac,i−j (6.16)
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Figure 6.3: Flow chart of the proposed hybrid ac/dc power flow algorithm

142



In (6.15) and (6.16), the IC’s active and reactive powers (P 1
ac,IC,l and Q1

ac,IC,l) are assumed
constant with values based on the results of the preceding iteration. They are set to zero
at the initialization stage or if no IC is connected to bus i.

Considering that the ac subgrid’s frequency is a power flow variable, the ac Jacobian
matrix Jac can be defined as

Jac =


∂Γac,P

∂ |V1
ac|

∂Γac,P

∂δ1
∂Γac,P

∂ω

∂Γac,Q

∂ |V1
ac|

∂Γac,Q

∂δ1
∂Γac,Q

∂ω

 (6.17)

where
∣∣V1

ac

∣∣ and δ1 are the positive-sequence node voltage magnitude and angle vectors,
respectively. At iteration (k+1), the positive-sequence voltage magnitudes, frequency, and
angles are calculated, in terms of their values at iteration (k), as

∣∣V1
ac

∣∣
(k+1)

δ1(k+1)

ω(k+1)

 =


∣∣V1

ac

∣∣
(k)

δ1(k)

ω(k)

− J−1
ac

Γac,P(k)

Γac,Q(k)

 (6.18)

It is worth mentioning that although the ac subgrid lacks a slack bus, the first bus’s angle
δ1

1 is set to zero, so that the number of ac unknowns, 2Nac, is equal to the number of system
equations.

The negative- and zero-sequence complex node voltage vectors can be directly calculated
from the linear relations

V0
ac(k+1) =

[
Y 00

(k+1)

]−1 [
−I0ac,L(k+1)

−∆I0ac(k+1)

]
(6.19)

V2
ac(k+1) =

[
Y 22

(k+1)

]−1 [
−I2ac,L(k+1)

−∆I2ac(k+1)

]
(6.20)

where Y 00 and Y 22 are the zero- and negative-sequence Y-bus matrices, and ∆I0ac and
∆I2ac the decoupling current vectors comprising the total decoupling currents at each node
i, given as

∆I0
ac,i =

∑
j∈Nac

∆I0
ac,i−j (6.21)

∆I2
ac,i =

∑
j∈Nac

∆I2
ac,i−j (6.22)
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6.6.2 Correlation between AC and DC Subgrids

To allow independent solutions of the power flow problems of the ac and dc subgrids,
while maintaining the correlation between them, the mutual effects between the subgrids
have to be integrated into the algorithm. Considering the ac subgrid, the total power
transferred through the ICs can be represented as a dummy DG with the following droop
characteristic [23]

P 1
IC,total =

∑
P 1
ac,IC,l =

1

3
µac(ω0,ac − ω) (6.23)

where the virtual droop gain µac and no-load frequency ω0,ac are defined by

µac = −
∂P 1

IC,total

∂ω
(6.24a)

ω0,ac = ω +
P 1
IC,total

µac
(6.24b)

Note that the values of µac and ω0,ac are not fixed, and are updated at each power flow
algorithm iteration.

On the other hand, to decouple ICs’ powers at the dc side from the ac subgrid’s vari-
ables, the frequency is substituted from (6.23) in (6.7). Consequently, the ICs’ active
power mismatch equation can be formulated as a function of the dc voltages as

ΓIC,P,l = P 1
ac,IC,l + ¯aV,lVdc,l + aPV,l + aac,l

∑
j 6=l

P 1
ac,IC,j (6.25)

where

¯aV,l =
aV µacγl

3 (aωγl + µac)

aPV,l =
µacγl

(
aωV − aωω0,ac

)
3 (aωγl + µac)

aac,l =
aωγl

aωγl + µac

aV =
2

Vdc,max − Vdc,min

aω =
2

ωmax − ωmin
aωV =

ωmax + ωmin
ωmax − ωmin

− Vdc,max + Vdc,min
Vdc,max − Vdc,min
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Hence, the ICs’ mismatch power equations, given by (6.25), can be integrated into the
independent dc power flow subroutine. It is worth noting that if a microgrid implements a
single IC, the droop gain γl is set to infinity, and all the other ICs’ powers P 1

ac,IC,j in (6.25)
are set to zero, which leads to the same formulas presented in [23].

6.6.3 DC Power Flow

The dc power flow solves for the dc bus voltages as well as the ICs’ active powers. Assuming
a dc subgrid with Ndc nodes, the dc power injected at any node i ∈ Ndc is given by

Pdc,i = Vdc,i
∑
j∈Ndc

Vdc,jGij (6.26)

where Gij is the conductance matrix element. Thus, the node’s power mismatch equation
is formulated as

Γdc,P,i = Pdc,G,i + Pdc,IC,l − Pdc,L,i − Pdc,i (6.27)

where Pdc,IC,l is the IC’s power at the dc side, which is related to the IC’s power at the ac
side, P 1

ac,IC,l, and the IC’s losses, P 1
loss,IC,l, by

Pdc,IC,l = −3P 1
ac,IC,l + P 1

loss,IC,l (6.28)

By integrating the ICs’ power mismatch equations into the dc power flow, the dc Ja-
cobian matrix Jdc can be defined as

Jdc =


∂Γdc,P

∂ Vdc

∂Γdc,P

∂PIC

∂ΓIC,P

∂ Vdc

∂ΓIC,P

∂PIC

 (6.29)

where Vdc and PIC are the dc bus voltage and IC active power vectors, respectively.
Similar to ac subgrids, the dc bus voltages and ICs’ active powers can be calculated at
iteration (k + 1), in terms of the variables at iteration (k), using[

Vdc(k+1)

PIC(k+1)

]
=

[
Vdc(k)

PIC(k)

]
− J−1

dc

Γdc,P(k)

ΓIC,P(k)

 (6.30)

Finally, the output powers of all DGs and ICs are calculated. If any DG or IC exceeds
its capacity, its power is restricted to the maximum value and its operational mode is
changed from droop to constant-power.
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Figure 6.4: Test microgrid#6.1: modified IEEE 13-node ac/7-node dc microgrid.

6.7 Approach Validation

In order to verify the accuracy of the proposed models and power flow algorithm, a test
hybrid ac/dc microgrid, shown in Figure 6.4, comprising a modified IEEE 13-node ac
sub-grid [40] and a 7-node dc subgrid [130], was used. The ac subgrid integrates three
droop-controlled AC DGs of various types, ratings, and droop settings, given in Table 6.1.
The SGDG’s data were obtained from a commercial generator’s datasheet [139]. On the
other hand, four DC DGs are connected to the dc subgrid, with their ratings and droop
settings given in Table 6.2. The dc subgrid integrates three constant-power loads rated
at 0.15, 0.10, and 0.08 pu, and connected to dc nodes 1, 4, and 6, respectively. The
microgrid’s size is relatively small to facilitate conducting time-domain simulations neces-
sary for model and algorithm validation. Despite its small size, the ac subgrid integrates
various components found in standard distribution systems, such as unbalanced feeders,
unbalanced loads with various configurations, and distribution transformers with different
connections. To render the validation procedure comprehensive, two cases were studied
to verify the proposed approach’s accuracy in solving hybrid ac/dc microgrids with single
and multiple ICs, respectively. The ICs’ data is given in Table 6.3.
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Table 6.1: AC DGs’ ratings and droop settings (test microgrid#6.1)

DG# DG Type
µ η ω0 Vac,0 Pmax

ac,G Smaxac,G

(pu) (pu) (pu) (pu) (pu) (pu)

1 SGDG 25.2 7.56 1.00833 1.01 0.504 0.630
2 4-leg EIDG 18.0 5.40 1.00833 1.01 0.360 0.450
3 3-leg EIDG 20.0 6.00 1.00833 1.01 0.400 0.500

Table 6.2: DC DGs’ ratings and droop settings (test microgrid#6.1)

DG#
ϑP Vdc,0 Pmax

dc,G

(pu) (pu) (pu)

1,3 2.00 1.05 0.200
2,4 2.50 1.05 0.250

Table 6.3: ICs’ ratings and reactive power droop settings (test microgrid#6.1)

IC#
η Vac,0 SmaxIC

(pu) (pu) (pu)

1 1.00 1.01 0.100
2 0.50 1.01 0.050
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6.7.1 A Hybrid Microgrid with a Single IC

In this case, only IC1 is employed to interlink the two subgrids, and therefore it follows
the control scheme in (6.12). In Table 6.4, , the power flow results obtained by imple-
menting the proposed approach are compared with the steady-state results of the MAT-
LAB/Simulink time-domain model of the same system. The close agreement of the results
of the two methods proves that the proposed approach is accurate for steady-state analysis
of hybrid ac/dc microgrids incorporating a single IC.

6.7.2 A Hybrid Microgrid with Multiple Droop-Controlled ICs

This case tests the proposed approach’s validity for hybrid ac/dc microgrids with multiple
droop-controlled ICs. The two ICs (IC1 and IC2) are connected to interface the two
subgrids. The ICs’ active powers follow the droop characteristics described by (6.7), while
the global IC parameter eac−dc,max is set to 3%. The results of the proposed method are
contrasted against those obtained through MATAB/Simulink simulations in Table 6.5.
The proposed approach solves for this configuration with high precision, which indicates
its validity for different system configurations and IC control schemes. Tables 6.6 and 6.7
summarize the maximum per-unit and relative/percentage mismatches between the power
flow variables obtained by the two methods (i.e., proposed and time-domain simulations)
for the two cases (i.e., single and multiple ICs).
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Table 6.4: Power flow results of test microgrid#6.1 (case#1 – single IC)

M
A

T
L

A
B

/
S
im

u
li
n
k

AC |V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc DC Vdc

Bus# (pu) (deg) (pu) (deg) (pu) (deg) Bus# (pu)

650 1.0025 0.00 0.9951 −120.31 0.9966 120.11 1 1.0039
632 0.9913 − 0.56 0.9820 −121.35 0.9876 119.15 2 1.0054
633 0.9883 − 0.63 0.9802 −121.40 0.9850 119.16 3 1.0080
634 0.9653 − 1.30 0.9622 −121.87 0.9669 118.68 4 1.0018
645 0.9730 −121.54 0.9857 119.18 5 1.0035
646 0.9714 −121.61 0.9838 119.22 6 1.0040
671 0.9880 − 1.26 0.9879 −121.23 0.9883 118.76 7 1.0060
680 0.9920 − 0.91 0.9908 −120.87 0.9920 119.12
681 1.0014 −29.61 1.0014 −149.61 1.0014 090.39
684 0.9860 − 1.28 0.9863 118.66
611 0.9844 118.52
652 0.9804 − 1.21
692 0.9880 − 1.26 0.9879 −121.23 0.9883 118.76
675 0.9831 − 1.47 0.9912 −121.38 0.9874 118.80

ω = 0.998697 pu SIC,1 = 0.06607 + j0.02266 pu

P
ro

p
o
se

d
m

e
th

o
d

AC |V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc DC Vdc

Bus# (pu) (deg) (pu) (deg) (pu) (deg) Bus# (pu)

650 1.0023 0.00 0.9946 −120.27 0.9969 120.16 1 1.0039
632 0.9914 − 0.49 0.9821 −121.27 0.9875 119.23 2 1.0054
633 0.9885 − 0.55 0.9802 −121.32 0.9850 119.22 3 1.0080
634 0.9655 − 1.22 0.9622 −121.79 0.9669 118.75 4 1.0018
645 0.9731 −121.46 0.9857 119.25 5 1.0035
646 0.9714 −121.54 0.9837 119.30 6 1.0040
671 0.9881 − 1.14 0.9881 −121.14 0.9881 118.86 7 1.0060
680 0.9920 − 0.84 0.9908 −120.80 0.9920 119.21
681 1.0014 −29.54 1.0014 −149.54 1.0014 090.46
684 0.9862 − 1.17 0.9862 118.76
611 0.9842 118.61
652 0.9806 − 1.09
692 0.9881 − 1.14 0.9881 −121.14 0.9881 118.86
675 0.9832 − 1.54 0.9914 −121.47 0.9874 118.70

ω = 0.998703 pu SIC,1 = 0.06603 + j0.02264 pu
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Table 6.5: Power flow results of test microgrid#6.1 (case#2 – two ICs)

M
A

T
L

A
B

/
S
im

u
li
n
k

AC |V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc DC Vdc

Bus# (pu) (deg) (pu) (deg) (pu) (deg) Bus# (pu)

650 1.0035 0.00 0.9958 −120.31 0.9975 120.12 1 1.0034
632 0.9927 − 0.58 0.9831 −121.36 0.9889 119.15 2 1.0051
633 0.9903 − 0.63 0.9819 −121.39 0.9870 119.16 3 1.0083
634 0.9673 − 1.30 0.9639 −121.86 0.9689 118.68 4 1.0033
645 0.9742 −121.54 0.9871 119.17 5 1.0047
646 0.9725 −121.62 0.9851 119.21 6 1.0049
671 0.9884 − 1.35 0.9884 −121.33 0.9887 118.66 7 1.0067
680 0.9925 − 1.00 0.9912 −120.96 0.9924 119.03
681 1.0017 −29.69 1.0017 −149.69 1.0017 090.31
684 0.9865 − 1.38 0.9868 118.57
611 0.9849 118.42
652 0.9809 − 1.30
692 0.9884 − 1.35 0.9884 −121.33 0.9887 118.66
675 0.9832 − 1.58 0.9914 −121.49 0.9875 118.69

ω = 0.998618 pu, SIC,1 = 0.04069 + j0.02252 pu, SIC,2 = 0.02140 + j0.01180 pu

P
ro

p
o
se

d
m

e
th

o
d

AC |V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc DC Vdc

Bus# (pu) (deg) (pu) (deg) (pu) (deg) Bus# (pu)

650 1.0033 0.00 0.9953 −120.27 0.9978 120.17 1 1.0034
632 0.9928 − 0.51 0.9832 −121.28 0.9889 119.23 2 1.0051
633 0.9904 − 0.56 0.9819 −121.31 0.9870 119.23 3 1.0083
634 0.9674 − 1.22 0.9638 −121.78 0.9689 118.76 4 1.0033
645 0.9741 −121.46 0.9871 119.25 5 1.0047
646 0.9725 −121.54 0.9851 119.29 6 1.0049
671 0.9886 − 1.14 0.9886 −121.14 0.9886 118.86 7 1.0067
680 0.9925 − 0.84 0.9913 −120.80 0.9924 119.21
681 1.0017 −29.61 1.0017 −149.61 1.0017 090.39
684 0.9867 − 1.26 0.9867 118.67
611 0.9847 118.52
652 0.9811 − 1.18
692 0.9886 − 1.14 0.9886 −121.14 0.9886 118.86
675 0.9833 − 1.47 0.9916 −121.39 0.9876 118.79

ω = 0.998624 pu, SIC,1 = 0.04066 + j0.02250 pu, SIC,2 = 0.02138 + j0.01179 pu
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Table 6.6: Maximum per-unit mismatches of power flow variables (test microgrid#6.1)

Case#
|Vac| δ Vdc PIC
(pu) (rad) (pu) (pu)

1 5.0× 10−4 2.0× 10−3 5.6× 10−6 3.9× 10−5

2 5.3× 10−4 3.6× 10−3 5.1× 10−6 2.4× 10−5

Table 6.7: Maximum relative/percentage mismatches of power flow variables (test micro-
grid#6.1)

Case#
|Vac| Vdc PIC
(%) (%) (%)

1 0.0499 0.0006 0.0593
2 0.0534 0.0005 0.0774

6.8 Case Studies

The developed algorithm is employed to solve the power flow of a larger and more com-
plicated microgrid to further investigate its effectiveness. The test microgrid#6.2 is con-
structed by interlinking the modified 25-node ac subgrid in [129] and the 22-node dc subgrid
in [131] through two ICs, as shown in Figure 6.5. The eac−dc,max for the two ICs is set to
3%. The same DG and IC data given in Tables 6.1 to 6.3 are used, while the dc loads are
defined in Table 6.8 as constant-power loads.

6.8.1 Microgrid Power Flow

The proposed algorithm is utilized to produce the power flow results of test microgrid#6.2.
As seen in Table 6.9, various AC DG types encounter different terminal voltage unbalances.
In contrast with the SGDG, the 4-leg EIDG maintains balanced terminal voltages under

Table 6.8: DC loads of test microgrid#6.2

DC Bus# 6 7 8 11 12 14 15 16 17 20 21 22

Pdc,L (pu) 0.03 0.05 0.04 0.02 0.01 0.02 0.02 0.05 0.06 0.02 0.02 0.03
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Figure 6.5: Test microgrid#6.2: 25-node ac/22-node dc microgrid.

unbalanced loading. In addition, the delta-wye transformer shifts the 3-leg EIDG’s terminal
voltages by 30 degrees (node#16′), yet it introduces voltage unbalances to the subgrid’s
node (node#16). As anticipated, the results show that the ICs do not accurately share
the transferred power in proportion to their capacities, due to the different voltages at
their dc terminals. Likewise, the DC DGs encounter inaccurate power sharing, as observed
in Table 6.10. Furthermore, the ac subgrid’s unbalanced active and reactive powers are
shared among AC DG phases differently depending on their type and location, as observed
in Table 6.11. Collectively, the proposed algorithm successfully models and solves for the
different system components on both ac and dc sides.
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Table 6.9: Power flow results of test microgrid#6.2

AC |V a
ac| δa

∣∣V b
ac

∣∣ δb |V c
ac| δc DC Vdc

Bus# (pu) (deg) (pu) (deg) (pu) (deg) Bus# (pu)

1 0.9893 0.00 0.9887 −120.08 0.9874 119.99 1 1.0024
2 0.9791 − 0.24 0.9789 −120.25 0.9788 119.73 2 1.0030
3 0.9775 − 0.32 0.9774 −120.31 0.9775 119.65 3 1.0039
4 0.9794 − 0.33 0.9794 −120.33 0.9794 119.67 4 1.0049
5 0.9797 − 0.35 0.9797 −120.35 0.9797 119.66 5 1.0053
6 0.9727 − 0.20 0.9723 −120.19 0.9728 119.76 6 1.0045
7 0.9683 − 0.16 0.9680 −120.13 0.9685 119.80 7 1.0025
8 0.9706 − 0.20 0.9703 −120.18 0.9709 119.76 8 1.0026
9 0.9634 − 0.18 0.9628 −120.13 0.9640 119.77 9 1.0018
10 0.9591 − 0.18 0.9581 −120.11 0.9598 119.76 10 1.0017
11 0.9571 − 0.18 0.9560 −120.11 0.9579 119.76 11 1.0030
12 0.9561 − 0.18 0.9548 −120.10 0.9569 119.77 12 1.0039
13 0.9564 − 0.18 0.9551 −120.11 0.9572 119.76 13 1.0054
14 0.9625 − 0.15 0.9623 −120.10 0.9628 119.79 14 1.0052
15 0.9604 − 0.15 0.9602 −120.09 0.9609 119.78 15 1.0046
16 0.9747 − 0.10 0.9744 −120.09 0.9745 119.87 16 1.0024
16′ 0.9916 −28.85 0.9916 −148.85 0.9916 91.15 17 1.0018
17 0.9614 − 0.15 0.9613 −120.10 0.9614 119.79 18 1.0017
18 0.9717 − 0.32 0.9717 −120.29 0.9720 119.65 19 1.0014
19 0.9669 − 0.31 0.9675 −120.29 0.9677 119.66 20 1.0014
20 0.9692 − 0.32 0.9694 −120.29 0.9698 119.65 21 1.0014
21 0.9682 − 0.31 0.9679 −120.29 0.9683 119.66 22 1.0013
22 0.9663 − 0.31 0.9656 −120.28 0.9663 119.67
23 0.9761 − 0.33 0.9765 −120.33 0.9768 119.67
24 0.9741 − 0.33 0.9747 −120.33 0.9751 119.66
25 0.9718 − 0.32 0.9729 −120.33 0.9732 119.67

ω = 0.998572 pu, SIC,1 = 0.02687 + j0.03032 pu, SIC,2 = 0.01381 + j0.02331 pu

Table 6.10: DC DG output phase powers for test microgrid#6.2

DC DG# 1 2 3 4

Pdc,G (pu) 0.0902 0.1185 0.0892 0.1134
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Table 6.11: AC DG output phase powers for test microgrid#6.2

AC P a
ac,G P b

ac,G P c
ac,G Qa

ac,G Qb
ac,G Qc

ac,G

DG# (pu) (pu) (pu) (pu) (pu) (pu)

1 0.0822 0.0822 0.0816 0.0532 0.0536 0.0560
2 0.0576 0.0599 0.0582 0.0556 0.0559 0.0539
3 0.0652 0.0648 0.0652 0.0371 0.0368 0.0365

6.8.2 Proposed Algorithm’s Performance Evaluation

Limits-Enforcement and Operational Modes

To examine the proposed algorithm’s capability of enforcing DG and IC limits and the
respective changes in their operational modes, the dc loads were gradually changed by
multiplying them by a factor λdc ranging from 0.20 to 2.83. Figures 6.6a to 6.6c demonstrate
the changes in the ICs’ active and reactive powers, the DC DGs’ powers, and the AC DGs’
active and reactive powers, respectively. It is observed that for λdc below 0.40, the two ICs
are operating at their limits, thus not following (6.7), and injecting only active powers to
the ac subgrid. Therefore, the changes in the dc loads are only reflected on the DC DGs,
whereas the AC DGs undergo constant loading. For λdc between 0.40/0.50 and 2.05/1.90,
IC1/IC2 operates in droop-control mode, as per (6.7), and transfers power between the
subgrids depending on their relative loadings. For this range of λdc, the ac and dc subgrids
are coupled, thus the changes in dc loads are reflected on the AC DGs’ active powers. It
is noteworthy that the ICs reverse their active power direction as λdc exceeds 1.25 and
1.20 for IC1 and IC2, respectively, as the dc subgrid’s loading increases. Besides, as ICs
transfer active powers below their capacity limits, they inject reactive powers into the ac
subgrid, which directly affects the AC DGs’ reactive powers. Note that the ICs’ reactive
powers are independent of their active power directions. As λdc exceeds 2.05, the ICs
inject their maximum powers, in constant-power mode, to the dc subgrid. Therefore, the
further increase in dc loads is supplied solely by the DC DGs. Note that DC DG#2’s
limit is enforced for λdc ≥ 2.75. Furthermore, all the DC DGs approach their limits
at λdc = 2.83, beyond which no feasible solution exists. Overall, the results prove the
algorithm’s effectiveness in enforcing ICs’ and DGs’ power limits, as well as in changing
their operational modes accordingly.
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Figure 6.6: Effects of changing the dc loads on the microgrid operation.

Convergence Characteristics

To highlight the proposed algorithms convergence characteristics under different loading
and operating conditions, the number of iterations needed for convergence is examined for
λdc between 0.2 and 2.8. Figure 6.7 shows the number of iterations until the algorithm
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Figure 6.7: Number of iterations under different loading conditions

converges to a solution within a tolerance of 1.0×10−6. It is noteworthy that the algorithm
generally converges faster when ICs are operating at their limits, which occurs when λdc is
either low or high, as previously discussed. The reduction in the number of iterations can
be attributed to elimination of the coupling between the ac frequency and dc voltage, due
to ICs injecting/absorbing constant powers at their limits, thus reducing the problem size
and resulting in faster convergence. Similarly, when a DG operates at its limits, it follows
constant power, rather than droop characteristics, which results in problem simplification
and faster convergence to the solution. Overall, the proposed algorithm demonstrated
robust convergence characteristics for microgrids of different sizes and under various loading
conditions.

Accuracy and Computational-Efficiency

To evaluate the proposed algorithm’s performance in comparison with the unified NTR-
based approach in [1], both algorithms were employed to solve the same power flow prob-
lem of test microgrid#6.2. Since the NTR-based approach assumes one model for all
AC DGs, all the employed AC DGs had to be changed to 4-leg EIDGs. Note that this
assumption had to be made for the sake of performance comparison due to the model-
ing inaccuracies/shortcomings of the reported NTR-based method. The algorithms were
executed using a PC with a 64-bit Intel Core i7 @3.4 GHz CPU and 16 GB of RAM,
with the same convergence criterion, i.e., tolerance of 1.0× 10−6. The proposed NR-based
algorithm demonstrated substantial reduction in execution time as compared to the NTR-
based approach, as they converged in 162.5 and 3,803.6 ms, respectively. This significant
decrease in computational cost is primarily due to the multiple reductions in problem size
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attained through the proposed approach, as explained in Section 6.2. Additionally, the
proposed algorithm calculates the Jacobian matrix elements by direct substitution in the
power mismatch derivative equations, whereas the NTR algorithm evaluates the gradient
and Hessian matrices using numerical methods with added computational cost. It is worth
noting that the proposed algorithms enhanced performance becomes more apparent as the
microgrid size increases.

6.9 Conclusions and Discussion

Developing generalized, computationally-efficient and accurate power flow algorithms is
vital for steady-state analysis of hybrid ac/dc microgrids. This chapter proposes a se-
quential power flow algorithm based on symmetrical component analysis of the unbal-
anced ac subgrid’s components. In comparison with the methodology developed in Chap-
ter 3, the adopted modeling method guarantees more precise representation of different
AC DG types, while the sequential scheme permits faster algorithm execution. The pro-
posed approach was first validated by comparing its results with those obtained through
MATLAB/Simulink time-domain simulations. For this purpose, a hybrid ac/dc microgrid,
comprising a modified IEEE 13-node ac subgrid, a 7-node dc subgrid, and two interlink-
ing converters (ICs), was constructed. The two sets of results obtained through the two
methods were in close agreement, for the test microgrid under two cases – single and two
ICs. Furthermore, the proposed algorithm was utilized to solve the power flow problem
of a larger system composed of a 25-node ac and 22-node dc subgrids, interfaced through
two ICs. The algorithm did not only prove effective in solving such complicated microgrid
structure, but also demonstrated superior performance, in terms of execution time, with
respect to the NTR-based approach. Moreover, the limit-enforcement ability of the power
flow algorithm was investigated by forcing the converters to reach their capacity limits due
to dc load changes.
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Chapter 7

Conclusions, Contributions, and
Future Work

This chapter summarizes the research work presented in the thesis. It also highlights the
main contributions and the directions for future work.

7.1 Thesis Summary and Conclusions

Chapter 1 presented the motivations behind the work developed in this thesis. Based on
these motivations, a comprehensive literature survey was conducted to identify the gaps,
the potential contributions, and the technical challenges in the reported research work.
Accordingly, the research objectives were set, and an overview of the thesis organization
was presented.

Chapter 2 presented a comprehensive background review on the structure and control
of ac, dc, and hybrid ac/dc microgrids. The review covered the hierarchical control of each
microgrid type, and highlighted the control schemes and functionalities of each level of
control (i.e., primary, secondary, and tertiary control levels). Furthermore, the different
types of control of ICs for autonomous operation of hybrid ac/dc microgrids were discussed.
Moreover, the power flow and optimal power flow analyses were briefly reviewed. The
fundamentals of each type of analysis were discussed to lay a basis for steady-state analysis
of hybrid ac/dc microgrids. The chapter also explained that the conventional method were
not suitable for microgrid applications, concluding that novel approaches that incorporate
the microgrids’ characteristics needed to be developed.
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Chapter 3 provided a novel power flow algorithm as a viable tool to accurately analyze
the steady-state behavior of islanded hybrid ac/dc microgrids. The operational philosophy
of these networks is sophisticated since both the ac frequency and dc voltage are variable,
coupled, and sensitive to the control schemes of the DGs and ICs. In order to render
the analysis generic, mathematical models were developed for control schemes of the DGs
and ICs under unbalanced conditions. The presented models were then incorporated into
an optimized power flow formulation and the solution was found using the globally con-
vergent NTR method. The algorithm’s accuracy was verified using detailed time-domain
simulations in PSCAD/EMTDC environment. The effectiveness of the introduced power
flow algorithm was illustrated via two case studies. The first case investigated parallel
operation of droop-controlled ICs and highlighted the effects of IC settings on load sharing
among subgrids and power-transfer sharing through installed ICs. The performed analysis
demonstrated the trade-off between accurate load sharing between the ac and dc subgrids
on the one hand, and proportional power-transfer sharing among ICs on the other hand.
This analysis led to the conclusion that attention should be paid when designing the ICs’
set points to guarantee optimal microgrid operation. The second case revealed the signifi-
cance of analyzing the loading condition for each phase of the DGs rather than for the total
three-phase power generation, which was commonly followed in steady-state analysis in the
reported literature. The results of this case study showed that the microgrid operational
limits of unbalanced hybrid ac/dc microgrids may be restricted to a value lower than the
total generation capacity due to overloading of DG phases due to unbalanced loads.

Chapter 4 proposed a novel APR scheme for hybrid ac/dc microgrids operating in
islanded mode, where unlike in grid-connected microgrids, local generation adequacy is
crucial for proper system operation. As identified in Chapter 3, the unbalanced nature of
ac distribution networks limits the microgrid loadability in the sense that loads must be
shed from heavily loaded phases, even if the connected DGs have not reached their total
three-phase capacity limits. The main challenge was to exploit the available resources by
routing the power between the ac subgrid phases, thereby minimizing load shedding. The
proposed method utilized the ICs between the ac and dc sides of hybrid ac/dc microgrids to
provide this functionality. A supervisory controller with minimal communication require-
ments was proposed to implement a APR-based OPF algorithm to allow full loadability of
the islanded network. The formulated OPF problem was solved analytically using an in-
terior point method. Many case studies were conducted to address the imbalance problem
and to validate the effectiveness of the proposed strategy against conventional methods,
which were based solely on optimal DG droop settings. The first case illustrated the im-
balance problem and the imposed limits on the microgrid operation under heavy loading.
It also identified the potential use of ICs for APR under heavy loadings of both ac and dc
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subgrids. The second case verified the limitations on the conventional optimal droop set-
ting approach, and its ineffectiveness in dealing with the imbalance problem under heavy
loading. The third and fourth cases tested the effectiveness of the proposed scheme and
its ability to maximize the microgrid loadability. An additional case – involving the IEEE
123-node ac subgrid and a 22-node dc subgrid – was conducted to approve the proposed
scheme’s validity for larger-scale microgrids.

Chapter 5 introduced a generic steady-state modeling and power flow analysis approach
for droop- and isochronously-controlled ac microgrids. The proposed framework adopted
symmetrical sequence component models, rather than phase-coordinate models, of micro-
grid elements. Such approach immensely reduced the power flow execution time, as it broke
down the system model into independent equation sets with considerably reduced sizes.
To render the proposed approach practical and generic, it integrated different types and
control schemes of DGs, including SGDG and EIDG units. Furthermore, it incorporated
unbalanced loads and feeders, transformer connections, different load characteristics and
configurations, as well as microgrid droop features. A novel power flow algorithm based
on a modified NR method was proposed to solve for the microgrid steady-state voltage
magnitudes, angles, and frequency. The accuracy of the models and algorithm was verified
through comparison with detailed time-domain simulations in MATALB/Simulink. Addi-
tionally, the proposed approach was shown to outperform the reported NTR approach in
generality, accuracy, and performance. Two case studies – incorporating IEEE 123-node
test microgrid – were further performed to examine the effectiveness of the proposed ap-
proach in solving complicated droop-controlled microgrids, and to examine the behavior
of droop-controlled DGs in isochronous microgrids. The proposed approach successfully
and efficiently solved for the IEEE 123-node test microgrid under droop and isochronous
modes of operation. Furthermore, it showed that the active and reactive powers of droop-
controlled DGs can be controlled in isochronous microgrids by adjusting the frequency and
voltage droop settings, respectively. However, the total power balance of the microgrid
was always maintained by the large isochronous generator. The results also demonstrated
that these droop-controlled DGs injected unbalanced phase powers to the microgrid.

Chapter 6 proposed a generalized and efficient power flow algorithm for islanded hy-
brid ac/dc microgrids. The algorithm extended the work proposed in Chapter 5 to include
the dc subgrid and the different configurations and control schemes of ICs. The algo-
rithm considered the various microgrid operational aspects, i.e., absence of a slack bus,
unbalanced ac subgrid, droop-controlled ac and dc voltages and ac frequency, and coupling
between the ac frequency and dc voltage through ICs. To attain high computational ef-
ficiency, the algorithm adopted three features. First, it modeled the ac subgrid elements
in sequence components, thereby dividing the subgrid’s set of equations into three smaller
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sets for faster parallel solution. This approach also accurately represented different types
of ac DGs. Second, the algorithm sequentially solved for the power flow variables of the
ac and dc subgrids, thus reducing number of equations to be solved simultaneously, once
again for further computational cost alleviation. Third, the algorithm implemented the
quadratically-convergent Newton-Raphson technique – rather than the computationally-
inefficient NTR method that was previously adopted in Chapter 3 – to solve the decoupled
sets of equations. The proposed algorithm was validated through comparisons with time-
domain simulations, in MATLAB/Simulink, for test hybrid ac/dc microgrids of different
configurations, featuring single and multiple ICs. Moreover, three case studies – adopt-
ing a 25-node unbalanced ac/22-node dc hybrid microgrid – were introduced to examine
the proposed algorithm’s effectiveness in solving larger-scale microgrids, to investigate its
limit-enforcement capabilities, and to evaluate its performance as compared to the method
developed in Chapter 3. The proposed algorithm successfully solved for the larger-scale
hybrid microgrid and enforced the DGs’ and ICs’ capacity limits under various loading
conditions. Furthermore, the results showed that the proposed algorithm was not only
more accurate than its NTR-based counterpart, but it was also substantially more efficient
in terms of computational requirements.

7.2 Contributions

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

• Developing a steady-state analysis tool for droop-controlled unbalanced hybrid ac/dc
microgrids. The developed tool modeled different components of the unbalanced
droop-controlled ac subgrid, the droop-controlled dc subgrid, and the interlinking
converters considering their various control schemes. The microgrid’s nonlinear equa-
tions were formulated in a unified form, and solved using a Newton-Trust Region
method.

• Identifying the technical challenges associated with operating islanded hybrid ac/dc
microgrids under unbalanced loadings. First, the IC settings have to be adjusted
carefully to maintain proper microgrids operation given the trade-off between the
power sharing of the ac and dc subgrids and the proportional power sharing among
ICs. Second, the DGs on the ac side are limited by their phase apparent power
capacity, rather than the total three-phase capacity, which imposes further limits on
heavy loading of such microgrids.
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• Proposing a novel adaptive power routing scheme and implementing an optimal power
flow algorithm based on it to maximize the loadability of islanded unbalanced hybrid
ac/dc microgrids.

• Developing a generic and efficient modeling and power flow analysis approach for
unbalanced ac microgrids based on symmetrical sequence component analysis of the
microgrid components. The developed approach accurately modeled different types
of DGs, and included transformers, unbalanced feeders, and unbalanced loads with
various configurations.

• Developing an improved power flow algorithm for unbalanced hybrid ac/dc micro-
grids, which extended the developed sequence-component-based ac power flow analy-
sis approach to include dc subgrids and interlinking converters. The created platform
allows for more accurate and faster steady-state analysis of hybrid ac/dc microgrids
as compared to conventional approaches. Therefore, it can be used for steady-state
microgrid studies, such as planning, stability, and optimal operation.

7.3 Directions for Future Work

The developed research work can be extended to include:

• Developing a platform to optimally set the ICs’ settings to attain specific microgrid
planning and/or operation objectives, subject to the various hybrid ac/dc microgrid
constraints.

• Employing the proposed adaptive power routing scheme and the developed sequence-
component-based power flow approach into one framework to optimize the operation
of hybrid ac/dc microgrids that incorporate both SGDGs and EIDGs, distribution
transformers, and unbalanced loads with different configurations.

• Experimentally implementing and investigating the effects of the developed adaptive
power routing scheme on the microgrid stability and operation.

• Incorporating the developed power flow analysis approaches in microgrid planning
studies pertaining to DG and IC sizing and siting.
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Glossary

The following are definitions of terms used in the thesis.

System Reliability The ability of the power system to deliver electricity in the
quantity and with the quality demanded by users. Reliabil-
ity is generally measured by interruption indices defined by
the IEEE Standard 1366 [142], [143]

System Resilience The ability of a system to recover and, in some cases, trans-
form from adversity. The National Infrastructure Advisory
Council defines critical infrastructure resilience as: “The
ability to reduce the magnitude and/or duration of disrup-
tive events. The effectiveness of a resilient infrastructure
or enterprise depends upon its ability to anticipate, absorb,
adapt to, and/or rapidly recover from a potentially disrup-
tive event.” [142]–[144]

System Security The ability of the power system to remain secure without
serious consequences to any pre-selected list of credible con-
tingencies. [143]

Loadability The maximum load that a microgrid can supply constantly.

Algorithm Robustness The ability of an algorithm to converge under various con-
ditions.
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