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Abstract

AC/DC hybrid microgrids (HMGs) represent a promising architecture that allows the
hosting of innovative dc energy resources, such as renewables, and modern dc loads, such
as electric vehicles, thereby reducing the number of conversion stages and o�ering other
technical and cost bene�ts. Such advantages have prompted power distribution planners
to begin investigating the possibility of hybridizing existing ac grids and designing new
ac/dc hybrid clusters, referred to as microgrids, as a step toward an envisioned smart grid
that incorporates multiple ac/dc microgrids characterized by "plug-and-play" features.
Despite their potential, when either islanded or interfaced with the main grid, HMGs
create challenges with respect to system operation and control, such as di�culties related to
precise power sharing, voltage stability during a contingency, the control and management
of power transfer through the interlinking converters (ICs), and the coordination of local
distributed energy resources (DERs) with the hosting main grid.

An understanding of HMGs and their operational philosophy during islanding will
assuredly pave the way toward the realization of a future smart grid that includes a plug-
and-play feature and will alleviate any operational challenges. However, the planning and
operation of such islanded and hybrid systems are reliant on a powerful and e�cient power
�ow analysis tool. To this end, this thesis introduces a novel uni�ed, generic, �exible
power �ow algorithm for islanded/isolated HMGs. The developed algorithm is generic in
the sense that it includes consideration of the unique characteristics of islanded HMGs: a
variety of possible topologies, droop controllability of the DERs and bidirectionality of the
power �ow in the ICs. The new power �ow formulation is �exible and permits the easy
incorporation of any changes in the DER operating modes and the IC control schemes.
The developed algorithm was validated against a detailed time-domain model and applied
for the analysis of a variety of operational and control aspects in islanded HMGs, including
the problem of imprecise power sharing and droop control of the ICs. The proposed load
�ow program can form the basis of and provide direction for further studies of islanded
HMGs.

This thesis also presents a deeper look at the problem of inaccurate active and reactive
power sharing in islanded droop-based HMGs and proposes a uni�ed and universal power
sharing scheme that can simultaneously ensure precise power sharing in both ac and dc
subgrids. Test results demonstrate the capability of the developed scheme with respect
to achieving exact power sharing not only among DERs in proportion to their ratings
but also among ICs that interface adjacent ac and dc microgrids. The developed uni�ed
power sharing scheme would assist system planners with the e�ective design of droop
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characteristics for DERs and ICs, which would result in enhancements such as the avoidance
of converter overloading and the achievement of precise load sharing.

Another operational aspect that was thoroughly investigated for this thesis is the possi-
bility of voltage instability/collapse in islanded HMGs during contingencies. This research
unveiled the possibility of voltage instability in HMGs that include constant power loads
and a mix of synchronous-based and converter-based generating units. As indicated by
the voltage stability analysis presented here, despite the fact that healthy microgrids have
far-reaching loadability boundaries, the voltage at some ac/dc load buses can unexpectedly
collapse during abnormal conditions. The analysis also revealed that �ne tuning the droop
characteristics of DERs and ICs can enlarge the voltage stability margin and safeguard the
entire microgrid against collapse during contingencies, all without the sacri�ce of a single
load.

A �nal component of this thesis is the proposal of a two-stage stochastic centralized
dispatch scheme for ac/dc hybrid distribution systems. The developed dispatch scheme
coordinates the operation of a variety of DERs, such as distributed generators and energy
storage systems. It also ensures the coordinated charging of electric vehicles and models
the degradation of their batteries that occurs due to the vehicle-to-grid action. The energy
coordination problem has been formulated as a two-stage day-ahead resource scheduling
problem: the intermittent supply; the variable demand, which includes electric vehicles;
and the �uctuating real-time energy price are all modelled as random variables. The �rst
stage produces day-ahead dispatch decisions for the dispatchable DG units. For a set of
possible scenarios over the next 24 h, the second stage determines appropriate corrective
decisions with respect to the import/export schedule, storage charging/discharging cycles,
and electric vehicle charging/discharging patterns. The simulation results demonstrate the
e�ectiveness of the developed scheme for optimally coordinating the various components
of future ac/dc hybrid smart grids.

Despite its substantial merits and value as a host for ac and dc technologies, a smart
grid with HMGs creates previously unexperienced operational challenges for system plan-
ners and operators. The work completed for this thesis could help pave the way for the
realization of ac/dc hybrid smart grids in years to come.
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Chapter 1

Introduction

1.1 Preface

The use of an ac grid has been the dominant practice since 1891, which marked the end of
the war of currents between Thomas Edison, who was in favour of dc, and Nikola Tesla,
who supported ac [1]. However, recent advances in dc distributed energy resources (DERs),
such as photovoltaic systems (PVs), fuel cells (FCs), and energy storage systems (ESSs),
as well as the rapid increase in the adoption of modern dc loads, such as electric vehicles
(EVs) and electric drives, have caused power engineers to reconsider the value of dc as a
distribution architecture. However, the necessity for ac loads and ac energy sources to be
connected through ac/dc converters entails additional conversion requirements. The most
suitable topology that can accommodate both ac and dc technologies with less need for
such conversion is a hybrid one [2]. A hybrid structure is envisioned as hosting a variety
of types of distributed resources, with solar- and wind-based DERs probably dominating.

Solar and wind-based renewable energy is the fastest-growing renewable energy source
worldwide. As indicated in Figure 1.1, in 2015, 94.3 % of the total global investment in
renewable energy was in solar and wind energy [3]. At 56 %, solar energy was the leading
technology, accounting for $161 billion, with wind energy in second place, at 38.3 % with
$109.6 billion. The remaining 5.7 % was composed of biomass, small hydro, biofuels,
geothermal, and ocean energy.

The main driving force behind the rapid growth of renewable energy has been the in-
crease in fossil fuel prices, which has also triggered government initiatives. In the Canadian
province of Ontario, for example, to promote the use of clean and renewable energy sources
(RESs), the government has initiated the Feed-In Tari� program (FIT), for renewable en-
ergy projects over 10 kW, and the microFIT Program, for renewable energy projects of 10
kW or less. Ontario's long-term energy plan calls for about 20,000 MW of renewable energy
to be brought into service by 2025, representing about half of the provincial installed capac-
ity [4]. RESs with small-scale fuel-�red energy sources are known as distributed generation
(DG) or distributed generators (DGs). The adoption of DG has allowed energy investors
and consumers to install di�erent types of DG and to participate in system operations
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Figure 1.1. New global investment in renewable energy in 2015 by technology.

during on-demand periods. In addition to DG, another advanced technology attracting
growing interest is ESSs, which can store energy and inject it back into the grid when it
is needed. Innovative technologies are not limited to energy resources. Modern loads such
as plug-in EVs are widely accepted as a promising means of transportation. Because of
the lower environmental impact of EVs, governments o�er incentives for electrifying trans-
portation systems. For example, Ontario o�ers rebates of up to $14,000 for EV buyers
under the Electric Vehicle Incentive Program [5]. According to 2017 global EV outlook
forecasts, by 2040, 54 % of new vehicle sales and 33 % of the global vehicle �eet will be
electric [5].

Within distribution networks, the growing application of DERs, both DGs and ESSs,
and the transition to EVs have led to the introduction of innovative structures known as a
microgrids [6] and a smart grid [7]. A microgrid, which constitutes the building block of the
future smart grid, can be de�ned as a cluster of energy resources and loads with static or dy-
namic electric boundaries that acts as a self-controlled entity, operating autonomously and
coordinating its own resources [6,8,9]. A smart and active distribution system that includes
DERs can thus have multi-coupled microgrids [10], with each microgrid able to operate
in two modes: grid-connected and islanded (autonomous). In grid-connected mode, the
microgrid can trade energy with its hosting main grid and other neighbouring microgrids
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in order to maximize its pro�t. In autonomous mode, on the other hand, the microgrid
strives to meet its demand or at least the critical portion of the demand, through local
generation with minimal load shedding. The microgrid operation objective can therefore
change from economical to technical as the operation mode changes from grid-connected
to islanded. Regardless of their mode of operation, such emerging systems introduce an
operational control philosophy that necessitates steady-state and dynamic analysis tools
tailored to their special features. This background motivated the development of the new
analysis and operational control strategies for ac/dc hybrid microgrids (HMGs) presented
in this thesis.

1.2 Research Motivations and Challenges

The widespread use of dc energy resources such as PV panels, the recent installations
of dc loads such as elevator drives and light-emitting diode (LED) illumination, and the
transition to plug-in EVs have created a demand for more extensive ac/dc and dc/dc
conversions. The number of these conversion systems can be expected to escalate rapidly
as additional dc technologies are being widely adopted. The use of dc microgrids for hosting
dc technologies has already been proposed [11], but ac energy resources and ac loads would
require ac/dc converters before they can be connected to dc microgrids. Because it would
reduce the conversion requirements associated with the use of both ac and dc microgrids,
an ac/dc hybrid infrastructure would be advantageous [1], [12].

HMGs are coupled dynamical ac and dc systems that feature power exchange capabil-
ity. Each HMG has its own steady-state and dynamic characteristics, including 1) inherent
and direct coupling between the ac frequency and the dc voltage, 2) interlinking converters
(ICs) that adopt a droop-based control strategy in order to determine the amount and
direction of the power transfer, 3) the possibility of both the ac and dc subgrids to be
relatively comparable in terms of size or available generation so that no single subgrid can
provide unlimited support to the other subgrid. The implementation of HMGs necessitates
the development of a generalized power �ow analysis approach that incorporates the dis-
tinguishing characteristics and special operational philosophy of autonomous HMGs, such
as operational control based on droop characteristics.

Droop control allows local DERs to participate autonomously in frequency/voltage
control and to share the microgrid load. However, in spite of its technical merits that
include system security and reliability, such a decentralized control strategy creates the
inherent limitation of imprecise power sharing in the ac and dc microgrids, which is at-
tributable to mismatching line impedances and unequal voltage drops across the feeders.
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Imprecise power sharing could eventually lead to the overstressing of some components
and the consequent activation of overcurrent protection relays. This inexact power sharing
problem arises not only among droop-controlled DERs but also among multiple ICs that
are equipped with droop characteristics.

Another operational di�culty that might appear in HMGs during islanding is the volt-
age instability/collapse phenomenon. Despite the proximity of energy resources to load
centers and the insigni�cant length of feeders, voltage instability can occur unexpectedly
in microgrids during extreme events. The constant power characteristics of some loads,
a poor loading power factor, and limited DG reactive power capability also contribute to
voltage instability in ac microgrids. The problem of voltage instability can also be ob-
served in highly resistive dc microgrids that are subject to constant power loads during
contingencies.

Further, due to recent advances in small-scale renewable and low-carbon energy re-
sources, and to governmental initiatives, the installation of a variety of energy resources
before and after the customer's meter will continue to grow. A large portion of the en-
ergy resources in a future smart grid will likely be renewables, which are characterized by
their intermittent nature. In addition to the stochastic quality of renewable energy, the
uncertain arrival times, parking durations, and states of charge of EVs also increase the
level of uncertainty. Both the intermittent nature of renewable energy and the random be-
haviour of EV owners complicate smart grid energy management and necessitate stochastic
modelling of the energy management problem.

Motivated by these challenges, this research resulted in the development of a steady-
state analysis tool and operational control schemes that can address the operational phi-
losophy and challenges associated with HMGs: 1) a mix of DERs: dispatchable, non-
dispatchable, synchronous-based, and converter-based; 2) the lack of su�cient physical
inertia during islanding; 3) limited frequency and voltage support during autonomous op-
eration mode; 4) the intermittent nature of RESs; and 5) the mobility and variability of
EV power demand.

1.3 Thesis Statement and Objectives

Operational control of HMGs during both modes of operation was selected as the central
theme of the research, which was aimed at achieving four main objectives, summarized as
follows:
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1) Develop a generalized and uni�ed power �ow (UPF) algorithm for islanded HMGs.
The developed power �ow algorithm is novel in the sense that it considers the key
characteristics of an islanded/isolated ac/dc system, e.g., the lack of a slack bus in
either the ac or the dc subgrids and the droop controllability of the DGs and ICs.
The developed power �ow algorithm for smart distribution systems with an ac/dc
hybrid topology, plug-and-play feature, and varied modes of operation will serve as a
valuable analysis tool that will enable system planners and operators to investigate
planning and operational aspects of islanded HMGs.

2) Develop an optimal universal power sharing scheme that is able to minimize the
sharing error among 1) droop-based DGs in the ac subgrid, 2) droop-based DGs in
the dc subgrid, and 3) droop-based ICs in the case of multiple interfacing points
between the ac and dc subgrids.

3) Investigate the presence of voltage instability/collapse during islanding and contin-
gencies by means of a steady-state voltage stability analysis aimed at identifying the
control parameters and operational practices that can enhance microgrid loadability
during severe events.

4) Develop a centralized stochastic dispatch scheme for ac/dc hybrid smart distribution
systems based on the building of a developed dispatch model, beginning with the
stochastic modelling of the randomness introduced by RESs, EVs, conventional loads,
and the energy price. The design of the developed dispatch scheme is based on
two-stage stochastic optimization. The �rst stage involves determining the daily
generation schedule of the dispatchable DG units, while the second stage entails
ascertaining appropriate corrective decisions for mitigating the uncertainties, such as
ESS charging/discharging.

These objectives are classi�ed and illustrated schematically in Figure 1.2.

1.4 Thesis Organization

The remainder of this thesis is organized in six additional chapters:

Chapter 2: supplies the necessary background about HMGs with respect to their oper-
ational control philosophies. This chapter also includes a review of the state of the
art with respect to power sharing, voltage stability, and energy management in the
context of microgrids, identifying gaps in the published literature.
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Figure 1.2. Research objectives.

Chapter 3: introduces the uni�ed phasor formulation of the developed ac/dc power �ow
routine and details the steady-state modelling of the system components.

Chapter 4 explains the development of a precise and universal power sharing scheme for
droop-controlled HMGs.

Chapter 5: examines the existence of voltage collapse in islanded HMGs during contin-
gencies.

Chapter 6: presents the developed stochastic centralized dispatch scheme for ac/dc hybrid
smart distribution systems. The stochastic modelling of system components that are
random in nature is also described.

Chapter 7: provides concluding remarks, highlights the salient contributions of this thesis,
and provides insight into the possible directions for future research on HMGs.
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Chapter 2

Background and Literature Review

2.1 Introduction

The advent of today's advanced metering infrastructure (AMI) and advanced control strate-
gies has enabled ac and dc microgrids to be interfaced, coordinated, and controlled e�-
ciently. The ac/dc microgrid concept allows system operators to partition their distribution
systems into ac, dc, and ac/dc clusters of distributed resources and loads. The stable, se-
cure, reliable, and economical operation of the entire distribution system is dependent on
the way each cluster is operated and controlled. Successful operation and control of ac/dc
microgrids will seamlessly facilitate the implementation of future ac/dc smart grids [13].
With its unique ac/dc topological structure, the future smart grid requires a comprehen-
sive review of existing management and control schemes so that new operational control
strategies can be designed to enable hassle-free ac/dc hybrid microgrid (HMG) implemen-
tation. This chapter furnishes the background necessary for an understanding of the HMG
concept. Also provided is a review of the state of the art with respect to existing analysis
tools and operational control schemes, along with an analysis and critical synthesis. The
literature review process was based on the problem description, system modelling, formu-
lation, and methodologies applied. The analysis and assessment of the literature led to
the identi�cation of existing research gaps in the context of HMGs, which were then set as
objectives for the work presented in this thesis.

2.2 AC/DC Hybrid Microgrids

An HMG can be de�ned as an architecture that integrates two or more independent ac
and dc microgrids via bidirectional interlinking converters (ICs). The ICs facilitate power
management between adjacent ac/dc microgrids. A sample HMG architecture is illustrated
in Figure 2.1, which indicates that both ac and dc subgrids are connected to the utility
grid through an island interconnection device (IID) [14], which can be either a static switch
or an ac/dc converter. The dc subgrid is interfaced with the main grid and with its adja-
cent ac subgrids through bidirectional ICs, which can be either voltage source converters
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Figure 2.1. Sample architecture of an ac/dc hybrid microgrid.

(VSCs) [15] or back- to-back converters [16]. The IC represents the cornerstone of HMG
management and control. The primary IC control objective is the e�ective management of
the power transfer between the ac and dc subgrids. In islanded operation, the IC controller
can also be designed to ensure 1) equal loading of the ac and dc subgrids based on their
ratings, 2) minimal load shedding and renewable power curtailment in the entire hybrid
system, and 3) an adequate reserve and loadability margin for an overloaded subgrid.

The ac subgrid in the hybrid structure shown in Figure 2.1 involves mainly ac dis-
tributed energy resources (DERs) and ac loads, while the dc subgrid consists predomi-
nantly of dc DERs and dc loads [15]. Any excess energy produced in the dc subsystem can
be stored in dc energy storage systems (ESSs) such as batteries. At the same time, surplus
energy produced in the ac subsystem can be stored in ac ESSs such as �ywheels.

Like its ac and dc building blocks, an HMG can operate in two modes: grid-connected
and islanded (autonomous). In grid-connected mode, the dispatchable DERs operate in
current control mode, as the voltage provision is ensured by the main grid. The renewable
energy resources (RESs) operate in maximum power point tracking (MPPT) mode in order
to harvest their maximum available power. Any power mismatch between the local supply
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and demand is compensated for by the hosting ac utility grid. In this mode of operation,
the ICs ensure seamless power transfer between the ac and dc subsystems and also control
the dc voltage. In contrast, in autonomous mode, the dispatchable DERs adopt droop
characteristics in order to share the load and provide voltage support. The RESs may
operate in MPPT or o�-MPPT mode according to the frequency and ac/dc voltage. Any
power de�cit is supplied by ESSs, which can operate in discharging mode as long as their
states of charge permit. If the amount of energy released by the ESSs is inadequate, a
load curtailment scheme is then activated [1]. Likewise, during periods of excess renewable
power generation when the ESSs are fully occupied, a renewable power curtailment scheme
is then initiated.

The ac/dc hybrid architecture o�ers some economical and technical advantages over
purely ac and dc layouts, which can be summarized as follows [1, 17�19]:

1) The number of conversion stages that are used for connecting dc loads and dc DERs
to the host ac network is reduced.

2) Conversion costs and losses are decreased because ac/dc loads and DERs of the
same type are interfaced with the rest of the network through one or two interfacing
converters.

3) As dc technologies become more mature, the capital cost associated with building a
purely dc infrastructure and installing multiple ICs will be outweighed by the return
on investment in ac/dc structures.

4) No synchronization is required in a dc subgrid, which simpli�es control of dc-type
DERs.

5) Control of harmonics is enhanced since all dc loads are connected to the dc side of
the hybrid system.

6) The zero and negative sequence currents caused by unbalanced ac loading and fault
conditions can be solved.

7) In abnormal conditions, each subgrid can disconnect from its neighbouring subgrid
and operate in stand-alone mode to supply its own load.

To derive the bene�ts of hybridizing ac and dc, a practical roadmap must be estab-
lished for transforming existing ac distribution grids from traditional to smart grids that
incorporate multiple ac/dc microgrids. Such a roadmap requires planning and operational
studies that include the following [1]:
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Figure 2.2. The droop characteristics of ac and dc droop-controlled DGs.

1) Developing steady-state and dynamic models of the system components and analysis
tools

2) Determining the optimal DER mix, including renewables and storage units

3) Identifying the optimal topology for an ac/dc hybrid system

4) Developing a precise power sharing scheme for the entire hybrid system during is-
landing

5) Developing an e�cient energy management scheme for both modes of operation

2.3 Distributed Energy Resource Droop Control

In autonomous ac microgrids, DERs adopt a droop control strategy in order to share
the frequency and voltage control. The active and reactive power droop characteristics
of droop-controlled distributed generation (DG) units are depicted in Figure 2.2 (a) and
described by (2.1). The active power droop characteristics shown in Figure 2.2 imply a
closed loop around the DG active power output so that all DG units settle at the same
steady-state frequency and share the active power loading of the system in accordance
with their capacities. Likewise, the reactive power droop characteristics imply a feedback
loop around the DG reactive power injections so that all DG units share proportionally
the reactive power requirements of the system.

ω = ω∗ −mp,acPG,ac. (2.1)

Vac = V ∗ac − nqQG. (2.2)
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where
PG,ac, QG: the active and reactive power outputs of an ac DG unit, respectively;
ω, ω∗: the measured and the no-load/nominal frequencies, respectively;
Vac, V

∗
ac: the actual and reference ac voltages, respectively;

mp,ac, nq: the active and reactive power droop gains, respectively.

If active power droop parameters (mpac , ω
∗) in (2.1) are selected based on the DG

capacity and the frequency operating range, proportional active power sharing is surely
guaranteed. Exact active power sharing in islanded ac microgrids is attributable to the
fact that the frequency is a common signal among all DGs. In contrast, the reactive
power droop characteristics inherently yield a non-zero steady-state sharing error due to
the mismatch in voltage drops across the feeders.

In dc subgrids, the droop characteristics of a droop-based DG unit are as illustrated
in Figure 2.2 (b) and described by (2.3). Equation (2.3) implies a closed loop around the
output active power or output current so that the dc microgrid loading is shared according
to DG capacities.

Vdc = V ∗dc −mp,dcPG,dc. (2.3)

where
PG,dc: the active power output of a dc DG unit;
Vdc, V

∗
dc: the measured and the no-load/nominal dc terminal voltages, respectively;

mp,dc: the active power droop controller gain.

The dc active power droop characteristics expressed in (2.3) are not solely able to
establish exact power sharing. This imprecise dc power sharing stems from inconsistent
feeder voltage drops.

As well as being controlled with respect to voltage, DERs can also be current con-
trolled. For example, distributed storage (DS) units can be controlled as current sources
and charge/discharge based on their droop characteristics. Droop control of DS units can
be implemented inversely based on the local measurements of the DS state of charge, the
terminal voltage, or the frequency [20,21]. In the work presented in this thesis, the charg-
ing/discharging control strategy adopted for an ac-type DS is based on measurements of
the frequency, ω, for active power control, and on those of the ac terminal voltage, Vac, for
reactive power control. In contrast, the active power control scheme for a dc-type DS is
based on a determination of its dc terminal voltage, Vdc [21]. The inverse (ω − P ) droop
characteristics for both ac- and dc-type DS units are illustrated in Figures 2.3 (a) and 2.3
(b), respectively.

The (P − ω) droop of an ac-type DS unit is given by (2.4) [22]. The (P − Vdc) droop
control of a dc-type DS unit can be described mathematically with the help of Figure 2.3
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(b).

PS =


−P ch

S,max , if ω > ωchmax,
1

mp,ac
(ω0 − ω) , if ωdismax ≤ ω ≤ ωchmax,

P dis
S,max , if ω < ωdismax.

(2.4)

where
P ch
S,max, P

dis
S,max: the DS maximum charging/ discharging active power, respectively;

ωchmax, ω
dis
max: the frequencies at which the DS starts to charge/discharge at its maximum

charging/discharging rates, respectively;
mp,ac: the static active power droop gain of the ac-type DS, which can be designed according
to (2.5):

mp,ac =
ωchmax − ωdismax

P ch
S,max + P dis

S,max

. (2.5)

The (Q−V ) droop control of an ac-type DS is no di�erent from that of an ac-type DG
except that it is implemented inversely based on the local measurement of the ac voltage
rather than that of the reactive power. It should be mentioned that the droop character-
istics of ac/dc DS units can also be implemented in the same manner as for DG units in
order to contribute to the local ac/dc voltage control. It should also be noted that conven-
tional droop control can result in the frequency and ac/dc voltages deviating substantially
from their reference values. If a communication network is available, this problem can be
addressed through the implementation of a secondary controller for frequency and voltage
restoration.
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2.4 Interlinking Converter Droop Control

The IC that interfaces stand-alone ac and dc microgrids is deemed to be the brain of
an islanded HMG. In autonomous operation, ICs implement droop characteristics that
determine the amount and direction of power transfer according to the loading levels of
both subgrids [15]. Each IC identi�es the ac and dc subgrid loading levels independently by
measuring the frequency of the ac subgrid and the voltage of the dc subgrid at its terminals.
Because it is a common variable in an ac subgrid, frequency is a relatively reliable loading
indicator, while dc voltage is only a surrogate indicator of the loading of a dc subgrid,
since the unequal voltage drops make it a local variable. For an accurate comparison of
the loading of both ac/dc sides, the IC droop controller employs a normalization unit that
normalizes the frequency ω and dc voltage Vdc within the same range [-1, 1], as expressed
in (2.6) and (2.7) [23]. However, other normalization processes such as those in the range
of [0, 1] are also possible.

ωpu =
ω − (ωmax + ωmin)/2

(ωmax − ωmin)/2
. (2.6)

Vdc,pu =
Vdc − (Vdc,max + Vdc,min)/2

(Vdc,max − Vdc,min)/2
. (2.7)

where (•)min and (•)max indicate the minimum and maximum of quantity (•), respectively.
The di�erence between the normalized frequency ωpu and the normalized dc voltage

Vdc,pu is referred to as the error signal and is denoted by ∆eωV . The error signal assists the
IC in determining the amount and direction of the active power exchange that is required
for bringing the error to zero and for attaining equal loading of both subgrids in proportion
to their available capacities, as illustrated in Figure 2.4 and expressed by (2.8):

Pic = P ∗ic −
1

γp
(∆eωV −∆e∗ωV ). (2.8)

where P ∗ic and ∆e∗ωV are the active power transfer and error values at the instant of island-
ing, respectively, and γp is the IC active power droop gain.

Equation (2.8) also can be written in terms of the droop gain γp, which is the slope
of the (Pic −∆eωV ) droop curve shown in Figure 2.5, and the point of no power transfer
(P ∗ic, e

∗
ωV ) = (0, 0) as

Pic = − 1

γp
∆eωV . (2.9)
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where
∆eωV = αωω − αV Vdc − αωV . (2.10)

αω = 2
(ωmax−ωmin)

, αV = 2

(Vdc,max−Vdc,min)
,

αωV = (ωmax+ωmin)
(ωmax−ωmin)

− (Vdc,max+Vdc,min)
(Vdc,max−Vdc,min)

.
(2.11)

A value of ∆eωV < 0 indicates that the dc subgrid is relatively loaded in comparison with
its ac counterpart, and vice versa. The role of the IC with respect to each subgrid changes
as the generation and loading conditions change. Figure 2.5 illustrates how each subgrid
identi�es the IC and how its active droop characteristics are constructed. Depending on
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the power transfer direction, the IC is identi�ed as a current source by the relatively
heavily loaded subgrid that is receiving power from the IC but is identi�ed as a load by
the relatively lightly loaded subgrid that is supplying power to its neighbouring subgrid.
As shown in Figure 2.5, depending on its droop characteristics, the IC remains in "grid
following" mode and transmits power to the more heavily loaded subgrid as long as its
capacity permits. Once its capacity is reached, the IC switches to constant current-control
mode and supplies the maximum current. As a consequence, the IC is then no longer
governed by its droop characteristics and operates instead in "grid supporting" mode. The
IC also employs the droop characteristics given in (2.12) in order to provide reactive power
support to the ac subgrid.

Qic = Q∗ic −
1

γq
(Vic,ac − V ∗ic,ac). (2.12)

where Q∗ic and V
∗
ic,ac are the references at the instant of islanding, respectively, and γq is

the reactive power droop coe�cient.

In addition to current-control mode, the IC can also be treated as a voltage source
for controlling the voltage at either the ac or dc side. For example, if the dc side has a
higher capacity and is sti� enough compared to the ac side, the IC can then implement
conventional (ω − P ) and (Q − V ) droop characteristics similar to those of ac DERs in
order to control the frequency and magnitude of the ac voltage. When the IC operates
in voltage-control mode, it shares responsibility for controlling the frequency and voltage
with other DERs in the ac subgrid and is said to operate in "grid forming" mode. If the
IC, for any reason, has di�culty controlling the voltage at its ac terminal, it switches to
current-control mode and is said to operate in "grid supporting" mode.

2.5 Power Flow Analysis of AC/DC Hybrid Microgrids

The successful integration of dc clusters into ac grids and the implementation of new smart
distribution systems comprising several HMGs that have plug-and-play capabilities can be
realized only if intensive feasibility studies, including operational and planning studies in
steady-state and contingency conditions, are performed by local distribution companies.
Planning and operational aspects of islanded ac/dc hybrid systems include DER planning,
network recon�guration, volt/var optimization, voltage and frequency regulation, power
sharing, and energy management, to name just a few. Nevertheless, due to the lack of
a power �ow analysis tool designed speci�cally for islanded ac/dc hybrid systems, the
majority of the studies reported in the literature have been based on the assumption of a
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Figure 2.6. A single-line diagram of a generic ac/dc hybrid microgrid.

simple HMG, in which the DERs and loads in each subgrid are represented by one or two
parallel DERs that supply a common load at the point of common coupling (PCC).

The new HMG paradigm, with its unique characteristics, introduces new de�nitions
and modelling concepts to the power �ow problem. For example, some DERs might be set
to deliver constant power and are thus modelled as constant current sources, while other
DERs can be voltage-controlled and participate in voltage and frequency control according
to their droop characteristics. Further, in an ac microgrid, static loads exhibit frequency
and voltage dependency characteristics.

For islanded HMGs, power �ow, also known as "load �ow," is a computational algorithm
that calculates the frequency; the ac/dc bus voltages; the outputs of droop-controlled
DERs; and the ac/dc line power �ows and by-product, the total power losses. Figure 2.6
shows a one-line diagram for a generic HMG in which some DERs are droop-controlled in
order to establish the frequency and voltage control, while other DERs might be controlled
to supply constant power regardless of the voltage at their terminals. In the power �ow
problem, buses with droop-controlled DERs are modelled as droop-controlled buses while
those with current-controlled DERs are approximately modelled as constant PQ buses.
The set of ICs shown in Figure 2.6 control the power exchange between the ac and dc sides
based on their droop characteristics and the relative loading of ac and dc sides.

For ac/dc hybrid networks, the power �ow problem can be solved using either a sequen-
tial [24] or a uni�ed approach [25]. The authors in [26] developed a sequential Newton-
Raphson-based power �ow algorithm for islanded HMGs. With a sequential approach, the
ac and dc power �ow subproblems are solved iteratively and sequentially until the sequen-
tial power �ow algorithm converges. The advantage of this approach is that it utilizes the
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existing ac and dc power �ow programs, but a sequential formulation may also be subject
to convergence issues [27]. In a uni�ed ac/dc hybrid power �ow program, the ac and dc
power �ow subproblems are solved simultaneously. However, ac/dc power �ow programs
have been developed only for ac/dc hybrid systems at high voltage levels, i.e., high-voltage
dc (HVDC) and multi-terminal HVDC systems [24, 25, 27]. At low- to medium-voltage
levels and in islanded operation, the ac/dc hybrid power �ow problem requires special at-
tention for the following reasons [28], [29]: 1) Low- to medium-voltage systems tend to have
low X/R ratios, 2) Isolated systems preclude the luxury of connection to the utility grid
or any other dominating source that functions as an in�nite bus supplying a theoretically
in�nite amount of slack power. 3) AC and DC subgrids can have comparable sizes and
limited physical inertia, and thus, no single subgrid can dominate and �ll the role of the
slack bus for a neighbouring subgrid. 4) Some DER units might operate based on their
droop characteristics in order to share the responsibility of controlling the frequency and
voltage. 5) Separation from the main grid means that the ac subgrid frequency is no longer
constant but rather a �oating power �ow state variable. 6) The active and reactive loads
are quite sensitive to any changes in the voltage and frequency. 7) The primary control
objective of the IC is not only to manage the power exchange between adjacent ac and dc
subgrids but also to share the entire load in proportion to the capacities of both subgrids.

2.6 Power Sharing Control in Microgrids

In islanded/isolated droop-based ac and dc microgrids, precise power sharing is both tech-
nically and economically preferable. From a technical perspective, exact power sharing
can eliminate circulating currents among the converters and relieve converter overloading
conditions. Another bene�t of proportional power sharing is the preservation of the pre-
allocated reserve and loadability margin that provides secure operation during islanding
and contingency conditions. Economically, in the case of di�erently owned local DER
units, accurate power sharing can guarantee equal revenue management that corresponds
to DER capacities.

Based on communication requirements, power sharing control schemes can be catego-
rized as either communication-based or communication-less [30].

2.6.1 Communication-Based Power Sharing Schemes

Communication-based power sharing schemes can be implemented in a centralized or a
distributed manner [31]. Centralized power sharing schemes such as master/slave control
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schemes are dependent entirely on the availability of two-way communication between the
centralized supervisory controller and the local DER controllers. The control structure of
master/slave DERs is depicted in Figure 2.7. As the �gure indicates, the master DER
controls the output voltage and sends the current set points, imaster, to the slave DERs
that then track the reference current by measuring their output currents, islave, in order
to share the loading current, iload, proportionally. The most noticeable drawback of such
a centralized power sharing control scheme is the single point of failure.

2.6.2 Distributed Power Sharing Schemes

Distributed power sharing schemes [32], such as multi-agent schemes [33], apply the con-
cept of distributed control. Distributed schemes require a lower bandwidth communication
link than their centralized counterparts, since each participating DER exchanges its local
information only with its DER neighbour. The power sharing decision is thus made collec-
tively. Figure 2.8 shows a schematic diagram of a distributed control architecture. As can
be observed in the Figure, each distributed controller involves an additional control loop
that controls the output current, io, in order to follow the same average current signal,
iavg. The error between the measured output current, io, and the average current, iavg,
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is decomposed into two components in the dq frame: ∆io,d and ∆io,q. The d component
is used for controlling the frequency while the q component is employed for controlling
the output voltage magnitude, vo. The advantage of distributed power sharing schemes is
that they comply with the plug-and-play feature of DERs. An additional bene�t is that,
unlike centralized schemes, no point of failure is encountered. However, distributed sharing
schemes can nevertheless be associated with data synchronization and convergence issues.

2.6.3 Communication-less Decentralized Power Sharing Schemes

Communication-less, or decentralized, power sharing schemes adopt droop characteristics
that merely utilize local measurements, and hence require no communication link [34]. The
principle behind decentralized droop controllers is that droop-controlled DERs mimic the
behaviour of synchronous generators whereby the frequency droops as the DER injects
more active power and the voltage droops as the DER delivers more reactive power. DER
droop characteristics were discussed in section 2.3. The block diagram of an ac droop-
controlled VSC-based DER with its LCL �lter is depicted in Figure 2.9. As the �gure
speci�es, the decentralized controller of a droop-based DER comprises three nested control
loops: the power loop, which is the outermost loop; the voltage loop, which is the main
or outer loop; and the current loop, which is the inner loop. The power loop provides the
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reference output voltage, v∗o , to the voltage loop. The voltage controller, in turn, tracks
the reference output voltage through continuous measurement of the output voltage, vo.
The current loop generates command signals to the pulse width modulator (PWM) of the
VSC. The utilization of droop characteristics allows DERs to share the load proportionally
with a steady-state error in the reactive power sharing.

In addition to inaccurate reactive power sharing, droop control in ac microgrids has
several drawbacks among which:

1) The frequency and voltage can deviate substantially from the nominal in order to
provide better load sharing [35],

2) Microgrid stability could be jeopardized by e�orts to distribute the load proportion-
ally among droop-controlled DERs [35],

3) Signi�cant currents circulating between parallel converter-based DERs are created
due to the unequal feeder impedances [36],

4) A harmonic circulating current is possible when nonlinear loads are present in the
microgrid [36],

5) Poor power transient response and slow dynamics result from to the calculations and
the �ltering of the active and reactive power.

With respect to inaccurate power sharing, droop control in dc microgrids is no bet-
ter than in ac microgrids. To address the limitations associated with inaccurate power
sharing, several attempts have been made to improve droop control and to correct for in-
exact reactive power sharing in islanded ac microgrids [30,37�39] and for imperfect active
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power sharing in islanded dc microgrids [40�42]. For example, droop control with virtual
output impedance based on the addition of a control loop in order to shape the inverter
output impedance was proposed in [37]. In [38], another variant of a droop controller
was introduced: a derivative term of the DG active power was incorporated in order to
stabilize power sharing in ac microgrids. For dc microgrids, the authors of [40] employed
a low-bandwidth link that permits communication among local droop controllers in or-
der to achieve simultaneous proportional power sharing and voltage regulation. Another
proposal involved the utilization of a virtual resistance: an adaptive droop controller for
equalizing the load current sharing and minimizing the circulating current [42]. Given
the inherent limitations of conventional droop control methods, operational control issues
related to islanded droop-controlled ac and dc microgrids will de�nitely migrate to HMGs.
These operational challenges include, but are not limited to, problems associated with the
following:

1) IC power �ow control and management [43]

2) AC/DC voltage and frequency regulation [44]

3) The poor transient response of droop-controlled DG units [45]

4) The necessity for a seamless transition between di�erent operating modes [46],

5) Harmonic current sharing and control in the presence of nonlinear loads [47]

6) Optimal power sharing management

When this literature review was conducted, the di�culties related to optimal power sharing
in droop-controlled HMGs had yet to be addressed.

Investigations of the problem of power sharing and management in islanded HMGs have
been reported in a handful of published studies, which can be divided into three categories:
centralized [48]; distributed [49, 50]; and decentralized [51�54]. In [48], a University of
Alberta research group designed a centralized controller for controlling the power exchange
between autonomous ac and dc microgrids. The centralized controller requests the output
power and maximum available power of all DERs and ICs and then sends active power
set points to the IC controllers accordingly. It was unclear how frequently the information
about both subgrids is updated or which data refreshment rate and bandwidth for the
communication link are required for practical implementation.

To minimize communication requirements, the authors of [49] developed a decentralized
control architecture with three droop-based power sharing schemes for a HMG topology.
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The proposed topology is a three-port ac/dc/DS HMG. The ac and dc sides are interlinked
via dual ICs that consist of a bidirectional buck-boost dc converter and a VSC. The dc/dc
IC regulates the dc link voltage, while the VSC-based IC is responsible for proportional
active power sharing between the ac/dc microgrids. The dc link between the two ICs
enables interfaces with multiple DS units. The proposed decentralized control scheme
introduced in [49] comprises a multi-level power sharing scheme: a local power sharing
scheme in each subgrid, a global power sharing scheme in the entire HMG, and a storage-
based scheme for sharing power among DS units. The local sharing scheme seeks precise
power sharing among the local DGs in each subgrid. Global power sharing is aimed at
equalizing the loading of both subgrids according to their available capacities. The storage-
based sharing scheme releases the overloading conditions of both subgrids. The application
of multiple DS units was not clearly justi�ed. Multiple DS units can be made to be identical
and to have similar droop characteristics, thus eliminating the need for the storage-based
power sharing scheme. A further factor is that the IC supplies no reactive power to the ac
side, which can be crucial during limited reactive power support.

An HMG could be as simple as a single ac subgrid interfaced with one dc subgrid
and as complex as multiple ac subgrids that have di�erent frequencies and are interlinked
with multiple dc subgrids having di�erent dc voltage levels. Based on this perspective, in
the work reported in [54] the researchers extended the HMG topology introduced in [49]
to include multiple ac and dc subgrids. Their multi-HMG structure involves DS units
connected to a common dc bus to which the ac subgrids are connected via bidirectional
VSCs, and the dc subgrids are joined together through bidirectional dc/dc converters.
The ac subgrids have the same frequency while the dc subgrids have the same dc voltage
level. The ac/dc ICs and dc/dc ICs operate in voltage-control mode to provide voltage
support to the ac and dc subgrids, respectively. For such a topology, the authors of [54]
proposed an autonomous coordinated control scheme. Their control strategy is based on
local measurements of the common dc bus voltage and the ac/dc terminal voltages. They
introduced Pdc − V 2

dc droop characteristics for the DS units in order to control the dc link
voltage and to achieve proportional sharing. A limitation of their proposed management
scheme is the assumption that all of the subgrids are connected to the same common dc
bus, which can be impossible in practice.

Recent applications of event-based and consensus-based distributed control strategies
motivated the authors of [52] to develop a distributed power sharing scheme for multi-
ple ICs. The use of an event-based control method eliminates the requirement for high-
bandwidth communication among ICs. Each agent (IC) relies on its local measurements
and on the information sent by the neighbouring IC. ICs are also utilized for provid-
ing reactive power support. Exact active power sharing among multiple ICs was achieved
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through the design of a distributed supervisory controller. The drawback of the distributed
control strategy is that the local DGs in each subgrid are represented by an aggregated
droop-controlled DG unit whose combined droop characteristics are equivalent for all DGs.
Aggregating all droop-based dc-type DGs into one large DG does not accurately represent
the dc loading and voltage drop. Even in ac subgrids, although their droop characteristics
are counted in obtaining the combined droop characteristics, the availability of local DGs
can frequently shift due to an unexpected outage. The sharing error thus becomes sig-
ni�cant, especially when the dc subgrids are highly resistive and when the number of DG
units in service changes. Another research group from the University of Waterloo proposed
a multiagent supervisory controller for power management in islanded dc microgrids [55].
The distributed supervisory controller can achieve two objectives: optimal power sharing
and optimal power dispatch. The distributed power management problem was formulated
as a convex distributed optimization problem which might not be applicable to the power
management of HMGs due to the nonconvexity and nonlinearity of the ac/dc power �ow
equations.

A hierarchical control architecture has also been proposed as a solution to the problem
of unequal power sharing among multiple ICs. The study reported in [50] involved the
proposal of a two-layer hierarchical controller: a primary and a secondary controller. The
primary layer comprises a data-driven and an adaptive model-free controller so that the ICs
can achieve proportional sharing in the entire HMG. The data-driven controller tracks the
dc voltage reference, while the dual droop controller targets simultaneous equal sharing and
voltage/frequency regulation. Another control layer, a secondary controller, is added to the
IC control system in order to restore the frequency and dc voltage following a disturbance.
Using the IC as a voltage source for controlling the voltage at either side necessitates
the domination of one side by the other. The authors developed a uniform multimode
control scheme for ICs in hierarchical-controlled HMGs. With this control strategy, based
on the loading conditions in each subgrid, each IC operates in either current-control mode
or voltage control mode, without the need for switching between control modes. The
proposed multimode controller also encompasses a PI controller for tracking the active
power set point sent by the centralized controller.

For autonomous active power sharing among multiple ICs, a novel idea based on a
superimposed frequency for mitigating unequal dc voltages at IC terminals was introduced
in [51]. Each IC superimposes a small ac voltage signal on its dc terminal voltage, whose
frequency is drooped with the output active power. The proposed ac/dc droop controller
achieved precise proportional sharing among ICs but at the expense of the introduction of
some ripples, thus negatively a�ecting the quality of the dc voltage.

In their design of an e�ective power sharing scheme for interfaced ac/dc microgrids
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during abnormal conditions, the authors of [56] included consideration of the ac unbal-
ance fault conditions when developing an autonomous control strategy for parallel ICs.
Their control methodology was aimed at enhancing the active power transfer capability
and �ltering out oscillations in the active power transfer as well as ripples in the dc link
voltage during ac unbalanced fault conditions. The proposed control scheme is reliant on
a redundant IC whose ratings are higher than those of the other ICs. A two-level IC cur-
rent regulation scheme was introduced as a means of preventing ICs from exceeding their
current limits under di�erent unbalance conditions. However, dedicating one large IC to
the mitigation of unbalance fault conditions might not provide an economical solution.

2.7 Voltage Instability/Collapse in Microgrids

The term voltage collapse is de�ned as "the process by which the sequence of events
accompanying voltage instability leads to a blackout or abnormally low voltages in a sig-
ni�cant part of the power system� [57]. Voltage collapse is a long-term steady-state phe-
nomenon that can develop due to saddle node bifurcation (SNB) or limit-induced bifurca-
tion (LIB) [58] and [59]. The SNB point is the loading point at which the voltage collapses:
numerically, the Jacobian matrix of the system becomes singular so that no power �ow
solution can be achieved. The LIB point is the loading level at which the system can
no longer provide the necessary voltage support: some voltage-controlled generators reach
their reactive power limits, and voltage control is lost. In voltage stability studies, the
SNB is normally studied based on the assumptions that the installed capacity of the gen-
eration system is unlimited and that the maximum transferrable power of the transmission
system is in�nite. In contrast, the LIB point is obtained by varying the system loading
while imposing reactive power limits on synchronous-based DERs. Tracking SNB and LIB
points requires steady-state modelling of the system components and an analysis tool. It
is interesting to note that some load bus voltages can collapse as a result of SNB while
others can collapse because of LIB. An additional factor is that limited voltage support,
overloading conditions, and severe contingencies can cause either type of bifurcation to
develop at loadability levels lower than the installed capacity of the system.

Figure 2.10 presents a PV curve, also known as "the nose curve," which graphically
tracks the steady-state behaviour of a load voltage (V) as a function of the maximum
power (P) that can be transferred to that load. The �gure shows the LIB and SNB points
as well as the current loading level, λac, at an ac load bus. Two critical loadability levels
are de�ned in the �gure: λac,LIB because of the LIB and λac,SNB because of the SNB. It is
crucially important for a microgrid operator to assess and maximize the loadability margin
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Figure 2.10. PV curve at an ac load bus.

between the current loading level λac and the critical loading level during islanding in order
to take into account any credible contingencies.

Loadability assessment and maximization are essential considerations in the planning
and operation of active distribution networks that include DERs and microgrids. In [60]
and [61], the improvement of system loadability was set as a target for DER planning, and
it was concluded that appropriate DER size and location can enhance the voltage stability
margin. The planning approaches presented in [60] and [61] were based on the availability
of a substation for the provision of voltage support. All DERs were thus assumed to
be operating in current-control mode, which is not the case in microgrids. Unlike grid-
connected distribution systems, microgrids require that some DERs operate as "voltage
forming" units. The bene�ts of converter-based dc segments with respect to the loadability
of purely radial systems have been discussed in recent published studies [62] and [63]. It
has been demonstrated that system loadability can be increased by the addition of dc links
among radial feeders. However, ac/dc loops change the network topology from radial to
mesh, which is di�cult to operate and control.

With respect to microgrids, a few researchers have focussed their attention on the
loadability of droop-controlled ac microgrids [64�67]. The authors of [64] were the �rst
to investigate the loadability of islanded ac microgrids. They extended the conventional
Newton-based continuation power �ow (CPF) to include the assessment of microgrid load-
ability during separations from the main grid and the capture of PV and QV curves. PV
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and QV curves are used for tracking the steady-state behaviour of load voltages as a func-
tion of the active and reactive power loading. The CPF described in [64] was designed
for balanced microgrids, based on an assumed insigni�cant voltage unbalance. Another
research group [65] conducted further investigations into the maximum loadability of is-
landed ac microgrids and developed three formulations based on optimal power �ow (OPF):
OPF for maximum loadability assessment, OPF for loadability maximization, and OPF
for joint cost and loadability optimization. The authors of [64] and [65] concluded that
optimizing the droop parameters can maximize the loadability margin. The authors of [65]
also proposed a probabilistic approach for the selection of droop parameters that maximize
the voltage stability margin and obtained a set of droop parameters for possible islanding
conditions [66]. However, because islanded microgrids are typically not associated with
loadability issues during normal operation, the droop parameters would be more e�ective
if designed for the presence of contingency events. The same authors also studied the
recon�guration of islanded microgrids in conjunction with the optimal droop parameter
settings for maximum loadability [67]. They showed that simultaneously changing the
system topology and adjusting the droop parameters during islanding can widen the load-
ability margin. All of the above studies included consideration of loadability only during
normal operating conditions. The concept of DG is expected to eliminate the possibility of
voltage collapse in microgrids under normal conditions even during islanding. The analysis
presented in this thesis shows that voltage collapse is possible in ac/dc microgrids during
serious contingency events such as multiple line circuit outages. This thesis therefore also
explores the voltage instability/collapse problem in islanded HMGs under contingencies.

2.8 Energy Management in Microgrids

Energy management in microgrids with hierarchical control structures can be divided into
three control layers: primary, secondary, and tertiary [68], [69], as illustrated in Figure
2.11 [70]. In the primary control layer, also called the local control layer, power sharing
and local voltage control are achieved by the local controllers (LCs) of the droop-controlled
DERs. In converter-based DER units, which are inertia-less, power sharing is achieved with
the help of droop characteristics, whereby converter-based DER units mimic the behaviour
of synchronous-based DERs. In the secondary control layer, also termed the supervisory
controller or the energy management system (EMS), frequency and voltage restoration are
achieved by re-dispatching the generation, adjusting ESS charging/discharging, curtailing
surplus renewable power, or shifting/shedding controllable loads. The tertiary control layer
is the highest layer in the control hierarchy. This control layer involves the optimization
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Figure 2.11. The hierarchical control structure of a multi-DG microgrid [70].

of the power import/export transactions between the microgrid and the utility grid and
between the microgrid and other adjacent microgrids. The tertiary controller can be merged
with the EMS so that the resultant control architecture comprises only two layers.

Since this research is focussed on the secondary control layer, the following information
sheds light on the structure, objectives, and challenges related to EMSs in microgrids.

An EMS, also referred to as supervisory control and data acquisition (SCADA), is
a collection of control schemes and optimization routines that are used for monitoring,
controlling, and operating the power grid as well as for retrieving system information [71].

The general structure of a centralized EMS is illustrated in Figure 2.12, which shows
that the EMS collects forecasts for the electricity price, power demand, and renewable
power supply. The availability of controllable devices, i.e., DERs and loads, is also com-
municated to the EMS. In microgrids, the function of the EMS is to perform system-level
operations, including the following [72]:

1) Day-ahead supply and demand management: The EMS determines the day-ahead
schedule of the dispatchable DG units, including the reserve required and the energy
consumption schedule for the next 24 h according to the hourly energy prices, which
are announced in advance.

2) Real-time power generation and consumption dispatch: The EMS adjusts the day-
ahead generation schedule in order to balance the power mismatch between the supply
and demand. Equally importantly, the EMS also sends curtailment and/or deferral
decisions to price-responsive loads in order to reduce the peak load.
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Figure 2.12. A schematic diagram of a centralized energy management system.

Despite the control and operational bene�ts of clustering distribution systems into mi-
crogrids with islanding capability, microgrids create operational challenges that can be
summarized as follows [73], [74]:

1) Due to their small size, converter-based DG units tend to have low physical inertia,
which in turn, could cause frequency instability during islanding and contingencies.

2) Unlike the case in large-scale power systems in which the frequency can be well
regulated, frequency regulation in isolated/islanded microgrids is challenging due to
the lack of sti�ness and slackness during islanding.

3) In islanded microgrids, the available generation can be limited in amount and stochas-
tic in nature.

4) Operating a microgrid as an independent entity increases the complexity of dispatch
decisions because they entail not only decisions about the generation schedule but also
about the schedules for imports/exports with the hosting grid during grid-connected
mode as well as load/generation curtailment decisions during autonomous operation
mode.
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5) The plug-and-play characteristics of DERs and the mobility of electric vehicles (EVs)
complicate the energy management problem in microgrids.

As the concept of microgrids is increasingly accepted worldwide, the need for an e�-
cient and practical EMS is becoming more pronounced. In this regard, due to the growing
trend of transforming distribution grids from traditional to smart, the operation of these
new types of grids has been a common subject of recently published research. In [75], an
investigation of the day-ahead operation of ac smart grids was reported. The objective was
to minimize the operating costs as well as the emissions from the electricity and transporta-
tion sectors by utilizing EVs and renewable-based DGs. However, the scheduling problem
was formulated as a deterministic optimization problem, and network constraints were not
considered. Having realized the signi�cance of the random behaviour of renewables and
the demand, the authors therefore incorporated these uncertainties into their subsequent
work [76]. However, they did not consider modelling of the network constraints, including
the operational limits of the bus voltage and the thermal limits of the distribution feeder.
In [77], the authors accurately modelled the network in the day-ahead resource schedul-
ing problem, but the random renewable energy supply and the variable EV demand were
modelled deterministically.

The day-ahead resource and reserve scheduling problem associated with demand re-
sponse in uncertain environments was addressed in [78]. Although the researchers can
be commended for considering some critical aspects such as network constraints, reserve
requirements, cost/emission reductions, and the stochastic nature of wind energy and the
demand, they did not include key elements of future smart grids: ESSs and EVs. In
their later work [79], the same authors included consideration of coordinated EV charging
in day-ahead operational planning so that operating costs and emissions were minimal.
However, all energy resources were assumed to be dispatchable. The energy management
problem was also solved in [80], [81], but only for islanding conditions, and the only un-
certainty taken into account was that associated with renewable energy. Another factor
addressed in recent publications is EV battery degradation. Unrestricted vehicle-to-grid
(V2G) might degrade the e�ciency of an EV battery and shorten its lifespan [82]. EV
battery degradation can be addressed by incorporating a cost component and a set of con-
straints into the dispatch model in order to limit frequent and deep discharging. In [82],
the researchers considered EV battery degradation during V2G, but at the household level,
thus neglecting a representation of the network. With respect to electricity markets, an-
other study [83] involved tackling the stochastic day-ahead market clearing problem by
applying the demand as a means of providing reserves to cover system security and load
reduction during outages. In [84], an EV aggregator was introduced as a component of the
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day-ahead market design in order to o�er reserve services to the system operator through
coordinated charging.

In all of these studies, the proposed dispatch and EMS models targeted only ac-type
networks. The energy management of HMGs that operate in grid-connected and islanded
modes of operation was not addressed.

2.9 Discussion

This chapter has provided a discussion of an ac/dc structure that can host both ac and
dc technologies. Also presented are the main components of future ac/dc grids as well
as their control strategies and steady-state models. The state of the art of steady-state
analysis, power sharing, voltage stability, and energy management in HMGs have also been
reviewed. Existing gaps observed in the literature were highlighted and can be summarized
as follows:

1) No mention could be found in the literature of a generalized power �ow analysis tool
designed for islanded HMGs with droop-controlled DERs and ICs.

2) The problems of imprecise reactive power sharing in ac microgrids and inexact active
power sharing in dc microgrids carry over to and are associated with droop-based
HMGs. In addition to droop-controlled DERs, the ICs that interface ac and dc sub-
grids at di�erent interfacing points are also subject to the same problem of inaccurate
power sharing.

3) The possibility of voltage instability/collapse in autonomous HMGs during contin-
gencies was not addressed.

4) All of the energy management and optimization models described in the literature
targeted only ac-type networks.

The research conducted for this thesis has contributed to the existing body of knowledge
about HMGs by �lling the highlighted gaps and resulting in the development of 1) a
generic ac/dc power �ow algorithm for islanded droop-controlled HMGs, 2) a precise power
sharing scheme that optimizes the droop characteristics of droop-based DERs and ICs, 3) a
voltage-stability analysis of HMGs during islanding and contingencies, and 4) a stochastic
centralized EMS model for smart distribution grids that have an ac/dc structure.
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Chapter 3

A Uni�ed Approach to the Power Flow
Analysis of AC/DC Hybrid Microgrids

3.1 Introduction

A promising con�guration for future smart grids is an ac/dc hybrid topology that enables
the integration of ac/dc energy resources and modern loads, thus permitting the consequent
formation of ac/dc hybrid microgrids (HMGs). An understanding of HMGs and their
operational premise during islanding will certainly pave the way toward the realization
of a future smart grid that includes a plug-and-play feature. However, the planning and
operation of such isolated and hybrid systems are reliant on a powerful and e�cient power
�ow tool. To this end, this chapter introduces a uni�ed, generic, and �exible power �ow
algorithm for islanded HMGs. The power �ow subproblems related to ac and dc subgrids
are described mathematically by a set of nonlinear equations and are solved simultaneously
using a Newton trust-region method. The developed algorithm is generic in the sense that
it includes consideration of the unique characteristics of islanded HMGs: a variety of
possible topologies, droop controllability of the distributed energy resources (DERs), and
bidirectionality of the power �ow in the interlinking converters (ICs). The new power �ow
formulation is �exible and permits the easy incorporation of any changes in DER operating
modes and IC control strategies. The developed algorithm was tested and applied for
analyzing selected operational and control aspects of islanded HMGs, including inaccurate
power sharing and ICs characterized by di�ering control strategies. The developed load
�ow program can form the basis of and provide direction for further studies of islanded
HMGs.

The work presented in this chapter has resulted in a full-featured power �ow program
with the following key characteristics:

� The developed power �ow algorithm is a uni�ed approach that simultaneously solves
the power �ow subproblems associated with ac and dc subgrids. The subproblems
are mathematically formulated as a set of nonlinear equations and are solved as a
unit using the Newton trust-region (TR) method [85], [86].
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� The Newton TR method has a globally convergent property that guarantees the
solution whenever it exists regardless of its initial point [85].

� The developed power �ow formulation is generic because it models the unique char-
acteristics of isolated HMGs, such as the unavailability of a slack bus and the bidi-
rectionality of the power �ow between neighbouring ac and dc subgrids.

� Our uni�ed power �ow algorithm (UPF) is �exible and can easily accommodate any
changes in the DER operating mode or the IC control strategy.

In this chapter, Section 3.2 highlights the steady-state models of the primary compo-
nents and introduces the IC control strategies. Section 3.3 explains the newly formulated
power �ow problem in isolated HMGs. Section 3.4 presents the solution based on the
Newton TR method. Section 3.5 provides the main steps in designing ac/dc hybrid test
systems. Section 3.6 focuses on the validation of the power �ow phasor formulation, al-
gorithm application, robustness, and scalability. Section 3.7 summarizes the main points
presented in this chapter.

3.2 System Model and Control

A power �ow solution is only as accurate as the steady-state models used for describing
each component: line, load, DER, and IC.

3.2.1 Overhead Line and Underground Cable Models

At the ac distribution level, a distinctive property of distribution lines is their low X/R
ratios. At the microgrid level, another unique feature is the dependency of the ac line
inductance, Xac,Line(ω), on the system frequency, ω. Distribution lines can be either over-
head, as in rural networks, or underground, as in the urban networks found in high-density
areas. Two models are normally used for describing overhead lines and underground ca-
bles: the PI model and the T model [87]. From a computational perspective, the PI
model is preferable to the T model since the system order is increased by the central
node of the T model. At the distribution level, the distribution lines are shorter than
their transmission counterparts, which enables the line-charging e�ect represented by the
shunt capacitances to be neglected so that the resulting line model becomes merely a series
impedance: Zac,Line(ω) [88]. DC lines are modelled in steady-state by a series resistance.
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3.2.2 Load Model

Depending on the operating voltage, |Vac|, ac static loads are often assumed to demand
both active and reactive power, PD,ac, QD,ac, regardless of the system frequency. However,
at the microgrid level and in islanding mode, load characteristics are dependent not only
on the operating voltage but also on the system frequency, PD,ac(|Vac|, ω), QD,ac(|Vac|, ω).
The sensitivity of the load to the operating voltage and to the system frequency can be
mathematically calculated from (3.1) and (3.2) [58].

PD,ac = PD,ac0

(
|Vac|
|Vac,0|

)α
[1 + kpf (ω − ω0)]. (3.1)

QD,ac = QD,ac0

(
|Vac|
|Vac,0|

)β
[1 + kqf (ω − ω0)]. (3.2)

where
PD,ac,0, QD,ac,0: the nominal active and reactive power demand, respectively;
|Vac,0|, |Vac|: the nominal and operating voltages, respectively;
α, β: the exponents of the active and reactive loads, respectively;
ω0, ω: the nominal and operating frequencies, respectively;
kpf , kqf : the frequency sensitivity parameters.

Typical values for kpf and kqf are in the range of 0 to 3 and -2 to 0, respectively [58].
It is worthy to mention that the load type can also be constant current, I, or constant
impedance, Z, depending on the values of the exponents α and β [89].

The dc voltage-dependent loads can be described by (3.1) when kpf is set to zero.
Depending on the exponent α , the dc load can be constant power, P ; constant current, I;
or constant resistance, R.

3.2.3 Distributed Energy Resource Model

In isolated HMGs, the ac-type DER units can operate in three modes PQ, PV, or droop [28].
Likewise, dc-type DER units can also operate in three modes: constant P, constant V, or
droop. Figure 3.1 shows these six di�erent DER models. Each ac-type DER unit is
associated with four quantities: the magnitude of the ac terminal voltage, |Vac|; the phase
angle, δ; the active power output, PDR; and the reactive power output, QDR. In contrast,
each dc-type DER unit is related to only two quantities: the dc terminal voltage, Vdc, and
the active power output, PDR.
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Figure 3.1. Di�erent distributed energy resource models.

The concepts underlying the constant PQ and PV control of ac-type DERs are identi-
cal to those that apply to conventional high-voltage power systems. However, in low- and
medium-voltage microgrids during islanding conditions, converter-based distributed gener-
ation (DG) and distributed storage (DS) units can be controlled autonomously according
to droop characteristics [21].

3.2.4 Interlinking Converter Model

In an HMG, the IC functions as an energy bu�er for controlling the transfer of active power
between neighbouring ac and dc subgrids in order to achieve a speci�c objective, such as
1) equal sharing of the HMG demand among the DERs according to their ratings or 2)
equal loading of the subgrids so that no individual subgrid is overloaded while another
is underloaded, while minimizing power transfer based on the loading conditions of both
subgrids [15]. An accurate IC model and e�ective control strategy are therefore critically
important when an HMG is islanded. For this reason, three IC control schemes have been
incorporated into the UPF algorithm presented in this chapter.
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3.2.4.1 Control Strategy I

An ac/dc IC droop control strategy can be achieved based on local measurements of the
frequency at the ac terminal and on a determination of the voltage at the dc terminal.
This control strategy was discussed in detail in section 2.4. The active power droop char-
acteristics of an IC is illustrated in Figure 3.2. The active power transferred from the dc
side to the ac side is based on the droop equation in (2.9) presented in chapter 2. It is
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Figure 3.2. AC/DC droop for the interlinking converter.

worth noting that this control scheme is an autonomous control strategy since it requires
only local measurements of the frequency and the dc terminal voltage. On the other hand,
this strategy does require the continuous operation of the IC, which might be undesirable,
owing to associated conversion losses and power oscillations.

3.2.4.2 Control Strategy II

To rectify the shortcomings associated with the previous control strategy and to maintain
autonomous operation, we have introduced a dead zone, i.e., a no-power-transfer zone, as
shown in Figure 3.3. The dead zone is represented by the portion of the x-axis de�ned by
the interval [−∆eωV,min,∆eωV,min]. If the error is within the closed interval, then there is
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no power transfer permitted: Pic = 0. The power transfers corresponding to error values
beyond the closed interval does not comply with (2.9). The reason is attributed to the fact
that in Figure 3.2 the droop line passes the origin point, while in Figure 3.3 the droop line
is shifted from the origin and split into two droop line segments. One droop line, the red
line in Figure 3.3, is described by the line Pic = − 1

γp
(∆eωV + ∆eωV,min), while the other

droop line, the blue line in Figure 3.3, is de�ned by the line Pic = − 1
γp

(∆eωV −∆eωV,min).

Also, the maximum error is shifted by ∆eωV,min, i.e., ∆èωV,max = (∆eωV,min + ∆eωV,max).
Thus, according to Figure 3.3, the control strategy II is described by (3.3) instead of (2.9).
Power transfer is permitted only when one subgrid is markedly overloaded while the other
is underloaded. This condition can be determined by monitoring the di�erence between
the normalized frequency and the normalized dc terminal voltage, ∆eωV , and by allowing
power to be transferred between two subgrids only when the di�erence exceeds a speci�ed
threshold: i.e., |∆eωV | > ∆eωV,min. With this procedure, the IC ensures equal loading of
the two interconnected ac/dc subgrids and the e�cient utilization of the local resources,
while at the same time minimizing IC operating time.
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Figure 3.3. Resultant ac/dc droop with a no-power-transfer zone.
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Pic =



Pic,max, if ∆eωV < −∆èωV,max,

− 1
γP

(∆eωV + ∆eωV,min), if −∆èωV,max ≤ ∆eωV < −∆eωV,min,

− 1
γP

(∆eωV −∆eωV,min), if ∆eωV,min < ∆eωV ≤ ∆èωV,max,

−Pic,max, if ∆eωV > ∆èωV,max,

0 otherwise.

(3.3)

3.2.4.3 Control Strategy III

The ac and dc droop can be utilized as a means of arriving at an aggregated ac/dc droop
control scheme [90]. The aggregated ac droop line can be obtained by summing all of the
DER (ω − P ) droop lines in the ac subgrid, while the equivalent dc droop line is derived
from the sum of all of the DER (V − P ) droop lines in the dc subgrid. The slopes of the
aggregated ac and dc droop lines, mp,ac/dc, are acquired from (3.4):

mp,ac/dc =

n
ac/dc
D∏
i=1

mp,i

n
ac/dc
D∑
i=1

n
ac/dc
D∏
j=1
j 6=i

mp,j

. (3.4)

where n
ac/dc
D : the total number of ac- and dc-type droop-controlled DERs.

The aggregated droop characteristics are obtained based on the assumption that the
voltage drops across the dc feeders are very small. Additionally, the resulting ac and dc
droop lines can be interpreted as representing all of the droop-controlled DERs in one
subgrid based on an equivalent droop-controlled DER. In a practical sense, the capacity of
this equivalent DER is the available generation, and its loading can be locally established
from measurements of the frequency/dc voltage at the IC terminal. More speci�cally, if

the frequency and/or IC terminal dc voltage are below speci�ed thresholds, ω̂min or V̂dc,min,
respectively, the corresponding subgrid is detected as overloaded and is hence directed to
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request active power from its neighbouring subgrid according to (3.5) or (3.6):

P̂ic,ac =


P̂ac,max , if ω̂ < ω̂min,
ω̂min−ω̂
mp,ac

, if ω̂min ≤ ω̂ ≤ ω̂max,

0 , if ω̂ > ω̂max.

(3.5)

P̂ic,dc =


P̂dc,max , if V̂dc < V̂dc,min,
V̂dc,min−V̂dc

mp,dc
, if V̂dc,min ≤ V̂dc ≤ V̂dc,max,

0 , if V̂dc > V̂dc,max.

(3.6)

where
(•̂): the normalized quantity (•) in the range of [0, 1];

P̂ ac
ic , P̂

dc
ic : the power requested from the ac and dc subgrids, respectively, normalized in the

range of [0, 1] based on their respective maximum available capacities, Pac,max, Pdc,max.
Based on the normalized active power requests, the IC determines the actual power transfer,
Pic, as expressed by (3.7) and (3.8):

P̂ic = P̂ic,ac − P̂ic,dc. (3.7)

Pic =

{
P̂ic,ac × Pac,max , if P̂ic > 0,

P̂ic,dc × Pdc,max , if P̂ic < 0.
(3.8)

Equations (3.5)-(3.8) permit power transfer when one subgrid is overloaded and the
other is underloaded or when both subgrids are not heavily overloaded. The direction of
the power transfer is dependent on the P̂ic sign. If P̂ic > 0, the power is transmitted from
the dc side to the ac side, and vice versa if P̂ic < 0. With control strategy III, autonomous
IC droop control is guaranteed only if the DERs are assumed to have static droop control
and a �t-and-forget design. Thus, for HMGs with adaptive droop control and a plug-
and-play feature, this control strategy requires that all droop-controlled ac- and dc-type
DERs regularly broadcast their active power droop gains and availability. An additional
restriction is that if any or both subgrids are not droop-controlled, this control strategy
cannot be implemented. It should be noted, however, that our UPF formulation can easily
accommodate any other DER models and IC control strategies.

3.3 Formulation of the Power Flow Problem

The power �ow problem for isolated HMGs is de�ned by a set of nonlinear equations and
can be formulated as an unconstrained minimization problem [86], as shown in the vector
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notation indicated in (3.9)-(3.10) and the de�ning equations (3.11)-(3.12):

minimize
x∈Rn

f(x), f : Rn → Rn. (3.9)

where
f(x) = [fac(xac), fdc(xdc)]

T , x = [xac, xdc]
T . (3.10)

f(x): the vector of the equations describing the power �ow problems in the ac and dc
subgrids;
x: the vector of the ac/dc control (independent) and state (dependent) variables.

f(x(k)) = −J(x(k))∆x(k). (3.11)

where J(x(k)) is the Jacobian matrix at iteration k, as de�ned by: where J
(k)
ac and J

(k)
dc are

the Jacobian matrices for the ac and dc subgrids, respectively, as de�ned by:

J(k)
ac =

∂fac
∂xac

∣∣∣∣
x
(k)
ac

, J
(k)
dc =

∂fdc
∂xdc

∣∣∣∣
x
(k)
dc

. (3.12)

The detailed ac/dc power �ow subproblem formulations and variable de�nitions are pro-
vided in the following subsections.

3.3.1 AC Subgrids

The set of ac buses can be classi�ed as PQ buses, BPQ = {1, 2, . . . , nPQ}; PV buses,
BPV = {1, 2, . . . , nPV }; and droop-controlled buses, BacD = {1, 2, . . . , nacD}.

3.3.1.1 PQ Buses

Each PQ bus i ∈ BPQ involves two unknown quantities: the bus voltage magnitude |Vac,i|
and the phase angle δi. The vector of the unknown quantities for each PQ bus can be
expressed as (3.13):

xPQi = [δi, |Vac,i|]T . (3.13)

Accordingly, the vector of all unknown quantities associated with all PQ buses can be
de�ned by (3.14).

xPQ = [xPQ1, xPQ2, . . . , xPQnPQ
]T . (3.14)

It should be noted that constant I and constant Z buses can be treated in a similar
manner.
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3.3.1.2 PV Buses

Each PV bus i ∈ BPV involves two unknown quantities, δi, Qi and Qi, and the vector of
unknown quantities for each PV bus can be expressed as (3.15):

xPV i = [δi, Qi]
T . (3.15)

Accordingly, the vector of all unknown quantities associated with all PV buses can be
de�ned by (3.16).

xPV = [xPV 1, xPV 2, . . . , xPV nPV
]T . (3.16)

It should be mentioned that if the reactive power output of any voltage-regulated DER,
QDR,i,∀i ∈ BPV , violates its speci�ed limit, it is then set to the corresponding limit and
the PV bus is switched to PQ mode.

3.3.1.3 AC Droop-Controlled Buses

Each ac droop-controlled bus1, i ∈ BacD , is associated with four unknown quantities:
δi, |Vac,i|, Pi, and Qi. The vector describing these quantities can be expressed as (3.17):

xacDi = [δi, |Vac,i|, Pi, Qi]
T . (3.17)

The vector of all unknown quantities associated with all ac droop-controlled buses can
then be de�ned by (3.18):

xacD = [xacD1, x
ac
D2, . . . , x

ac
Dnac

D
]T . (3.18)

It is worth pointing out that if either the active or reactive power output of any droop-
controlled DER (PDR,i, QDR,i) exceeds its limit, it is then set to the corresponding limit.
However, if both the active and the reactive power output exceed speci�ed limits, they are
set to their corresponding limits and the DER switches from droop control mode to PQ
control mode. Another point worthy of note is that imposing the DER limits would make
the power �ow problem indirectly constrained.

1In isolated microgrids, some DERs may operate in a droop control mode in order to mimic synchronous
generators and to provide virtual inertia as a means of stabilizing the system. AC/DC terminal buses can
also be droop controlled.
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The ac subgrid(s) variables can be written in a compact form as in (3.19):

xac = [ω, xPQ, xPV , x
ac
D ]T . (3.19)

It should be noted that since the frequency is a variable, the voltage phase angle of
an ac bus, e.g., typically a DER bus, is taken as a reference, δi = 0, i ∈ Bac, in order to
equalize the number of unknowns and the number of equations available.

The ac power �ow equations for a general ac bus i, ∀i ∈ Bac are de�ned by equations
(3.20) and (3.21).

Pi = |Vac,i|
nac∑
k=1

|Vac,k||Yik(ω)|cos(δi − δk − θik) + βiPic,i, ∀i ∈ Bac. (3.20)

Qi = |Vac,i|
nac∑
k=1

|Vac,k||Yik(ω)|sin(δi − δk − θik) + βiQic,i, ∀i ∈ Bac. (3.21)

where

βi =

{
1, if bus i is an ac terminal bus,

0, otherwise.

|Yik(ω)|, θik: the magnitude and phase angle of the ikth entry in the bus admittance matrix
[Ybus(ω)], respectively.

The set of equations describing a general ac bus i ∈ Bac can generally be de�ned by
(3.22):

fac,i =


PDR,i − PD,i − Pi, i ∈ Bac,
QDR,i −QD,i −Qi, i ∈ Bac,
PDR,i − 1

mac,p,i
(ωi,0 − ω), i ∈ BacD ,

QDR,i − 1
nq,i

(|Vac,0,i| − |Vac,i|), i ∈ BacD .

(3.22)

where
|Vac,0,i|: the nominal (no-load) voltage of the DER i;
mac,p,i, nq,i: the active and reactive power droop gains of the DER i, respectively.

3.3.2 DC Subgrids

The set of dc buses can be classi�ed as constant P buses, BP = {1, 2, . . . , nP}; constant V
buses, BV = {1, 2, . . . , nV }; and droop-controlled buses, BdcD = {1, 2, . . . , ndcD}.
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3.3.2.1 Constant P Buses

Each constant P bus involves one unknown quantity, Vdc,i, which can be expressed as (3.23):

xPi = Vdc,i. (3.23)

Accordingly, the vector of all unknown quantities associated with all constant P buses
is de�ned by (3.24):

xP = [xP1, xP2, . . . , xPnP
]T . (3.24)

3.3.2.2 Constant V Buses

Each constant V bus i ∈ BV involves one unknown quantity, Pi, which can be expressed
as (3.25):

xV i = Pi. (3.25)

The vector of all unknown quantities associated with all constant V buses can then be
de�ned by (3.26):

xV = [xV 1, xV 2, . . . , xV nV
]T . (3.26)

It should be mentioned that if the active power output of any voltage-regulated dc-type
DER, PDR,i,∀i ∈ BV , violates its speci�ed limit, it is then set to the corresponding limit
and the DER is switched from voltage control mode to constant P mode.

3.3.2.3 DC Droop-Controlled Buses

Each dc drooped-control bus, i ∈ BdcD , is associated with two unknown quantities, Vi and
Pi. The vector describing theses quantities can be de�ned by (3.27):

xdcDi = [Vdc,i, Pi]
T . (3.27)

The vector of all unknown quantities associated with all dc drooped-controlled buses can
then be expressed as (3.28):

xdcD = [xdcD1, x
dc
D2, . . . , x

dc
Dndc

D
]T . (3.28)
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It is worth pointing out that some dc-type DERs can be (V-I) droop-controlled rather
than (V-P). It should also be noted that if the output power/current of any dc-type droop-
controlled DER exceeds its speci�ed limit, it is set to the corresponding limit, and the
control strategy becomes constant P or I control.

The dc subgrid(s) variables can be written in compact form as in (3.29):

xdc = [xP , xV , x
dc
D ]T . (3.29)

The dc power �ow equation for a general dc bus i,∀i ∈ Bdc, is de�ned by (3.30):

Pi = Vdc,i

ndc∑
k=1

GikVdc,k − βiPic,i, ∀i ∈ Bdc. (3.30)

where

βi =

{
1, if bus i is a dc terminal bus,

0, otherwise.

Gik: the ik
th entry of the bus conductance matrix [Gbus] of the dc subgrid;

Pic,i: the actual power transferred through the IC.

The set of equations that describes a general dc bus i ∈ Bdc is de�ned by (3.31):

fdc,i =

{
PDR,i − PD,i − Pi, i ∈ Bdc,
PDR,i − 1

mdc,pi
(Vdc,0,i − Vdc,i), i ∈ BdcD .

(3.31)

Table 3.1 summarizes the power �ow problem for islanded HMGs. The power �ow problem
is highly nonlinear and is hence solved using a globally convergent iterative method: a
Newton TR method [85] and [86].

3.4 Trust-Region Method

In a general TR method, the objective function f(x) is approximated by a model mk in the
neighbourhood of the current iterate xk, referred to as the trust region, or TR. The TR is
de�ned by an n-dimensional sphere with a radius ∆k around the current iterate [85]. Once
the model mk and its TR have been de�ned, the current solution point xk is updated by
taking a step sk within the TR: i.e., ‖sk‖ ≤ ∆k. This step is obtained at each iteration k
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Table 3.1
Summary of the HMG Power Flow Problem

Subgrid Bus Type
Number Speci�ed Unspeci�ed Number of

of Buses Quantities Quantities Equations

AC

PQ: i ∈ BPQ nPQ Pi, Qi δi, |Vac,i| 2nPQ

PV: i ∈ BPV nPV Pi, |Vac,i| δi, Qi 2nPV

(V-P) Droop: i ∈ BacD nacD � δi, |Vac,i|, Pi, Qi 4nacD

DC

Const. P: i ∈ BP nP Pi Vdc,i nP

Const. V: i ∈ BV nV Vdc,i Pi nV

(V-P) Droop: i ∈ BdcD ndcD � Vdc,i, Pi 2ndcD

Total
AC nac 2(nac − nacD ) 2(nac + nacD ) 2(nac + nacD )

DC ndc (ndc − ndcD ) (ndc + ndcD ) (ndc + ndcD )

by solving the subproblem described in (3.32) and (3.33), which minimizes the quadratic
model mk obtained from the second-order Taylor series expansion [86]:

minimize
sk∈Rn

mk(sk) = f(xk) + sTk∇f(xk) +
1

2
sTkBksk. (3.32)

s.t ‖sk‖ ≤ ∆k. (3.33)

where: Bk: an approximation of the Hessian matrix ∇2f(xk).

The objective function and its approximate model are evaluated at the updated solution
point xk + sk. The determination of whether the trial step sk is trusted is based on the
ratio of the actual reduction to the predicted reduction, as in (3.34):

ρk =
f(xk)− f(xk + sk)

mk(sk)−mk(xk + sk)
. (3.34)

If the step is successful, it is then accepted (i.e., xk+1 = xk + sk and the TR is expanded:
i.e., ∆k+1 = γi∆k, where γi ≥ 1, if ρk ≥ ηv, (in the case of a very successful step), or it
is kept the same if ηs ≤ ρk ≤ ηv (in the case of a successful step). If ρk ≤ ηs, the step
is rejected, and the TR is shrunk: i.e., ∆k+ = γd∆k, where γd ≤ 1 (in the case of an
unsuccessful step). The process of taking steps and updating the TR is repeated until the
convergence criterion, i.e., ‖f(xk)‖∞ ≤ ε, is satis�ed.
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The iterative power �ow solution procedure can be best summarized as follows:

Step 1) Start the UPF program for islanded HMGs.

Step 2) Read the line and bus data for ac and dc subgrids.

Step 3) Decide on the models of system components and the control strategy of the IC.

Step 4) Assume a �at start for the ac frequency and ac/dc bus voltages. ω(0) = 1.0 p.u,

|V (0)
ac |∠δ(0) = 1.0∠0◦ p.u, V

(0)
dc = 1.0 p.u.

Step 5) Set the iteration counter to zero, k = 0.

Step 6) Build the bus admittance matrix of the ac subgrid, [Ybus(ω
(k)], at the frequency

ω(k) and the bus conductance matrix of the dc subgrid, [Gbus].

Step 7) Formulate the power �ow subproblem for both subgrids., f(x(k)) = [f(x
(k)
ac ), f(x

(k)
dc )]T ,

where x(k) = [x
(k)
ac , x

(k)
dc ]T .

Step 8) Build the Jacobian matrices for both subgrids, J
(k)
ac and J

(k)
dc .

Step 9) Call the Newton Trust region solver to solve the power �ow subproblems simul-
taneously.

Step 10) Check for convergence, ‖f(x
(k)
ac ‖∧‖f(x

(k)
dc ‖ ≤ ε, where ε is a prespeci�ed thresh-

old.

Step 11) If the convergence criterion is not met, update the iteration counter k = k+ 1,
then repeat steps (6-10) to update the ac subsystem admittance matrix, the Jacobian
matrices, and solve for the power �ow variables. Otherwise, go to next step.

Step 12) Calculate the ac/dc line power �ows and losses.

Step 13) Print out the ac/dc power �ow solution, ω∗, |V ∗ac|∠δ∗, V ∗dc, P ∗ic, Q∗ic, etc.

Step 14) End the UPF program.
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The �ow chart of the UPF algorithm is depicted in Figure 3.4.
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Figure 3.4. Flow chart of the HMG power �ow algorithm.
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3.5 Design of the AC/DC Hybrid Test Systems

The practical design of a droop-controlled HMG should include but is not limited to the
following steps, as demonstrated on a low-voltage 6-bus HMG:

3.5.1 AC and DC Load Data Collection

The load data include the load type, location, nominal power, and distance from the source.
The ac load is assumed to be rated at 208 V and 25 kW, operating at a 0.8 lagging power
factor (p.f) and located at a distance of 100 m from the ac sources. The dc load is assumed
to have a nominal power of 15 kW and is located 100 m and 50 m from the dc sources.
Both loads have an e�ciency rating of 90%.

3.5.2 AC and DC Voltage Level Selection

Based on the rated ac load voltage and ANSI C84.1 standard [91], the voltage level for a
60 Hz four-wire three-phase ac grid was selected as 208Y/120 V. Once the ac voltage has
been selected, the voltage level of a two-wire dc system can be determined based on the
criteria described in [92]: Vdc ≥ 2

√
2Vac(rms). The resulting dc voltage is 600 V.

3.5.3 AC and DC Subgrid Ratings

3.5.3.1 AC and DC DER Ratings

The ratings of the ac and dc sources are dependent on the ac and dc loads to be supplied
according to the design. It is common practice to follow a rule of thumb for sizing gen-
erators [93]. However, despite the practical rule of thumb, it should be noted that the
design should also include consideration of any data available from the manufacturer. The
ac supply is comprised of an inverter-based dispatchable DG, wind-based DG, and a DS.
The sum of their ratings is taken as 120% of the ac load to be supplied, i.e., Sratedac = 37.5
kVA. The dispatchable DG unit has a rated capacity of 8 kVA at a 0.8 p.f. The wind
turbine (WT) generates 14 kW and 10.5 kvar [94], while the DS has a rated capacity of
250 Ah and a nominal dc voltage of 48 V [95]. The corresponding DS rated power is 9.6
kWh (12 kVAh at a 0.8 p.f). The dc supply involves a converter-based dispatchable DG, a
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photovoltaic (PV) system, and two DS units. The sum of their ratings is taken as approx-
imately 120% of the dc load, i.e., P rated

dc ≈ 18 kW. The dispatchable DG unit has a rated
capacity of 6.72 kW. The PV system is composed of 20 panels of 230 W each (4.6 kW in to-
tal). The two DS units are rated 140 Ah at a nominal voltage of 24 V each (3.36 × 2 kWh).

3.5.3.2 AC and DC DER Droop Gain Settings

The operating modes of all DERs should be identi�ed, and the droop parameters of the
droop-controlled DERs should be selected appropriately. The DSs in both subgrids of
the 6-bus HMG are droop-controlled, and their static droop gains can be determined as
described in section 2.3. In low-voltage networks, it is desirable for the ac frequency and
voltage to be within ±1% and ±5%, respectively, in order to avoid any dis-synchronization
among the DERs during islanded operation [96]. The active droop gains for the ac-type
dispatchable DG and DS are therefore 0.09375 and 0.0625 Hz/kW, respectively, whereas,
their reactive droop gains are 2.1667 and 1.4444 V/kvar, respectively. Taking the dc
voltage range as ±5% of the rated dc voltage, the active power droop gain of the dc-type
dispatchable DG and DS can be similarly established: i.e., 4.4643 V/kW each.

3.5.4 AC and DC Cable Selection

Both the physical construction and the electrical speci�cations of the cables must be de-
signed appropriately:

3.5.4.1 Cable Impedance Calculation

Based on the cable speci�cations, i.e., size, number of cores, insulation type, shape, and,
current-carrying capacity, the resistances and reactances of the ac and dc cable can be
selected according to the IEC 60364-5-52 standard [97]. The resistances and reactances of
the ac cables are Rac,12 = Rac,23 = 0.638 and Xac,12 = Xac,23 = 0.0786 Ω/km, respectively.
The resistance of the dc cables are Rdc,12 = Rdc,23 = 4.7 Ω/km, respectively.
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3.5.4.2 Voltage Drop Calculation

The voltage drops across the ac and dc feeders can be calculated based on the full-load
currents Iac and Idc, the load power factor cos(φ), and the cable lengths Lcable,ac, Lcable,dc
(km), (3.35) and (3.36) [98]:

∆VF,ac =
√

3Iac(Raccos(φ) +Xacsin(φ))× Lcable,ac. (3.35)

∆VF,dc = 2IdcRdc × Lcable,dc. (3.36)

The voltage drops over the ac and dc feeders as percentages of the rated ac/dc volt-
ages are ∆VF,ac(%) = 4.47%,∆VF,dc(%) = 4.35%, respectively, which meet the maximum
voltage drop criterion of 5% for a voltage drop across a cable. Once the voltage drops are
obtained across each component, i.e., generator, transformer, and feeder, the system volt-
age drop ∆VSY S from the generator to the load should be within the maximum permissible
voltage drop in order to ensure a practical and feasible design.

3.5.5 Interlinking Converter Rating and Control

The IC power rating can be selected based on the minimum of power ratings of both
subgrids, i.e., Sratedic = min{Sratedac , P rated

dc }, which means that the IC rated apparent power
is Sratedic = 18 kW. The IC control strategy can be implemented di�erently, depending on
the control objective and the availability of appropriate communications.

The author wishes to emphasize that these design steps should be used only as a
guideline, and caution should be exercised with respect to HMG design, especially for
islanded conditions. The one-line diagram of the resulting 6-bus HMG is shown in Figure
3.5. The microgrid data is furnished in appendix A.1.

3.6 Test Results and Discussions

The UPF algorithm that was developed for use with isolated HMGs was implemented in
a MATLAB® computing environment and executed on an LG® desktop computer with
an Intel (R) Core (TM)® i5-3470 CPU @ 3.20 GHz with 8.0 GB of RAM memory. The
phasor UPF formulation has been veri�ed against the time-domain steady state response.
Several case studies were carried out with the goal of demonstrating the application and
robustness of the developed UPF algorithm.
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Figure 3.5. 6-bus ac/dc hybrid microgrid.

3.6.1 Algorithm Validation

The islanded 6-bus HMG whose design was explained in Section 3.5 was used for validating
the algorithm against the time-domain simulation (TDS). For validation purposes, the two
DS units were replaced by two converter-based DG units with the same ratings and droop
characteristics as the DS units. The IC is placed between ac bus 2 and dc bus 2, as
depicted in Figure 3.5. The rated capacity of the IC, in kW, was taken as the kVA base
of the system: Sbase = 18 kVA. The base ac and dc voltages were selected as 208 V and
600 V, respectively. The power �ow results produced by the UPF algorithm and those
obtained from the TDS were tabulated as shown in Table 3.2. Both our algorithm and the
TDS reached steady state at a frequency equal to 0.9926 p.u. As a measure of the level of
accuracy, the maximum deviations between the TDS and UPF results were calculated for
the bus voltage magnitudes, active power outputs, and reactive power outputs, which were
found to be 0.042%, 0.13% and 0.18%, respectively. These results are reliable indicators of
the accuracy of the solutions provided by the UPF algorithm for the power �ow problem
in islanded droop-controlled HMGs.
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Table 3.2
Algorithm Validation against Time Domain Simulation

MG
Bus TDS Results UPF Results

# |Vac| (p.u.) Vdc (p.u.) |Vac| (p.u.) Vdc (p.u.)

AC/DC

1 0.9642 0.9659 0.9645 0.9662

2 0.9627 0.9598 0.9630 0.9601

3 0.9649 0.9631 0.9653 0.9634

DER
DER PDR QDR PDR QDR

# (p.u.) (p.u.) (p.u.) (p.u.)

AC
1 0.2625 0.1889 0.2628 0.1893

2 0.7778 0.5833 0.7778 0.5833

3 0.3937 0.2775 0.3942 0.2780

DC
1 0.2517 � 0.2522 �

2 0.2556 � 0.2556 �

3 0.2727 � 0.2731 �

IC

IC ω̂ V̂dc ∆eωV Pic

# (p.u.) (p.u.) (p.u.) (p.u.)

1 −0.0144 −0.0694 0.0550 −0.0550

3.6.2 Algorithm Application

The application of the UPF algorithm for HMG operation was also investigated based on
consideration of two test systems. The �rst is the 6-bus HMG, which was employed as a
means of examining the problem of power sharing in droop-controlled HMGs. Two metrics
are used to evaluate the power sharing of the droop-controlled DERs and the ICs. These
are the active and reactive power sharing indices2, PSIp and PSIq. The second test system
is a 12-bus HMG. This test system was used for further testing of the UPF algorithm
and the demonstration of the easy incorporation of di�erent DER operating modes and IC
control strategies.

2The power sharing index (PSI) is the ratio of the droop-controlled DER or the IC active/reactive
power output to its corresponding rating.
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Table 3.3
The Power Flow Solution for the Islanded 6-Bus AC/DC Hybrid Microgrid: (Sbase = 18
kVA, ω = 0.9923 p.u.)

MG
Bus Bus DER |V | δ PD QD PDR QDR PSIp PSIq

# Type Type (p.u.) (rad.) (p.u) (p.u.) (p.u.) (p.u.) (%) (%)

AC

1 D DG 0.9645 +0.0000 � � 0.2752 0.1895 77.40 71.07

2 PQ � 0.9631 −0.0001 1.3781 1.0497 0.7778 0.5833 � �

3 D DS 0.9653 +0.0002 � � 0.4128 0.2779 77.40 69.49

DC

1 D DS 0.9648 � � � 0.2630 � 70.46 �

2 P � 0.9505 � 0.8333 � 0.2556 � � �

3 D DG 0.9681 � � � 0.2378 � 63.71 �∑
PD

∑
QD

∑
PDR

∑
QDR PLoss QLoss

2.2114 1.0497 2.2222 1.0507 0.0108 0.0010

IC

IC AC DC Vac Vdc ∆eωV Pic Qic PSIp PSIq

# Bus Bus (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (%) (%)

1 1 1 0.9645 0.9648 0.0462 −0.0462 0.0 4.62 �

2 3 3 0.9653 0.9681 0.0404 −0.0404 0.0 4.04 �

3.6.2.1 6-Bus AC/DC Hybrid Microgrid

The ac and dc subgrids of the 6-bus hybrid system shown in Figure 3.5 are interconnected
through two ICs: IC #1, located at bus 1, and IC #2, located at bus 3. Both ICs have
the same ratings as the IC described in Section 3.5, and the control strategy adopted for
both was control strategy I. The developed UPF program converged after four iterations
at a steady-state frequency equal to 0.9923 p.u. The power �ow solution was tabulated as
listed in Table 3.3. As the table reveals, proportional active power sharing is guaranteed in
the ac subgrid, i.e., the DG and DS are loaded equally, with PSIac,p1 = PSIac,p2 = 77.40%.
However, the reactive power sharing is inexact: PSIac,q1 = 71.07% and PSIac,q2 = 69.49%.
This inexact sharing could create a current that circulates among the inverter-based DERs,
which in turn could cause overloading [99]. The problem of inaccurate reactive power
sharing results from unequal line voltage drops; i.e., |V1| 6= |V3|, even though the line
impedances are equal: Zac12 = Zac23 . Similarly, active power sharing in the dc subgrid is
not guaranteed, with PSIdc,p1 = 70.46% and PSIdc,p2 = 63.71%, despite the two identical
droop-controlled dc-type DERs. This e�ect can be attributed to the fact that the dc line
resistances have been created unequal: Rdc23 = 0.5Rdc12 . In addition to the unequal loading
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of the DERs, the ICs are subject to the same problem of inexact power sharing in spite of
their equal ratings. As shown in Table 3.3, due to divergent dc terminal voltages, the ICs
sense di�erent error signals, i.e., ∆eωV,1 6= ∆eωV,2. Nevertheless, both ICs transfer active
power to the dc side: Pic < 0. A �nal observation is that although the generation available
in each subgrid could supply the local demand, the IC control scheme I requires continuous
IC operation in an attempt to bring back to zero the error ∆eωV between the frequency
and the dc voltage. Such continuous IC operation can be relieved if control strategy II or
III is adopted.

3.6.2.2 12-Bus AC/DC Hybrid Microgrid

The UPF solution technique was also tested on the islanded 12-bus HMG illustrated in
Figure 3.6. This system represents a comprehensive test system because it involves radial
and meshed topologies, a variety of load models, and di�erent DER operating modes and
IC control strategies. For the testing for this study, the ac voltage level was 2.4 kV, while
the dc voltage level was 7 kV [100]. The total ac/dc active and reactive demands were 4.7
MW and 1.5 Mvar, respectively. The test system involved two ac/dc links between (ac-dc)
buses (2-1) and (5-5). The ratings of both ICs were 3.75 MVA each. The respective bus and
line data are shown in Tables A.2 and A.3, included in the appendix. The MVA and ac/dc
kV base values were taken as 3.0 MW and 2.4/7 kV, respectively. Two case studies were
considered. Case #1 was designed to provide further testing of the UPF algorithm. Case
#2 was developed as a means of illustrating the ability of the developed UPF formulation
to deal easily with a variety of DER operating modes and IC control strategies. Snapshots
of the power �ow solutions obtained for both case studies are presented in Table 3.4.

3.6.2.2.1 Case #1: Single Control of DERs and ICs In this case study, all DERs
are droop-controlled and the ICs are controlled according to strategy I. For both ICs, the
active and reactive power droop coe�cients are γp = 0.6667 MW−1 and γq = 5.33333×10−2

kV/Mvar, respectively. The renewable-energy-based units are equipped with storage units
to support their droop controllability. The tie lines (T.L) in both subgrids are initially
open. The UPF algorithm has converged at a steady-state frequency equal to 0.9920 p.u.
As indicated in Table 3.4, in the ac subgrid, the DERs share the active power demand
proportionally, i.e., PSIp = 80.13%. However, the reactive power sharing is inaccurate. In
the dc subgrid, the active power sharing is not exact either. The ICs sense that the ac
subgrid is dominating the dc subgrid, i.e., ∆eωV,1, eωV,2 > 0, causing both ICs to transfer
active power to the dc subgrid. However, the loading of the ICs is unequal due to the
discrepancy in the dc voltages of the ICs.
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Figure 3.6. 12-bus ac/dc hybrid microgrid.

Table 3.4
The Power Flow Solution for the Islanded 12-Bus AC/DC Hybrid Microgrid (Sbase = 3
MVA)

Case #1: Single Control of DERs & ICs (ω = 0.992 p.u.) Case #2: Mixed Control of DERs & ICs (ω = 1.008 p.u.)

MG
Bus Bus DER PDR QDR PSIp PSIq Bus DER Control |V | PDR QDR

# Type Type (p.u.) (p.u.) (%) (%) Type Type Mode (p.u.) (p.u.) (p.u.)

AC

1 D DG 0.2137 0.1418 80.13 70.91 PQ Wind MPPT 0.9965 0.2667 0.2000

2 T � � � � � T � � 0.9928 � �

3 Z � � � � � Z � � 0.9911 � �

4 D DG 0.1282 0.0911 80.13 75.89 D DS Droop 0.9944 −0.1285 0.0

5 T � � � � � T � � 0.9934 � �

6 D DG 0.4808 0.2509 80.13 55.76 PV DG PV 1.0000 0.6000 0.2931

DC

1 T � � � � � T � � 0.9904 � �

2 D DG 0.4195 � 65.54 � V DG V 1.0000 0.6115 �

3 D DG 0.1078 � 67.39 � D DS Droop 0.9937 0.0201 �

4 D DG 0.1527 � 76.33 � P Solar MPPT 0.9922 0.2000 �

5 T � � � � � T � � 0.9853 � �

6 R � � � � � R � � 0.9882 � �

IC Control Vac Vdc ∆eωV Pic Qic Control ∆eωV,min ∆eωV Vdc Pic Qic

# Strategy (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) Strategy (p.u.) (p.u.) (p.u.) (p.u.) (p.u.)

IC
1 I 0.9605 0.9575 0.0584 −0.0584 0.0 II 0.05 0.0323 0.9904 0.0 0.0

2 I 0.9635 0.9529 0.0664 −0.0664 0.0 III � 0.0 0.9853 0.0 0.0
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3.6.2.2.2 Case #2: Mixed Control of DERs and ICs The control strategies fol-
lowed for ICs #1 and #2 are strategy II and strategy III, respectively. The minimum
error speci�ed for IC #1, with control strategy II, is 0.05 p.u. The droop gains for IC
#1 are the same as in case #1, whereas the aggregated ac/dc droop gains of IC #2 are
determined based on (3.4) in Section 3.2.4.3. The tie line are closed in both subgrids. The
UPF algorithm has converged at a steady-state frequency equal to 1.008 p.u. As shown
in Table 3.4, each DER injects active and reactive power according to its operating mode.
The renewable-energy-based DG units, which operate in maximum power point tracking
(MPPT) mode and are located at bus 1 in the ac subgrid and at bus 4 in the dc subgrid,
inject their maximum available power. The voltage-regulated DG units, which are located
at bus 6 in the ac subgrid and at bus 2 in the dc subgrid, deliver 0.2931 p.u. of reactive
power and 0.6115 p.u. of active power, respectively, in order to maintain their terminal
voltages at 1.0 p.u. The droop-controlled DS, which is located at bus 4 in the ac subgrid,
charges 0.1285 p.u. of active power according to its droop characteristics, as the system
frequency is larger than the nominal value: ω0 = 1.0 p.u. The other droop-controlled
DS, which is located at bus 3 in the dc subgrid, discharges 0.0201 p.u. of active power
according to its droop characteristics, as its terminal voltage is less than the nominal value:
Vdc,0 = 1.0 p.u. A �nal observation is that although IC #1, which is governed by control
strategy II, can determine that the ac subgrid is dominant, i.e., ∆eωV = 0.0323 > 0, it
does not transfer power to the dc subgrid, owing to the fact that |∆eωV | < ∆eωV,min. In
the case of IC #2, which is adhering to control strategy III, neither subgrid requests a
power transfer, nor hence, no power exchange takes place: i.e., Pic = Qic = 0. Both control
strategy II and control strategy III achieve the same objective: no power transfer will be
permitted when both subgrids can supply their own demands. However, control strategy II
o�ers the advantage of being fully decentralized, in contrast to control strategy III, which
requires an exchange of information with the local DERs in order to determine their droop
controllability and generation availability.

3.6.3 Algorithm Robustness

The robustness of the developed algorithm can be veri�ed using a highly resistive network.
For this study, the 12-bus HMG was modi�ed accordingly so that its original R/X ratio
was increased to 5:1, 10:1, and 15:1. The high 15:1 R/X ratio represents the steady-
state stability limit of sti� distribution systems [101]. For islanded and weak systems,
however, the steady-state stability limit might reach neither this level nor even a lower
one. Increasing the R/X ratio of the 12-bus test system allows the UPF algorithm to
be tested for ill-conditioned HMGs. Table 3.5 shows that the developed UPF algorithm
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successfully provided a steady-state solution for the di�erent R/X ratios but at the expense
of an increased number of iterations and a correspondingly longer CPU time required for
convergence. A closer look at this table reveals that, for both the ac and dc subgrids, the
∞-norms of the voltage pro�les (‖∆Vac‖∞ and ‖∆Vdc‖∞), which represent the respective
maximum deviations from the nominal ac and dc voltages, rise as the system becomes
increasingly ill-conditioned. Further, the active power losses in the system tend to increase
with the R/X ratio. Table 3.5 also reveals that increasing the level of ill-conditioning
diminishes the extent of the equal power sharing in both the ac and dc subgrids, as indicated
by the maximum error in the reactive power sharing in the ac subgrid, ‖∆PSIq‖∞, and in
the active power sharing in the dc subgrid, ‖∆PSIp,dc‖∞.

Table 3.5
The UPF Algorithm Performance with Respect to R/X Ratio

Original R/X 5 R/X 10 R/X 15 R/X

No. of
3 3 4 4

Iterations

CPU Time (sec) 0.7591 0.7617 0.8104 0.8352

ω (p.u) 0.9920 0.9910 0.9908 0.9766

‖∆Vac‖∞ (p.u) 0.0404 0.0516 0.0771 0.1020

‖∆Vdc‖∞ (p.u) 0.0471 0.0819 0.1102 0.1372

PLoss,ac (p.u) 0.0063 0.0179 0.0423 0.0640

PLoss,dc (p.u) 0.0082 0.0281 0.0386 0.0480

‖∆PSIq‖∞ (p.u) 0.2013 0.4537 0.6724 0.6878

‖∆PSIp,dc‖∞ (p.u) 0.1079 0.3457 0.4477 0.4963

3.6.4 Algorithm Scalability

The scalability of the UPF algorithm has been tested on a modi�ed version of a medium-
voltage 33-bus test system [102], which is considered a fairly large system for a microgrid.
The ac/dc voltage levels of the resulting HMG are 12.66/2.0 kV, while the ac nominal
frequency is 60 Hz. The 12.66/2.0 kV HMG was disconnected from the host ac grid by
deactivating the island interconnection devices (IIDs) located at ac bus 1 and dc bus 10.
This hybrid system, illustrated in Figure 3.7, involves a dc subgrid that is interfaced with
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Figure 3.7. 33-bus ac/dc hybrid microgrid.

its adjacent ac subgrid and with the main ac grid #2 through two sets of 12.66/0.96 kV
transformers and bidirectional ICs. ICs #1 and #2 are initially connected while IC #3,
which is represented by an IC with dashed lines at both sides, is primarily switched o�.
The ratings and droop characteristics of the three ICs are listed in Table 3.8.

This hybrid system has a total ac active and reactive power demand of 2.42 MW
and 1.18 Mvar, respectively, while the dc active power demand is 1.5 MW. The local
DERs include seven droop-based DG units, three of which are ac. The ratings and droop
parameters of the droop-based DER units are tabulated in Appendix A.3. In addition
to droop-based DER units, the ac/dc local supply includes two renewable-based units
operating in MPPT mode and located at ac bus 15 and dc bus 2. The locations, ratings,
and types of the HMG resources were assumed based on the results from the planning
stage. The reactive power demands at the dc buses were set to zero. The original 33-bus
system data are available in [103]. Each subgrid has two tie lines, as represented by the
dashed lines in Figure 3.7. The ac subgrid has two tie lines: one between buses 8 and 11
and another between buses 15 and 19. The dc subgrid has a tie line located between buses
1 and 7 and another between buses 7 and 15. All of the tie lines are initially open. The
MVA and ac/dc base voltage values were selected as 1 MVA and 12.66/2.0 kV, respectively.
The permissible operational range for voltage deviations is 2.5% at ac/dc droop-controlled
buses and 5% at ac/dc load buses. The frequency of the ac subgrid can deviate from its
nominal value by 0.83%. The bus and line data are supplied in Appendix A.3.

57



For scalability purposes, all of the tie lines and ICs are activated. The power �ow
solutions for the ac subgrid, the dc subgrid, and the ICs are listed in Tables 3.6, 3.7, and
3.8, respectively. The developed UPF converged after four iterations and in approximately
1.2 s. The computational requirements con�rm the scalability and applicability of the UPF
algorithm in online applications, especially in the presence of fast-acting smart converters
whose dynamics settle in a few seconds.

Table 3.6. Power Flow Results for the 33-Bus AC/DC Hybrid Microgrid: AC Side

Bus Bus DER |Vac| δ PD,ac QD P rated
DR Qrated

DR PDR QDR PSIp PSIq

Index Type Type (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (%) (%)

1 PQ � 0.9918 0 0 0 � � � � � �

2 D DG 0.9918 0 0.0993 0.0604 0.8 0.6 0.6502 0.1974 81.27 32.91

3 PQ � 0.9893 -0.0008 0.0894 0.0403 � � � � � �

4 PQ � 0.9889 -0.0009 0.1192 0.0805 � � � � � �

5 PQ � 0.9888 -0.0011 0.0596 0.0302 � � � � � �

6 PQ � 0.9894 -0.0015 0.0596 0.0201 � � � � � �

7 D DG 0.9904 -0.0001 0.1987 0.1007 0.8 0.6 0.6502 0.23 81.27 38.33

8 T � 0.9902 -0.0003 0.1987 0.1007 � � � � � �

9 PQ � 0.992 0.0002 0.0894 0.0403 � � � � � �

10 PQ � 0.995 0.0022 0.0894 0.0403 � � � � � �

11 D DG 0.9962 0.0031 0.0894 0.0403 0.96 0.72 0.7802 0.1106 81.27 15.36

12 T � 0.9948 0.0012 0.0894 0.0403 � � � � � �

13 PQ � 0.9877 -0.0015 0.0894 0.0503 � � � � � �

14 PQ � 0.9853 -0.0031 0.4172 0.2013 � � � � � �

15 PQ Wind 0.9862 -0.004 0.4172 0.2013 0.4 0.3 0.4 0.3 100 100

16 PQ � 0.9889 -0.0017 0.0596 0.0252 � � � � � �

17 PQ � 0.9884 -0.0019 0.0596 0.0252 � � � � � �

18 PQ � 0.9871 -0.0033 0.0596 0.0201 � � � � � �

19 T � 0.9865 -0.0042 0.1192 0.0705 � � � � � �

PLoss,ac = 0.0072 p.u.
∑
PD = 2.4037 p.u.

∑
PG = 2.4806 p.u.

QLoss,ac = 0.0063 p.u.
∑
QD = 1.1880 p.u.

∑
QG = 0.8380 p.u.
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Table 3.7. Power Flow Results for the 33-Bus AC/DC Hybrid Microgrid: DC Side

Bus Bus DER Vdc PD,dc P rated
DR PDR PSIp

Index Type Type (p.u.) (p.u.) (p.u.) (p.u.) (%)

1 T � 0.9619 0.09 � � �

2 P Solar 0.9766 0.06 0.18 0.18 100

3 P � 0.963 0.06 � � �

4 T � 0.9668 0.06 � � �

5 D DG 0.9808 0.12 0.4 0.3067 76.67

6 P � 0.968 0.06 � � �

7 P � 0.9558 0.06 � � �

8 P � 0.9489 0.045 � � �

9 P � 0.9475 0.06 � � �

10 P � 0.957 0.06 � � �

11 T � 0.9665 0.08 � � �

12 D DG 0.9775 0.05 0.25 0.2249 89.94

13 P � 0.9698 0.035 � � �

14 P � 0.9655 0.04 � � �

15 P � 0.9622 0.06 � � �

16 D DG 0.9805 0.21 0.5 0.3891 77.81

17 P � 0.9714 0.15 � � �

18 D DG 0.9828 0.2 0.5 0.3434 68.68

Table 3.8. Power Flow Results for the 33-Bus AC/DC Hybrid Microgrid: ICs

IC AC DC Vac Vdc P rated
ic Qrated

ic Pic Qic γp γq PSIp PSIq

Index Bus Bus (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (%) (%)

1 8 1 0.9902 0.9619 1 0.75 -0.0875 0 1 0.06667 8.75 0.0

2 19 11 0.9948 0.9665 1 0.75 0.005 0.1825 1 0.06667 0.5 24.33

3 12 4 0.9865 0.9668 0.75 0.5 0.0128 0.1738 0.75 0.1 1.28 23.17
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3.7 Discussion

The goal of the work presented in this chapter was to address the unsolved power �ow prob-
lem for islanded HMGs. The power �ow subproblems for ac and dc subgrids have been
described mathematically using a set of nonlinear equations and have been solved simulta-
neously using a globally convergent Newton trust-region method. The uni�ed power �ow
tool that has been developed incorporates consideration of the special features of islanded
HMGs, such as the unavailability of a slack bus, the droop controllability of converter-based
DERs, and the bidirectionality of the power �ow between neighbouring ac/dc subgrids. The
phasor formulation presented o�ers both fast convergence, as demonstrated by the rapid
reduction in the maximum power mismatch, and �exible implementation, as evidenced by
the easy accommodation of a variety of DERs and IC control strategies. The simulation
results have shown that the problems associated with inaccurate reactive power sharing in
ac microgrids and those linked to inexact active power sharing in dc microgrids will both
migrate to HMGs. As well, the HMG power �ow analysis has revealed that the ICs would
be subject to the same di�culty with power sharing as droop-controlled DERs are. For
these reasons, proportional power sharing in islanded ac/dc hybrid microgrids was set as a
target in the next chapter. In spite of these remaining challenges, however, the power �ow
tool introduced in this chapter is already powerful enough to help system planners and
operators explore the economic and technical challenges related to hybridizing existing ac
grids with dc grids at both the medium- and low-voltage levels.
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Chapter 4

A Precise and Uni�ed Power Sharing Scheme
for Islanded AC/DC Hybrid Microgrids

4.1 Introduction

As previously discussed in chapter 2, an islanded ac/dc hybrid microgrid (HMG) control
strategy can be centralized, distributed, or decentralized [46]. A centralized control strategy
is characterized by a higher degree of controllability and observability. However, this type
of control strategy mandates a high bandwidth communication link between the central
and local controllers. Any failure in the central controller could lead to system failure.
Examples of centralized controllers are ones involving a single master and multiple slaves,
and ones with multiple masters and multiple slaves [104]. Distributed control can be
achieved through a multi-agent system. Each agent that represents a local controller
would exchange its information with its neighboring agents [32, 33], thus requiring lower
bandwidth communication links. Decentralized control can be realized with the use of
droop control [68]: an autonomous control strategy that entails only local measurements.
It is also worth mentioning that centralized and distributed controllers would resolve to
droop-based controllers during communication failures. In HMGs, however, droop control
is subject to its own limitations. For example, in an ac subgrid, equal reactive power sharing
is inaccurate due to a unique voltage drop across each feeder [105]. In a dc subgrid, active
power sharing is also inexact due to unequal feeder resistances [106].

This chapter sheds light on the problem of inexact power sharing in islanded droop-
controlled HMGs. The inexact power sharing problem can be de�ned as the steady-state
error in sharing the load among local droop-controlled distributed energy resources (DERs)
in proportion to their ratings in an islanded microgrid. To tackle the problem, this chapter
introduces a uni�ed power sharing (UPS) scheme that achieves simultaneous exact power
sharing in both ac and dc subgrids. The uni�ed and global power sharing scheme coordi-
nates local distributed generation (DG) units and interlinking converters (ICs) so that 1)
exact equal power sharing is achieved in each subgrid and 2) all ICs are loaded propor-
tionally. If no access to communication is available, the UPS scheme can be executed in
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the design stage and the resulting optimal droop settings can be implemented in the DER
droop controllers. If access to communication is limited, the UPS scheme can then be ex-
ecuted in advance, e.g., the day ahead, and the droop controller settings can be scheduled
for the next operational day(s). If a communication infrastructure is already in place, it
can be used to implement the UPS scheme in the centralized supervisory controller for
real-time operations. The microgrid centralized controller (MGCC) is necessary for mon-
itoring and managing the microgrid. The MGCC is also needed to achieve other tasks
such as energy management, export/import scheduling with the main grid and adjacent
microgrids, and ancillary services [107]. Given that the MGCC already exists, our UPS
scheme can be added as another feature of the MGCC to achieve exact power sharing. For
multiple HMGs or ac/dc zones, the developed UPS algorithm can also be programmed in
the zonal supervisory controller for each zone. Each zonal supervisory controller manages
the power sharing within its zone and coordinates power exchanges with the supervisory
controller of each neighboring zone. The following are the main contributions of the work
presented in this chapter:

1. The developed scheme models the distinctive features of converter-based HMGs, such
as the inherent coupling between frequency and dc voltage in ac/dc networks that are
interfaced through bidirectional ICs and the droop controllability of converter-based
DGs and ICs.

2. The power sharing control problem is approached as an optimization-based control
problem, in which the sharing error is minimized while technical and operational
constraints are respected.

3. The UPS scheme can be implemented in the supervisory controller of the hybrid
microgrid either with a high- or low-bandwidth communication network.

4. Our power sharing strategy is a uni�ed and global scheme that can achieve exact
active and reactive power sharing simultaneously in the entire HMG.

The remainder of this chapter is structured as follows. Section 4.2 describes the power
sharing problem in ac microgrids, dc microgrids, and HMGs. Section 4.3 presents the
mathematical formulation of the power sharing problem in islanded converter-dominated
HMGs. Section 4.5 discusses the results of the simulations that were conducted, and the
last section, section 4.6, highlights key points.
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4.2 Power Sharing Problem in AC/DC Hybrid Micro-

grids

In smart distribution grids with multiple ac/dc HMGs, the power sharing problem during
islanding can be addressed for the entire hybrid system as a single unit or for each ac/dc
subgrid separately, depending on whether the hybrid system owner is a single entity or
multiple ones and on whether its operational philosophy is to have one integrated system
or multiple zones.

A better understanding of the problem can be obtained from consideration of a six-bus
ac/dc HMG that consists of a three-bus ac subgrid and another three-bus DC microgrid,
as illustrated in Figure 4.1. The two subgrids are interfaced through two identical ICs, and
each subgrid has two identical droop-controlled DG units1. Each ac/dc line has a speci�c
length unique to that line so that the voltage drop is thus unequal along the feeders.
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Figure 4.1. Simple six-bus ac/dc hybrid microgrid.

1Identical droop-controlled DG units would have the same ratings and similar droop characteristics.
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4.2.1 Power Sharing in an AC Subgrid

In droop control, the ac active power, PG,ac, is correlated linearly with the frequency ω, as
given by the (ω-P ) droop equation:

ω = ω0 −mp,acPG,ac. (4.1)

where ω0 is the no-load frequency of the ac DG unit.

The ac active power static droop gain, mp,ac, is determined based on the operational
range speci�ed for the frequency and can be obtained from (4.2) [108]:

mp,ac =
ωmax − ωmin

Pmax
G,ac

(4.2)

It should be noted that the maximum frequency ωmax in (4.2) represents the frequency at
no load, ω0.

If a DG unit is dedicated primarily to supplying active power, its nominal apparent
power, SmaxG , can then be used in (4.2) rather than the maximum active power, Pmax

G,ac .
Since the two DG units have the same droop characteristics, as indicated in Figure 4.2
(a), and the frequency is a global variable, the active power sharing in the ac subgrid is
perfectly exact: PG,ac,1 = PG,ac,2.

If all participating DGs operate with the same no-load frequency, ω0,i = ω0,j,∀i 6= j,
equation (4.3) is su�cient for establishing proportional active power sharing among several
DGs that have di�erent ratings:

mp,ac,1PG,ac,1 = mp,ac,2PG,ac,2 = · · · = mp,ac,nPG,ac,n. (4.3)

However, if the no-load frequency of each DG, ω0,i, is made an optimization variable, i.e.,
ω0,i ∈ [ωmin, ωmax], then (4.3) no longer holds. It is worthwhile to clarify that in the (ω-P )
droop equation (4.1) all droop-based DGs converge to the same steady-state frequency
even if their no-load frequencies are set as control variables.

It is worth noting that a small deviation in the frequency, ∆ω, is su�cient for equal
active power sharing. Since the frequency is dictated by the droop characteristics, a �atter
droop curve can thus yield exact active power sharing while still preserving system stability.
In addition, as an inherent feature of droop characteristics in ac microgrids, exact active
power sharing must be maintained when the goal is equal reactive power sharing. One
possible way of maintaining exact active power sharing in ac microgrids while optimizing

64






, ,1p acm

,1qn

acV

,1acV

,2acV

,2GQ,max,2GQ
,1GQ

GQ,max,1GQ

(a)

(b)

max

,G acPmax

,G acP , ,1G acP, ,2G acP
,G acP

 

Figure 4.2. Power sharing in an ac subgrid: (a) active power sharing (b) reactive power
sharing.

a performance index such as the reactive power sharing error is for all droop-based DGs
to have the same no-load frequency, ω0, and to relate all active power droop gains to the
droop gain of one DG unit, e.g., DG 1, as expressed in (4.4):

m
p,ac,k

=
Pmax
G,ac,1

Pmax
G,ac,k

mp,ac,1 . (4.4)

Including the active power droop parameters, mac, ω0, of each DG unit as optimization
variables and incorporating the active power sharing error as part of the total sharing
error adds a greater degree of freedom in the search for a set of droop parameters that
could possibly move the power sharing error toward zero.

Reactive power is linearly coupled with the ac voltage, as described by the following
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(Vac-Q) droop equation:

Vac = Vac,0 − nqQG. (4.5)

where Vac,0 is the no-load voltage of the ac DG unit.

The reactive power static droop gain, nq, is selected based on the operational range
speci�ed for the ac voltage, as described by (4.6) [108]:

nq =
Vac,max − Vac,min

QG,max

. (4.6)

Despite the fact that the two ac DG units are identical, since the dissimilar voltage
drops across the lines make their terminal voltages unequal, their reactive power shares do
not match exactly; QG,1 6= QG,2, as illustrated in Figure 4.2 (b).

4.2.2 Power Sharing in a DC Subgrid

In droop control, the dc active power, PG,dc, is linearly dependent on the dc voltage, Vdc,
as given by the (Vdc-P ) droop equation:

Vdc = Vdc,0 −mp,dcPG,dc. (4.7)

where Vdc,0 is the no-load voltage of the dc DG unit.

The dc active power static droop gain, mp,dc, is obtained based on the operational range
speci�ed for the dc voltage, as described by (4.8) [108]:

mp,dc =
Vdc,max − Vdc,min

Pmax
G,dc

(4.8)

Unlike the frequency in ac subgrids, the dc voltage is a local variable of each bus and
varies from one dc bus to another due to unequal line resistances. As depicted in Figure 4.3,
the discrepancy in dc voltages leads to inaccurate active power sharing: PG,dc,1 6= PG,dc,2,
despite the matching DG droop characteristics.

When the goal is equal sharing for a mix of (Vdc-P ) and (Vdc-I) droop-based DG units,
the droop resistance, Rd, in (Vdc-I) droop characteristics stated in (4.9) can be expressed
in terms of the active power droop gain, mp,dc, as in (4.10):

Vdc = Vdc,0 −RdIG,dc. (4.9)

Rd =
∆Vdc
ImaxG,dc

=
(∆Vdc
Pmax
G,dc

)
Vdc,min = mp,dcVdc,min. (4.10)
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Figure 4.3. Power sharing in a dc subgrid.

where ∆Vdc = Vdc,max − Vdc,min.

As with DG units, precise proportional power sharing among multiple storage units
is possible. However, such proportional sharing mandates that, when equal loading is
required for either technical or revenue reasons, at any given time interval, participating
storage units must operate in the same operating mode, i.e., charging or discharging. Such
a requirement might be di�cult to achieve in practice since the voltage/frequency and
electricity price are time-variant and location-dependent.

4.2.3 Power Sharing Among Multiple Interlinking Converters

In an ac/dc HMG, a bidirectional IC controls the active power transfer between neighboring
subgrids in order to achieve a speci�c objective [15]. An e�ective control strategy is there-
fore critically important when the HMG is islanded. During islanding, the IC can adopt
a droop-control-based strategy such that the ac and dc sides are comparably loaded. This
kind of droop control strategy can be realized based on the equalization of the per-unitized
ac frequency and dc voltage at the IC terminals.

With multiple ICs, the ICs share the active power transfer by continuously checking
the error with respect to sign and magnitude. Figure 4.4 shows the active power sharing
between the ICs in Figure 4.1. Even for identical ICs with the same droop characteristics,
as a result of di�erent voltage drops at the IC dc terminals, each IC senses a unique
error signal: ∆eωV,1 6= ∆eωV,2. The amount of power transferred is hence not distributed
proportionally: Pic,1 6= Pic,2, as depicted in Figure 4.4.
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Figure 4.4. Active power sharing between two interlinking converters.

With respect to reactive power support, in contrast to ac DG units, each IC droops
its reactive power output with its ac terminal voltage, as expressed in (2.12) in chapter 2.
The problem of inaccurate reactive power sharing between two identical ICs at di�erent
interlinking points is illustrated in Figure 4.5. As with ac DGs, the uneven voltages at the ac
terminals of multiple ICs result in a non-zero error in reactive power sharing: Qic,1 6= Qic,2

, as indicated in Figure 4.5.

Thanks to its droop characteristics, the IC can also be controlled so that it provides
reactive power support in ac overloading conditions only if the active power is being trans-
ferred to the ac side and its maximum power has not been reached [43], as described in
(4.11):

Qic =

{
min{− 1

γq
(Vic,ac − Vic,ac,0) , Qic,max}, ifPic ≥ 0

0, ifPic < 0

}
. (4.11)

where Pic > 0 indicates the power is being transferred to the ac side.

If equal power sharing among multiple ICs is desired, then the droop controllers of all
participating ICs should be implemented so that all ICs either deliver or absorb power. It is
also worth noting that proportional sharing of the total power transfer among multiple ICs
at di�erent interfacing points during islanding conditions can be challenging: such power
sharing equalization requires the same direction of power transfer through the multiple
ICs and consequently results in a restriction of the power �ow between interfaced ac/dc
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Figure 4.5. Reactive power sharing between two interlinking converters.

subgrids.

4.3 Proposed Uni�ed Power Sharing Scheme

The problem of power sharing is approached as a constrained nonlinear least-squares opti-
mization problem in which the droop settings are optimized within speci�c lower and upper
bounds and the overall power sharing error is minimized. The developed formulation uti-
lizes the coupling between the ac frequency and the dc voltage as a means of transferring
the correct amount of active power for facilitating simultaneous power sharing on the ac
and dc sides. The uni�ed formulation can also ensure proportional power sharing among
ICs with di�erent ratings in the case of multiple interface points between adjacent ac and
dc subgrids.

4.3.1 Power Sharing Performance Measure

In islanded microgrids, the power sharing error is one performance measure of how evenly,
with respect to their ratings, the DGs take part in supplying the load together. The smaller
the sharing error, the better the DG utilization. It would therefore be in the best interests
of droop characteristic designers to consider minimizing the overall power sharing error, as
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described in (4.12):

minimize
ulb≤u≤uub

1

2

{∥∥∆Eac(u)
∥∥2
2

+
∥∥∆Edc(u)

∥∥2
2

}
. (4.12)

where ∆Eac and ∆Edc are the respective ac and dc sharing errors de�ned by (4.13) and
(4.14):

∆Eac,i,k =
( 1

ρac,i
SG,i −

1

ρac,k
SG,k

)
, ∀i, k ∈ BacD . (4.13)

∆Edc,i,k =
( 1

ρdc,i
PG,dc,i −

1

ρdc,k
PG,dc,k

)
, ∀i, k ∈ BdcD . (4.14)

where

BacD ,BdcD set of all ac and dc buses that have droop-based units, respectively;

SG,i, PG,dc,k actual apparent and active output powers of ac unit i and dc unit k, respectively;

ρac,i, ρdc,k desired loading of ac unit i and dc unit k for proportional sharing with other
droop-based units of their types, as de�ned by (4.15).

ρac,i =
SmaxG,i∑

k∈BacD
SmaxG,k

, ρdc,i =
Pmax
G,dc,i∑

k∈BdcD

Pmax
G,dc,k

(4.15)

In (4.12), u is the control vector of all droop parameters to be optimized. Given the
upper limits for DG droop parameters, represented by vector uub, the droop parameters of
each unit i can be replaced by a continuous decision variable zi which is between zero and
one, as expressed in (4.16):

ui = ziuub,i, zi ∈ {0, 1}. (4.16)

If proportional sharing among multiple ICs is of interest, a sharing error function similar
to (4.13) can be written for all ICs and incorporated into (4.12). The objective function
(4.12) can also be extended to include the sharing error due to a wider range of system
loading conditions by de�ning a loading multiplier λ ∈ {λ ∈ R+|0 < λ ≤ λmax}, where
λmax is the maximum loadability of the hybrid system, and the resulting system sharing
error ∆E(u, λ) can thus be optimized for the entire range of loading conditions under
consideration.
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4.3.2 Power Sharing Problem Constraints

The power sharing problem is subject to the following constraints.

4.3.2.1 AC/DC Power Flow Equations

The power �ow equations for a general ac/dc bus b,∀b ∈ B, where B is the set of all ac/dc
buses, are de�ned by equations (4.17) and (4.18):

PG,b − PD,b = βbVac,b

n∑
k=1

Vac,k|Ybk(ω)|cos(δb − δk − θbk(ω)) + (1− βb)Vdc,b
n∑
k=1

GbkVdc,k

+ (−1)(1−βb)βic,bPic,b. (4.17)

QG,b −QD,b = βbVac,b

n∑
k=1

Vac,k|Ybk(ω)|sin(δb − δk − θbk(ω)) + βbβic,bQic,b. (4.18)

where PD,b, QD,b represent the active and reactive power demands at bus b, and βb, βic,b are
binary variables de�ned by

βb =

{
1, if bus b is an ac bus,

0, if bus b is a dc bus.

βic,b =

{
1, if bus b is an ac or a dc terminal bus,

0, otherwise.

4.3.2.2 Droop-Controlled AC/DC DG Unit Constraints

The active power output of an ac/dc converter-based DG unit located at bus b, ∀b ∈ BD,
is governed by the maximum active power that can be supplied by the energy source, as
shown in (4.19). The DGs in the ac subgrid can inject reactive power up to the remaining
capacities of their interfacing converters, as shown in (4.20). The droop parameters of each
droop-controlled DG unit are also constrained by lower and upper bounds, as described by
(4.21):

0 ≤ PG,b ≤ Pmax
G,b , ∀b ∈ BD. (4.19)

0 ≤ QG,b ≤
√

(SmaxG,b )2 − P 2
G,b, ∀b ∈ BacD . (4.20)

ulb,G,b ≤ uG,b ≤ uub,G,b, ∀b ∈ BD. (4.21)
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where ulb,G,b, uub,G,b are the respective lower and upper bounds on the droop parameters of
the ac/dc DGs, which are set based on the minimum and maximum allowable deviations
in the frequency and ac/dc voltage. One point worthy of note is that high DG droop gains
can jeopardize the microgrid stability. Thus, the upper bound uub,G should be selected
based on a stability criteria. uG,b is the vector of the droop parameters of all of the DGs,
as de�ned by

uG,b =

{
[Vac,0,b, ω0,b,mp,ac,b, nq,b]

T , if b ∈ BacD ,
[Vdc,0,b,mp,dc,b]

T , if b ∈ BdcD .
(4.22)

As the frequency drops, the ac droop-controlled DG units increase their active power
output according to their active power droop characteristics, as previously given in (4.1).
If it reaches its rating, the DG unit is no longer governed by its droop characteristics
and instead switches to constant power mode, with its output power set to the maximum
available power. Such a DG unit then loses its frequency support functionality and becomes
a "grid-following" unit incapable of forming the system frequency. As well, unlike PV-
controlled DG units that control their terminal voltages by varying their reactive power
injections, ac droop-based DG units control the ac subgrid voltage by adjusting their
reactive power output according to their droop characteristics, as de�ned in (4.5). Once
it reaches its maximum available power, the droop-based ac DG unit loses voltage control
and behaves as a constant PQ generator. Such a DG unit could experience large voltage
deviations due to changing loading conditions. The behavior of a droop-governed DG unit
can be modeled as a nonlinear complementarity problem (NCP) [109], which can be solved
using the Fischer-Burmeister method [110] as in [65, 66, 111]. For a general ac DG unit,
(4.19) and (4.20) can be written as

0 ≤ (Pmax
G,ac − PG,ac) ⊥

( 1

mp,ac

(ω0 − ω)− PG,ac
)
≥ 0. (4.23)

0 ≤ (QG,max −QG) ⊥
( 1

nq
(Vac,0 − Vac)−QG

)
≥ 0. (4.24)

where the symbol ⊥ is the complement operator.
In (4.23) and (4.24) , 0 ≤ (Pmax

G,ac − PG,ac) and 0 ≤ (QG,max − QG) are active only when
the DG unit reaches its maximum available power. Otherwise, the DG unit follows its
corresponding droop characteristics.

Similarly, the behavior of a dc DG unit with (Vdc-P ) or (Vdc-I) droop characteristics
that reaches its limit can be represented by complementarity constraints, as expressed in
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(4.25) and (4.26):

0 ≤ (PmaxG,dc − PG,dc) ⊥
( 1

mp,dc
(Vdc,0 − Vdc)− PG,dc

)
≥ 0. (4.25)

0 ≤ (ImaxG,dc − IG,dc) ⊥
( 1

Rd
(Vdc,0 − Vdc)− IG,dc

)
≥ 0. (4.26)

4.3.2.3 Interlinking Converter Constraints

Regardless of the auxiliary services that the IC has to o�er, such as voltage unbalance
compensation and harmonic current sharing, its primary task is to facilitate the active
power transfer between neighboring subgrids. The IC rating can thus be dedicated mainly
to active power while the IC can still provide reactive power support to the ac side according
to its remaining capacity, as indicated in (4.27) and (4.28). In addition to the limit on
IC power transfer, the IC droop parameters are also kept within an allowable range with
respect to deviations in ac frequency and ac/dc voltages at the IC ac/dc terminals, as
expressed in (4.29):

P 2
ic,c ≤ (Smax

ic,c )2. (4.27)

0 ≤ Qic,c ≤
√

(Smax
ic,c )2 − (Pic,c)

2. (4.28)

ulb,ic,c ≤ uic,c ≤ uub,ic,c. (4.29)

where uic,c is the vector of droop parameters of IC c ∈ IC and is de�ned by

uic,c = [γp,c, γq,c, αω,c, αV,c, αωV,c]
T . (4.30)

A distinctive di�erence between droop-controlled DGs and ICs which operate in current
control mode is that increasing the IC droop gains is in favour of stability. Thus, the IC
static droop gains are taken as the lower bounds.

In terms of its bidirectional power transfer capability, the IC operational principle can
be modeled based on the complementarity constraints of the squared value of the power
transfer [112], as described in (4.31). The constraint de�ned in (4.32) should also be written
in terms of the squared value of the reactive power injection if the IC is permitted to deliver
and absorb reactive power:

0 ≤
(

(Smaxic )2 − P 2
ic

)
⊥
(

(− 1

γp
∆eic)

2 − P 2
ic

)
≥ 0. (4.31)

0 ≤
(√

(Smaxic )2 − P 2
ic −Qic

)
⊥
((Vac,0 − Vac)

γq
−Qic

)
≥ 0. (4.32)

73



4.3.2.4 Bus Voltage, AC System Frequency, and Branch Current Limits

In the process of optimizing the set points for droop-based DGs and ICs, the supervisory
controller of a hybrid system must impose permissible ranges by which the ac frequency
and ac/dc voltages at both droop-based and load buses can deviate from their reference
values. Current �ows must also be within the thermal capabilities of the overhead lines
and underground cables, as described by (4.33)-(4.36), respectively.

ωmin ≤ ω ≤ ωmax. (4.33)

Vmin,b ≤ Vb ≤ Vmax,b,∀b ∈ B. (4.34)

δmin ≤ δb ≤ δmax,∀b ∈ Bac. (4.35)

|Ibk| ≤ Imax,bk,∀b, k ∈ B. (4.36)

where Bac is the set of ac buses.

Figure 4.6 outlines the main steps in the developed UPS algorithm. The algorithm �rst
checks with an islanding detection scheme for possible islanding conditions. Once an island
formation is con�rmed, from the bank of system component models, the algorithm selects
the models that match the operating mode of the available droop-based DG units and
ICs. The next step is to identify the range of loading in which the sharing error could be
signi�cant. The ac/dc uni�ed power �ow algorithm (UPF) developed in chapter 3 is then
executed, and the ac DG, dc DG, and IC sharing errors are recorded. The UPS algorithm
continues to update the droop parameters while checking the set of constraints described
in Section 4.3.2. Once the best power sharing is achieved, the UPS scheme, through the
global supervisory controller, sends the droop settings to the local controller of all DGs
and ICs equipped with droop characteristics.
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Figure 4.6. Developed UPS scheme for islanded ac/dc hybrid microgrids.
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4.4 Implementation Requirements of the Developed UPS

Scheme

The supervisory controller in Figure 4.7 collects the loading information of both subgrids
and runs the UPS scheme to optimize the droop parameters. Once the computations are
completed, the optimal droop decisions are sent back to the local DGs and ICs, as depicted
in Figure 4.7. The droop settings can be updated based on event-based control, periodic
control, or even continuous control according to the speed of data transmission. The data
transmission frequency depends on the communication technology available. The data
refreshment rate can vary from hundreds of milliseconds to several minutes [113]. The
smallest control interval should be designed such that all time delays (UPS computations
and communication delay) as well as the slowest microgrid dynamics (the secondary central
controller dynamics) are �nished. The developed UPS scheme updates the droop settings
every �ve minutes [81]. This control interval of �ve minutes is su�cient for 1) the dynamics
of the supervisory controller to settle down, 2) the UPS computations to be completed,
and 3) the information from and to the supervisory controller to be communicated.

AC Subgrid
DC Subgrid

Centralized 

Supervisory Controller

AC Load DC Load

IC1

AC 

DG 1

AC 

DG 2

DC 

DG 1

DC 

DG 2

IC2

Figure 4.7. Proposed centralized control and communication architecture.
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In real time implementation, like any other centralized supervisory controller, our UPS
scheme is associated with time delay such as optimization computations and communica-
tion delay [114]. However, in our implementation of the UPS scheme, the stability issues
assigned with communication delay can be avoided. This is due to the discrete nature of
control commands that are adopted in compliance with the system rate of load variations.

4.5 Simulation Results and Discussions

The uni�ed power sharing scheme was implemented in a MATLAB® computing environ-
ment and solved using the sequential quadratic programing method (SQP) [115]. In SQP,
a sequence of optimization subproblems are iteratively solved. Each subproblem optimizes
a quadratic model of the objective function subject to a linearized form of the problem
constraints. More details on SQP can be found in [115,116] The test system was the 12-bus
islanded droop-controlled ac/dc hybrid microgrid illustrated in Figure 4.8. The ac and dc
subgrids have total capacities of 45 kVA and 45 kW, respectively. The ac and dc subgrids
each contain three droop-controlled DG units with ac capacities of 20 kVA, 15 kVA, and
10 kVA and dc capacities of 20 kW, 15 kW, and 10 kW.
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Figure 4.8. 12-bus ac/dc hybrid microgrid.

The subgrids are interfaced through two 10-kVA ICs. The ac loads are modeled as con-
stant resistances and inductances while the dc loads are modeled as constant resistances.
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This modeling of the ac/dc loads is based on the fact that, unlike medium-voltage distribu-
tion networks, the voltage at the load buses is not well regulated in low-voltage networks.
Nevertheless, in case of power electronics-interfaced loads, constant PQ load models can
conveniently be included in the UPS scheme. More details about load modeling in low-
voltage networks can be found in [117]. In both subgrids, the tie lines are initially open.
The base power and ac/dc voltage are 10 kVA and 208/600 V, respectively. The permis-
sible operational ranges of the frequency and ac/dc voltages at the source terminals are
taken as ±1% and ±2.5%, respectively.

4.5.1 Power Sharing Versus Loading Level

The loading level can contribute signi�cantly to the power sharing error. For illustration
purposes, the loading of each subgrid in the 12-bus test system was increased in steps of
10% up to its peak. As depicted in Figure 4.9, regardless of microgrid type, the shar-
ing error becomes worse as the microgrid loading approaches its peak. It might thus be
of considerable interest to a system planner to consider a loading range near maximum
loading when optimizing droop characteristics for accurate power sharing during islanding
conditions.
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Figure 4.9. Power sharing error versus loading level.
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4.5.2 Power Sharing Versus Overloading Conditions

With respect to the operation mode of a hybrid system, two possible scenarios were inves-
tigated. In the �rst scenario, both the ac and dc sides operate in stand-alone mode. In
practice, this scenario might arise due to a technical issue such as an internal IC fault. The
second scenario provided an opportunity to examine the impact on power sharing when
the ac and dc sides are interfaced. The simulation results are tabulated in Tables 4.1 and
4.2. Table 4.1 con�rms that inaccurate power sharing might result in some DG units being
stressed during overloading conditions, as with ac DG unit 3, which is loaded beyond its
rating; i.e., PSIac,3 = 103.01%. For further load increase, DG 3 overcurrent protection
might then be triggered so that DG unit 3 is tripped, which in turn, might activate the
load shedding scheme if a power de�cit occurs.

The results listed in Table 4.2 support the idea that interfacing ac and dc microgrids can
release thermal stress on overloaded DG units, as with DG unit 3, whose loading drops from
103.01 to 97.75% after interlinking the ac and dc microgrids. Another bene�t of hybridizing
ac with dc is that both sides are loaded comparably with respect to their capacities. As
revealed by Table II, ac and dc microgrids have di�erent loading before the interfacing:
for the ac microgrid, 92.15% of its total capacity and for the dc counterpart, 87.48% of
its total capacity. Interfacing ac and dc subgrids through droop-based bidirectional ICs,
which transfer power based on the di�erence between the normalized ac frequency and the
dc voltage, equalizes the loading on both sides: ac and dc microgrids are loaded at 87.82%
and 86.04% of their total capacities, respectively. The 1.78% di�erence between the ac and
the dc loading is due to the fact that the dc voltage is only a surrogate measure of the dc
subgrid loading. When the di�erence in loading between the ac and dc subgrid becomes
signi�cant, the following error function can be incorporated in the objective function (4.12).

∆Eac/dc =

∑
k∈BacD

SG,k∑
k∈BacD

SmaxG,k︸ ︷︷ ︸
AC Subgrid Loading

−

∑
k∈BdcD

PG,dc,k∑
k∈BdcD

Pmax
G,dc,k︸ ︷︷ ︸

DC Subgrid Loading

(4.37)

4.5.3 Static Versus Optimal Droop Parameters

To test the power sharing algorithm, three case studies were considered. Case 1, the base
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Table 4.1. Stand-alone AC and DC Microgrids with Static Droop

Quantity Stand-alone AC MG Stand-alone DC MG

ω (p.u) 0.9917 (59.502 Hz) �

Vmin (p.u) 0.9637 at Bus 3 0.9570 at Bus 4

PLoss (p.u) 0.08 0.0799

Load Location Bus 2 Bus 3 Bus 4 Bus 2 Bus 3 Bus 4

PD (p.u) 1.4677 1.2842 0.9173 1.8374 0.5542 1.4652

QD (p.u) 0.6357 0.6324 0.5034 � � �

DG Location Bus 1 Bus 5 Bus 6 Bus 1 Bus 5 Bus 6

PG (p.u) 1.6663 1.2497 0.8331 1.7505 1.2903 0.8959

QG (p.u) 0.8436 0.3223 0.6058 � � �

PSI(%) 93.38 86.04 103.01 87.52 86.02 89.59∑
SMG∑

SMG,max
(%) 92.15 87.48

Table 4.2. Interfaced AC/DC Hybrid Microgrid with Static Droop

Quantity AC Subgrid DC Subgrid

ω (p.u) 0.9920 (59.52 Hz) �

Vmin (p.u) 0.9658 at Bus 3 0.9579 at Bus 4

PLoss (p.u) 0.0718 0.0771

Load Location Bus 2 Bus 3 Bus 4 Bus 2 Bus 3 Bus 4

PD (p.u) 1.3803 1.1983 0.8667 1.8395 0.5549 1.4681

QD (p.u) 0.5975 0.5897 0.4753 � � �

DG Location Bus 1 Bus 5 Bus 6 Bus 1 Bus 5 Bus 6

PG (p.u) 1.5934 1.1950 0.7967 1.7271 1.2625 0.8821

QG (p.u) 0.7781 0.3181 0.5664 � � �

PSI(%) 88.66 82.44 97.75 86.35 84.17 88.21∑
SMG∑

SMG,max
(%) 87.82 86.04
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Table 4.3. Power Sharing Ratios for the Three Case Studies

Quantity Case1 Case2 Case3

ω 0.9920 (59.52 Hz) 0.9930 (59.58 Hz) 0.9938 (59.63 Hz)

AC

Vac,min 0.9658 at Bus 3 0.9903 at Bus 3 0.9882 at Bus 3

Pac,Loss 0.0718 0.0802 0.0773

DG1 DG2 DG3 DG1 DG2 DG3 DG1 DG2 DG3

Vac 0.9842 0.9914 0.9769 1.0084 1.0180 1.0023 1.0070 1.0147 0.9999

PSI(%) 88.66 82.44 97.75 95.77 95.77 95.77 93.87 93.87 93.87

Vdc,min 0.9579 at Bus 4 0.9636 at Bus 4 0.9653 at Bus 4

DC

Pdc,Loss 0.0771 0.0715 0.0746

DG1 DG2 DG3 DG1 DG2 DG3 DG1 DG2 DG3

Vdc 0.9784 0.9790 0.9779 0.9847 0.9844 0.9828 0.9851 0.9865 0.9842

PSI(%) 86.35 84.17 88.21 83.30 83.30 83.30 85.21 85.21 85.21

IC1 IC2 IC1 IC2 IC1 IC2

IC

Vdc 0.9590 0.9579 0.9661 0.9636 0.9661 0.9653

PSI(%) 2.25 4.55 16.76 6.97 8.04 8.04

case, is the power �ow solution obtained using static droop parameters. In the base case,
the hybrid system is operated autonomously based on the primary DG and IC droop
controllers. The supervisory controller that sends the set points to the local controllers
is deactivated. Cases 2 and 3 are applications of the developed UPS scheme. Case 2
represents optimal power sharing among the droop-based DG units only. Equal power
sharing among the ICs is not considered. In Case 3, the goal is power sharing equalization
within each subgrid and among the ICs.

The per unit results for the three simulated case studies are tabulated in Table 4.3. As
the results indicate, the droop-based DG units adjust their power output to achieve precise
power sharing (the �fth row). An additional observation is that, due to variations in line
impedances, in case 1, apparent power sharing is inaccurate: PSIac,1

2 = 88.66%, PSIac,2 =
82.44%, and PSIac,3 = 97.75%. In cases 2 and 3, accurate power sharing among droop-based
ac DG units was successfully obtained. In the dc subgrid, due to discrepancies in the dc
bus voltages, active power sharing is inexact in case 1: PSIdc,1 = 86.35%, PSIdc,2 = 84.17%,
and PSIdc,3 = 88.21%. With the UPS scheme, in cases 2 and 3, the active power shares

2PSIac, PSIdc, and PSIic are power sharing indices for an ac DG unit, a dc DG unit, and an IC,
respectively.
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for each droop-controlled dc DG unit were exactly equal. With the help of the IC droop
characteristics, our UPS scheme can therefore achieve exact simultaneous power sharing
in both ac and dc subgrids. It is also clear from the last row of Table 4.3 that the ICs
would be subject to the same di�culty of imprecise power sharing as the droop-controlled
DG units, as case studies 1 and 2 demonstrate. When the power sharing error among the
ICs was incorporated into the objective function (case 3), the UPS scheme was able to
equalize the contribution of the active power transfer of each IC: PSIic,1 = PSIic,2 = 8.04%.
In addition to enabling precise power sharing, the developed UPS scheme can improve the
voltage pro�le of the entire hybrid system. Plots of the ac/dc voltage pro�le before and
after optimization of the droop parameters are provided in Figure 4.10.
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Figure 4.10. AC/DC bus voltages with static and optimal droop.

4.5.4 Power Sharing versus AC/DC Topologies

In networked ac/dc topologies, the power sharing error can be more signi�cant than for
radial ac/dc topologies. As a result, exact power sharing can be even more di�cult to
attain [118]. This case study reveals that system topology can a�ect the sharing error,
as indicated in Figure 4.11, and also demonstrates the capability of the UPS scheme with
respect to achieving precise power sharing for di�erent ac/dc topologies: radial/radial,
radial/meshed, meshed/radial, and meshed/meshed (Table 4.4). The topology of each
subgrid shown in Figure 4.8 was recon�gured with the help of tie lines T.L1 and T.L2.
As is evident from the results listed in Table 4.4, the UPS scheme achieved precise power
sharing for all possible ac/dc con�gurations. Table 4.4 also reveals that, with di�erent ac/dc
topologies, the UPS scheme alters the DG and IC shares to minimize the power sharing
error and to compensate for changes in the system Thevenin impedance identi�ed by each
DG. A further look at Table 4.4 shows that operating the ac subgrid in one topology
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while the dc subgrid in another topology might provide better DG and IC utilization.
This observation suggests that a mix of con�gurations for the ac and dc sides might be
technically preferable.
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Figure 4.11. Power sharing error versus system topology: (a) power sharing in the ac
subgrid (b) power sharing in the dc subgrid.
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Table 4.4
Power sharing for di�erent AC/DC topologies

AC/DC Topology

AC Subgrid DC Subgrid IC

PSIac(%) PSIdc(%) PSIic(%)

DG1 DG2 DG3 DG1 DG2 DG3 IC1 IC2

Radial/Radial 94.50 94.50 94.50 85.29 85.29 85.29 7.45 7.45

Radial/Meshed 100.00 100.00 100.00 85.47 85.47 85.47 19.64 19.64

Meshed/Radial 91.90 91.90 91.90 87.54 87.54 87.54 8.98 8.98

Meshed/Meshed 96.16 96.16 96.16 85.68 85.68 85.68 8.11 8.11

4.6 Discussion

This chapter has a uni�ed power sharing scheme for islanded and droop-controlled ac/dc
hybrid microgrids. The scheme can achieve exact simultaneous power sharing not only
among droop-based distributed generating units in both subgrids but also among the in-
terlinking converters that connect the subgrids. The developed optimal power sharing
scheme treats the problem of imprecise power sharing as an optimization problem, in
which the droop parameters are optimized for the minimization of the power sharing er-
ror. Simulation results reveal that, along with the droop characteristics, several additional
factors, such as system topology and loading level, can also alter the shares of distributed
resources and interlinking converters. Imprecise power sharing could reduce the islanded
microgrid loadability margin which could possibly lead to voltage instability problems es-
pecially during heavy loading and contingency conditions. The following chapter zooms in
on the loadability and voltage stability analysis during contingencies.
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Chapter 5

On the Loadability and Voltage Stabil-
ity Analysis in Islanded AC/DC Hybrid
Microgrids During Contingencies

5.1 Introduction

The frequency and severity of weather-related outages have increased dramatically in re-
cent years. Over the last 35 years, the United States national grid has been a�ected
by more than 178 natural disasters, with each event causing damage assessed at approxi-
mately US$ one billion [119]. Weather-caused grid failures have therefore motivated system
planners to enhance grid resiliency by modernizing existing distribution grids through the
implementation of smart grid technologies and new operational paradigms such as ac/dc
microgrids. In future smart distribution grids, distributed energy resources (DERs) and
controllable power-electronics-interfaced loads will provide investors and end-users with
the opportunity to interact with system operators and to actively participate in daily
system operations [120]. Such DERs can be synchronous-based or converter-based. As
well, the interfacing ac/dc and dc/ac converters of future ac/dc architectures will enable
the exchange of power with the main grid and the creation of a self-powered island when
it is technically not possible to stay connected with the host grid [15]. Such innovative
ac/dc structures characterized by a mix of synchronous-based and converter-based ac/dc
resources and a high penetration of modern ac/dc loads will be governed by their own op-
erational philosophy [121]. During islanding in particular, dispatchable synchronous-based
and converter-based DERs adopt droop characteristics in order to regulate the system
frequency and voltage. Plugging DERs in and out for unexpected outages or scheduled
maintenance can make microgrid operations more di�cult to carry out. An additional
factor is that converter-based loads such as variable-speed drives and modern lighting sys-
tems exhibit constant power characteristics, which increase the likelihood of voltage [122]
and [123] and other types of instability [124�127]. In contrast, motoring loads especially
induction motors are voltage-dependent but they still can endanger the short�term voltage
stability during starting or fault conditions. End users might also be o�ered further in-
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centives to shift/reduce their energy consumption during unexpected islanding and contin-
gency conditions. However, the reluctance and unwillingness of a considerable proportion
of consumers to control their electricity usage voluntarily might drive an islanded system
to operate close to its voltage stability limits.

Another microgrid-related consideration is sti�ness. Microgrids can be classi�ed as
weak grids with low short circuit levels and limited frequency/voltage control capability.
The formation of a microgrid can be a result of partitioning a distribution system into
clusters, each of which can operate autonomously. In emergencies, for example, a micro-
grid might disconnect and operate independently of the rest of the distribution system in
order to secure continuity of service to the consumers within its boundaries, even though
this measure would mean poor voltage quality. In such a microgrid, voltage support might
be insu�cient to maintain the voltage at all load buses within the desired operational
limit, e.g., ±5%. As a result, consumers might receive a utilization voltage within a toler-
able range B rather than within the acceptable range A de�ned by the ANSI C84.1-20111
standard [128]. The sti�ness of a microgrid can signi�cantly change from one operating
condition to another, depending on the available generation and loading level. In this re-
gard, voltage instability, also known as load instability, can occur unexpectedly in islanded
microgrids because some load buses might be dragged into a voltage instability problem
due to the limited voltage support during contingencies [129]. A contingency can be de-
�ned as an event that results in the failure of at least one component and that can possibly
occur in the future with some degree of uncertainty associated with how, when, and where
it can happen [130]. A power grid with N components is said to be N -K contingency
secured if it can remain intact after K components fail to operate within their operational
limits and maintain an adequate loadability margin. During a contingency, the loadability
of an islanded microgrid can be de�ned as the maximum deliverable power as a percentage
of the base load that the microgrid can deliver during both islanding and the contingency
before a voltage collapse phenomenon develops.

The motivation for the work presented here was a desire to extend the concept of
maximum loadability to ac/dc hybrid microgrids (HMGs) and to include consideration of
their unique features such as the inherent coupling between the frequency and dc voltage.
The goal was to unveil useful information about voltage instability/collapse in islanded
HMGs during contingency events and to lay the groundwork for the development of reliable
voltage stability analysis tools and indices for such systems. Speci�c objectives were to
answer the following questions: Does the problem of voltage instability/collapse exist in
islanded but healthy microgrids1, or can it exist only in microgrids with limited voltage

1A healthy microgrid is de�ned in this thesis as the microgrid that is contingency-free and has su�cient
power to supply its load during normal operating conditions.
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support and under major contingencies? Is there such a PV curve in dc microgrids? What
kind of bifurcations can exist in dc microgrids? Can microgrids have broad loadability
boundaries despite islanding conditions and limited voltage support resources? What are
the key factors that a�ect microgrid loadability? How would the loadability of an islanded
microgrid be a�ected when it interfaces with an adjacent microgrid compared to the stand-
alone case?

In this chapter, the analysis that addresses these questions is divided into four sections.
Section 5.2 describes the problem of voltage collapse in islanded ac/dc microgrids. Section
5.3 presents case studies and a discussion of the results obtained. Section 5.4 provides
concluding remarks.

5.2 Problem Description

In autonomous ac microgrid operation, a subset of DG units are assigned to regulate the
voltage at their terminals collaboratively, using droop characteristics and employing local
measurements. The implementation of (ω-P ) and (V -Q) droop characteristics through
an external power loop in the DG local controllers provides the reference to the voltage
controllers. Accordingly, the voltage at the voltage-controlled buses is controlled within a
prede�ned operating range. In contrast, the voltage at the load buses is always neither
controlled nor monitored. In fact, the voltages of such load buses could decline beyond the
acceptable minimum voltage due to a slowly accumulating load increase. Additionally, in
practice, not all DGs control the voltage but rather might control the current, even though
they could be equipped with droop controllers. Further, during overloading and islanding
conditions, DGs with voltage support capability may have to operate near their limits.
Some of these DGs could reach their limits due to a subsequent contingency and then
switch to current-control mode. As a consequence, the entire microgrid could possibly lose
voltage control and eventually collapse. It is thus critically important for the microgrid
supervisory controller to maintain a secure loadability margin during credible contingencies.

The concept of steady-state voltage stability can be extended to include islanded HMGs
with constant power loads and can be described with the help of a simple four-bus ac/dc
system whose one-line diagram is depicted in Figure 5.1. The ac side includes one droop-
controlled ac DG unit supplying a constant power to an ac load whose characteristics
are described by its kVA consumption SD,ac and lagging power factor p.f . The dc side
consists of one droop-regulated dc DG and one dc load whose steady-state behavior is
characterized by constant power consumption PD,dc. The ac DG supplies the ac load via
two ac line circuits. Both line circuits have equal X/R ratios. The dc DG delivers power
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to the dc load through two dc feeders, each of which is represented in steady state by a
series resistance Rdc.
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Figure 5.1. A four-bus droop-controlled ac/dc hybrid microgrid: (a) one-line diagram (b)
equivalent circuit with the droop characteristics.

The sequence of events is to interrupt one line circuit in each subgrid (N -1 contingency
in each subgrid) as follows:

1. Event 0: No interfacing and no contingency in either subgrid

2. Event 1: Single Contingency in both subgrids before interfacing (Tripping one ac/dc
line circuit)

3. Event 2: Single Contingency in AC Side with interfacing

The power �ow equations at the ac/dc load buses can be written as follows:

−PD,ac + fp,ac(Vac, δ, ω) + Pic = 0. (5.1)

−QD,ac + fq,ac(Vac, δ, ω) +Qic = 0. (5.2)

−PD,dc + fp,dc(Vdc)− Pic = 0. (5.3)
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where fp,ac and fq,ac are the active and reactive power �ow injections at the ac load bus,
respectively, and fp,dc represents the active power �ow injection at the dc load bus. The
ac/dc power �ow injections are de�ned by the following:

fp,ac(Vac, δ, ω) =
Vac,1Vac,2√

R2
ac +Xac(ω)2

cos
(
δ + θ

)
−

V 2
ac,2Rac

R2
ac +Xac(ω)2

. (5.4)

fq,ac(Vac, δ, ω) =
Vac,1Vac,2√

R2
ac +Xac(ω)2

sin
(
δ + θ

)
−

V 2
ac,2Xac

R2
ac +Xac(ω)2

. (5.5)

fp,dc(Vdc) =
Vdc,1Vdc,2 − V 2

dc,2

Rdc
. (5.6)

Pic and Qic represent the active and reactive power transfer to the ac side, respectively,
and are determined by (2.8) and (2.12) in chapter 2. More details about the power �ow
analysis of islanded HMGs can be found in chapter 3 or in a previous study published by
the author [131].

Prior to the interfacing of both sides, the ac voltage at load bus 2 can be derived from
(5.1) and (5.2), and from (5.4) and (5.5), assuming that the interlinking converter (IC)
transfers constant active and reactive power to the ac side, as expressed by the following:

V 4
ac,2 +

[
2
(
Rac(PD,ac − Pic) +Xac(QD,ac −Qic)

)
− V 2

ac,1

]
V 2
ac,2

+(R2
ac +X2

ac)
(
(PD,ac − Pic)2 + (QD,ac −Qic)2

)
= 0. (5.7)

The per-unitized ac load voltage can be obtained accordingly from (5.7) after being ex-
pressed as per-unit and parametrized with a loading factor λac:

Vac,2,pu =

√
(
1

2
+K)±

√
K2 −K − λ2acP 2

D,ac,pu(1 + tan2(φ)) +
1

4
. (5.8)

where K is de�ned as

K =
(
Rac,pu(λacPD,ac,pu − Pic,pu) +Xac,pu(λacQD,ac,pu −Qic,pu)

)
. (5.9)

PD,ac,pu and QD,ac,pu are the active and reactive power demands of the ac load in per-unit
values, respectively, and are de�ned by

PD,ac,pu = SD,ac,pu × pf, QD,ac,pu = SD,ac,pu sin
(
cos−1(pf)

)
. (5.10)

where p.f. = cos(φ).

As is evident from (5.8)-(5.10), the ac load voltage is a�ected largely by the ac feeder
X/R ratio, the load size, and the load operating power factor. In droop-based ac microgrids,
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the reactive power droop characteristics can also alter system loadability. In this simple
example, since the ac side has only one droop-based DG that controls the voltage, the
frequency and voltage can be assumed to follow their references. Thus, the DG can be
represented by a constant (V -f) bus, with the frequency and voltage being replaced by
their reference values. The loading factor λac is incorporated into (5.8) in order to enable
an investigation of the loadability and voltage stability of the microgrid. The loading
factor is then increased in incremental steps, and the PV curve that tracks the steady-
state behaviour of the ac voltage at load bus 2 is graphed as depicted in Figure 5.2 (a).
Figure 5.2 (a) also shows that the load voltage drops quadratically with the loading up
to the point at which the voltage breaks down. This point is the saddle-node bifurcation
(SNB), as shown on the PV curve in Figure 5.2 (a). Figure 5.2 (a) indicates that the ac
side has a broad loadability margin during normal operation, meaning that the critical
loadability due to SNB, λac,SNB,0, is at a substantial distance from the installed capacity.
The limit-induced bifurcation (LIB) also happens at a loadability level beyond the installed
capacity of the microgrid: λac,LIB,0 > 1. AC microgrids with no contingencies are thus less
likely to be subject to a voltage collapse problem. A single contingency is then introduced
by interrupting one of the line circuits between ac buses 1 and 2. The circuit-tripping
event is represented by doubling the feeder impedance. As illustrated in Figure 5.2 (a),
a single contingency causes the SNB to appear while the microgrid is still able to deliver
power: λac,SNB,1 < 1. However, due to the distinctive features of ac microgrids, such as
the distributed nature and closeness of the DERs to the loads and the low X/R ratios of
the distribution feeders, the SNB might be not provoked during an N -1 contingency. In
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the same way, the dc load voltage can be derived when the IC transfers constant active
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power to the ac side, as de�ned by

Vdc,2 =
1

2

(
Vdc,1 ±

√
V 2
dc,1 − 4Rdc (PD,dc + Pic)

)
. (5.11)

As can be observed in (5.11), the dc load voltage is in a quadratic relation with the dc
feeder resistance and the load size. Further, in islanded dc microgrids, if Vdc,1 in (5.11)
is regulated based on droop characteristics, which is probably the case, the load voltage
is also a�ected by the droop parameter settings. For the sake of analysis, (5.11) can be
written in per-unitized form as

Vdc,2,pu =
1

2

(
1±

√
1− 4 (λdcPD,dc,pu + Pic,pu)

)
. (5.12)

From (5.12), the maximum servable dc load in per-unit values can be de�ned such that
1− 4(λdcPD,dc,pu + Pic,pu) ≥ 0 which implies that

λdc ≤
1

4(PD,dc,pu + Pic,pu)
. (5.13)

To investigate the voltage stability and plot the PV curve at the dc load bus, (5.12) is
parameterized with the loading factor λdc as depicted in Figure 5.2 (b): λdc,SNB,0 > 1. As
with its ac counterpart, the dc microgrid without contingencies tends to have wide-ranging
loadability, as demonstrated in Figure 5.2 (b): λdc,SNB,0 > 1. Figure 5.2 (b) shows that,
in islanded dc microgrids during a contingency, the SNB could also be stimulated because
of the nature of dc systems and dc droop characteristics: the voltage is directly coupled
with the active power and can deviate from its nominal value. However, as a meritorious
advantage, a LIB related to insu�cient reactive power support does not exist in dc systems.

Interlinking ac and dc microgrids can have a substantial in�uence on the loadability of
each microgrid. In an islanded ac/dc HMG, the amount and direction of power transfer
as well as the IC droop characteristics can signi�cantly change the loadability of both
subgrids. In the example presented here, the IC transfers active and reactive power to the
ac side. Figure 5.2 (a) indicates that the loadability of the ac subgrid that is receiving
power is enlarged: λac,SNB,2 > λac,SNB,0. In contrast, the loadability of the dc subgrid that
is transmitting power to the ac side has shrunk, as shown in Figure 5.2 (b). The �gure also
reveals that, because of their vulnerability to voltage instability upon transmitting power,
special care should be given to the terminal ac/dc buses and their voltage monitor. From
an operational security perspective, the power-transferring subgrid can limit the amount
of power transfer once its loadability approaches a prespeci�ed loadability margin.
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5.3 Case Studies

An analysis of voltage stability during contingencies was carried out for a 12-bus ac/dc
HMG whose single-line diagram is depicted in Figure 5.3. The test system comprises one
ac subgrid and one dc subgrid. Both subgrids are evenly loaded: 42 kVA for the ac side and
42 kW for the dc side. The locations and ratings of the ac and dc loads are shown in Figure
5.3. Before interfacing, the base load in each side is supplied by two DERs. The DER
capacities in the ac and dc subgrids are 45 kVA and 45 kW, respectively. The subgrids are
interfaced via two identical droop controlled ICs with a capacity of 10 kVA each. The DER
and IC droop characteristics are tabulated in Table 5.1. The base kVA and ac/dc voltages
are selected as 10 kVA and 208/600 V. The operating range for the frequency and ac/dc
voltage are ±1% and ±5%, respectively. The tie lines and IC circuit breakers are initially
open. The test system was designed based on an N -1 contingency in order to demonstrate
that an N -1 contingency-based microgrid design might fail to capture the development of
a voltage collapse phenomenon during severe events such as extreme weather conditions.
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Figure 5.3. 12-bus ac/dc hybrid microgrid.

The sequence of simulated events subsequently interrupts two circuits in each subgrid
as follows:
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� Event 0: No contingency

� Event 1: Single Contingency (Tripping one ac circuit of line 2-3)

� Event 2: Double Contingency (Tripping one ac circuit of lines 2-3 and 3-4)

� Event 3: Single Contingency (Tripping one dc circuit of line 8-9)

� Event 4: Double Contingency (Tripping one dc circuit of lines 8-9 and 9-12)

Table 5.1. Droop Parameters of Distributed Energy Resources and Interlinking Converters

AC

DER#
mp,ac nq ω∗ V ∗ac

(Hz/W) (V/var) (p.u.) (p.u.)

DER1 2.40×10−5 6.93×10−4 1.01 1.05

DER2 3.00×10−5 8.67×10−4 1.01 1.05

DC

DER#
mp,dc V ∗dc
(V/W) (p.u.)

DER1 1.20×10−3 1.0

DER2 1.50×10−3 1.0

IC

IC#
γp γq V ∗ic,ac

(1/W) (V/var) (p.u.)

IC1 2.0×10−4 1.04×10−3 1.0

IC2 2.0×10−4 1.04×10−3 1.0

5.3.1 Impact of a Contingency on the Loadability of the AC Mi-
crogrid

Their classi�cation as weak grids means that microgrids are not immune to contingen-
cies, and unexpected contingencies can cause system loadability to deteriorate. Figure 5.4
illustrates the steady-state behaviour of the voltage at load bus 5 before and after the
occurrence of contingencies on lines 2-3 and 3-4 (events 1 and 2) during the operation of
the ac subgrid in stand-alone mode. A number of observations can be made based on
Figure 5.4. First, contingency-free microgrids typically have wide loadability margins and
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are less likely to be subject to voltage instability during normal operation. In Figure 5.4,
the ac microgrid loadability is λac,LIB,0 = 1.325, which permits a load increase of approx-
imately 32.5 % of the base load. Second, a contingency and shortage of reactive power
resources can precipitate in LIB development, causing the islanded microgrid to leave the
voltage stability region. For the ac subgrid in Figure 5.4, a contingency on line 2-3 (event
1) leads to the appearance of LIB at a loadability of λac,LIB,1 equal to 0.925, resulting in
the loss of 7.5 % of the servable base load despite the fact that the installed capacity of
the ac microgrid is su�cient to supply the entire base load: λac,base = 1. Third, multiple
contingencies, interrupting another circuit (event 2), causes LIB to develop sooner at a
loadability of λac,LIB,2 equal to only 82.5 % of the base loadability, shrinking the number of
stable equilibrium points on the PV curve and making it practically impossible to operate
at a loading level beyond the LIB. These results suggest that the planning and operation
criteria for islanded ac microgrids should be designed based on N -2 contingencies in order
to ensure the security of an islanded system after credible contingency events.
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Figure 5.4. AC subgrid loadability before and after contingencies.

5.3.2 Impact of Reactive Power Droop Gains on AC Microgrid
Loadability

In droop-controlled ac microgrids, (V -Q) droop characteristics are based on an assumed
existence of tight coupling between the DER terminal voltage and the DER reactive power
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output. The slope of the (V -Q) droop characteristics shown in Figure 5.1 (b) determines
how far the operating voltage can deviate from its reference V ∗ac. Adjusting the reactive
power droop gain, which is the slope of the (V -Q) curve, a�ects system loadability. Figure
5.5 depicts four scenarios for the droop gain nq settings. Scenarios 1 and 2 are the pre- and
post-contingency events (events 0 and 1) with the static droop gains nq = nq,0 provided
in Table 5.1. In scenario 3, the droop gain nq is set to a lower value than the base value,
nq = 0.5nq,0, while in scenario 4, the droop gain nq is set to a higher value: nq = 1.5nq,0.
From Figure 5.5, setting the reactive power droop gain to nq = 0.5nq,0 results in 30% of
the base load unable to be supplied: λac,LIB,2 = 0.7, while a reactive power droop gain
value of nq = 1.5nq,0 gives better loadability: λac,LIB,3 = 1.05, allowing the load to increase
by 5%. Thus, although �atter reactive power droop characteristics result in better voltage
regulation, loadability can be impaired, as is evident with scenario 3. A key conclusion
from this case study is therefore that reactive power droop characteristics can broaden
or worsen microgrid loadability during extreme events. There is also an optimal set of
droop parameters that yield maximum loadability. A droop characteristics designer should
thus consider the likelihood of a contingency by combining optimization and contingency
analysis.
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Figure 5.6. AC subgrid loadability versus DER location and control.

5.3.3 Impact of DER Location and Control Mode on AC Micro-
grid Loadability

The location, size, and control strategy of a DER can signi�cantly in�uence microgrid
loadability. Figure 5.6 shows the ac subgrid loadability during single contingency (event
1), and two other scenarios. The �rst scenario is the occurrence of event 1, but when
DER 2 at bus 6 is replaced with two identical DERs of 10 kVA each at buses 4 and 6, the
DER at bus 4 supplies constant power at a lagging power factor of 0.8. This scenario is
labelled as (Single Contingency with Constant PQ DG) in Figure 5.6. The second scenario
is the post-contingency one, but in this case, the DER 2 is replaced by two identical droop-
controlled DERs: one at bus 4 and one at bus 6. This scenario is labelled as (Single
Contingency with Droop DG) in Figure 5.6. As can be observed, regardless of the control
strategy, the connection of a DER with the proper size and location increases microgrid
loadability: λac,PQ = 1.125 and λac,Droop = 1.225 > λac,LIB,1 = 0.95. However, loadability
can be further increased if the DER control strategy is selected appropriately. Figure 5.6
demonstrates that a droop-controlled DER yields better loadability than a constant power
DER: λac,Droop > λac,PQ. The superiority of droop control over constant power control
is that droop control not only allows a greater load to be served but also provides the
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necessary voltage support during islanding and contingencies. These �ndings justify the
application of droop control in islanded microgrids. They should also con�rm for system
planners the value of selecting microgrid loadability as a key criterion in DER planning.

5.3.4 Impact of Shunt Capacitors on AC Microgrid Loadability

Shunt capacitors are deemed to be e�ective loadability boosters for ac systems during both
normal and abnormal conditions. Figure 5.7 shows that placing a shunt capacitor of 6 kvar
at the weakest bus, bus 5, moves the LIB point away to the right: from λac,LIB,1 = 0.925
to λac,LIB,2 = 1.15. It is thus technically advisable to apply shunt capacitors in islanded
ac microgrids in order to account for credible contingencies and to maintain a reactive
power reserve, since they remain the least expensive solution. Nevertheless, if not properly
sized and sited, shunt capacitors may cause reactive power over compensation at some
load buses, as a result of which, voltage collapse could occur within acceptable voltage
limits, creating an inability to identify voltage collapse based only on the monitoring of
the voltage magnitude. For further investigation, the shunt capacitor size can be varied
incrementally, and the loadability that corresponds to the LIB can be shown graphically.
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5.3.5 Impact of a Contingency on the Loadability of the DC Mi-
crogrid

DC microgrids can be subject to voltage collapse due to SNB. The dc microgrid depicted
in Figure 5.8 has a maximum loadability of λdc,SNB,0 of 2.35 before a contingency. As
indicated in Figure 5.8, a contingency in one of the line 8-9 circuits (event 3) reduces the
servable dc load to λdc,SNB,1 = 1.875. Another contingency (event 4) leads to a working
loadability of λdc,SNB,2 = 0.95, which is below the base loadability, with the servable
load reduced by 5%. These results suggest that the maximum loadability of a healthy
dc microgrid with λdc,SNB,0 > 1 can shrink to a value of λdc,SNB < 1 due to a cascading
contingency. Two types of action can be taken to protect the microgrid from collapse:
proactive and corrective. A proactive action would be to maintain an adequate reserve
loadability margin, such as 5% of the maximum loadability, in order to save the microgrid
from potential collapse. A corrective action would be to curtail the unserved demand
before the voltage leaves the stability region. From a planning perspective, the successful
islanding of dc microgrids should be checked based on N -2 contingency criteria. From an
operational prospective, under voltage dc relays should be put in place in order to avoid
any probable voltage collapse events.
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Figure 5.8. DC subgrid loadability before and after contingencies.
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5.3.6 Impact of Active Power Droop Gains on DCMicrogrid Load-
ability

As with ac microgrids, the loadability of dc microgrids can shrink or expand by means
of adjustments to the droop parameters, mp,dc, V

∗
dc, of droop-based DERs. Figure 5.9

provides a comparison of the e�ect of �xed and adaptive droop gains on dc microgrid
loadability during a contingency. Scenarios 1 and 2 represent pre-contingency and double
contingency (event 0 and 2) with static droop gains. Two other scenarios were considered:
double contingency with dynamic droop gains equal to twice the static droop gain values
and double contingency with droop gains equal to one-�fth of the static droop gains:
mp,dc = 0.2mp,dc0. The third and forth scenarios are labeled as (Double Contingency &
Droop 1 and 2). As illustrated in Figure 5.9, adjustment of droop gain values can enhance
loadability during a contingency, as in scenario 3: λdc,SNB,2 = 1.8 > λdc,SNB,1. Further,
scenario 4 shows that the loadability of a dc microgrid with a double contingency can be
re-established if the droop gains are adjusted appropriately: λdc,SNB,4 = λdc,SNB,0 = 2.35.
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Figure 5.9. DC subgrid loadability versus active power droop coe�cients.

The adjustment of the reference voltage command V ∗dc can also restore part of the initial
microgrid loadability prior to the contingency. Once an islanded microgrid is diagnosed
with a contingency, the supervisory controller can thus be programmed to optimize and
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broadcast the optimal droop parameter settings via a low-bandwidth communication link
to the local DER controllers. As a side note with respect to droop parameter adjustment,
the droop controllers will lose power-sharing accuracy if the new set of droop parameters are
not optimized based on accurate power sharing. Exact power sharing implicitly guarantees
maximum loadability since the installed capacity of the system is utilized e�ciently.

5.3.7 Impact of Network Recon�guration on DC Microgrid Load-
ability

The severity of a contingency event is partially dependent on how the microgrid is con�g-
ured. Figure 5.10 presents a comparison of the loadability of four scenarios: no contingency
(event 0), double contingency with a radial topology (event 2), double contingency with
a weakly meshed topology, and double contingency with a strongly meshed topology. As
indicated in Figure 5.10, a cascaded contingency in the dc microgrid with a radial topol-
ogy negatively a�ects loadability: λdc,SNB,1 = 0.95 < 1. Recon�guring the microgrid to be
weakly meshed by closing tie line 1-12 increases the loadability of the microgrid under a
contingency to λdc,SNB,2 = 3.825. A further recon�guring action of closing tie line 11-12
increases the loadability to λdc,SNB,3 = 4.8.
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Based on these �ndings, 1) dc microgrids with a radial topology have the least load-
ability while meshed-networked microgrids have the highest, and 2) recon�guration during
a contingency can not only restore the previous loadability margin but can also further
enhance system loadability. A microgrid operator could thus consider microgrid recon-
�guration once a severe contingency has occurred. Figure 5.10 also suggests that system
planners should take loadability into account when designing a topological layout for a
microgrid.

5.3.8 Impact of AC and DC Microgrid Interfacing on the Load-
ability of the AC Side under a Contingency

Interfacing ac and dc microgrids can provide operational bene�ts for a microgrid that is
at potential risk of voltage collapse. Figure 5.11 depicts the LIBs resulting from a single
contingency (event 1) in an ac subgrid that operates 1) in stand-alone mode and 2) in
conjunction with an adjacent dc microgrid. In this case study, the initial power transfer
takes place from the dc to the ac side. As can be seen in Figure 5.11, the ac subgrid
operating in stand-alone mode is subject to LIB at a loadability level of λac,LIB = 0.925
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after a single contingency (event 1). However, interlinking the contingency-contaminated
ac microgrid with a healthy dc microgrid moves the LIB beyond the base loadability level
for the same contingency: λac/dc,LIB = 1.075 > λac,LIB. These results indicate that the
loadability margin of a single microgrid while interfaced with another microgrid is greater
than its loadability in the stand-alone case. The superior loadability of a microgrid in-
terlinked with a neighbouring microgrid via a droop-based IC is attributable to the fact
that the neighbouring microgrid serves as a droop-controlled current source whose droop
characteristics are dictated by the loading of both microgrids.

5.3.9 Impact of AC and DC Microgrid Interfacing on the Load-
ability of the DC Side under a Contingency

The previous case study demonstrated that hybridizing ac and dc microgrids can have a
favourable e�ect on a subgrid that is a�ected by a contingency. However, this advantage is
not always the case but instead depends on the amount and direction of the power being
transferred between the neighbouring microgrids. For the system plotted in Figure 5.3, the
active power is initially being transferred from the dc to the ac side because of the relatively
high loading of the ac subgrid compared to its dc neighbour. If multiple contingencies are
applied to the dc subgrid (event 4) when it is providing power to the ac subgrid, the SNB
appears earlier in the dc subgrid (λdc/ac,SNB = 0.75) than it does in the stand-alone case
(λdc,SNB = 0.95), as shown in Figure 5.12.

5.4 Discussion

This chapter has presented an investigation of the possibility of voltage instability/collapse
in islanded ac/dc HMGs during contingency conditions. Based on the voltage stability
analysis, it can be concluded that, regardless of their type, whether ac, dc, or ac/dc, healthy
microgrids are unlikely to be subject to a voltage instability/collapse problem even during
islanding. This �nding can be attributed to the distinctive features of microgrids: the short
feeders, the proximity of DERs to the load, and the constant impedance characteristics of
many ac/dc loads. However, voltage instability can be witnessed in islanded microgrids
under some circumstances, among which are the occurrence of multiple contingencies,
the presence of DERs with limited reactive power capabilities, and the proliferation of
modern loads that have constant power characteristics. Therefore, prior to microgrid
implementation, planners and operators of microgrids should address "what if" scenarios
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Figure 5.12. DC subgrid loadability during a contingency before and after interfacing with
the ac subgrid.

and identify the most severe events that can occur during islanding and contingencies. The
analysis presented here has also revealed that, when ac and dc microgrids are hybridized,
the loadability margin of a subgrid that is under a contingency is increased, thus alleviating
the e�ects of single-element or multiple-element contingencies. However, if the power-
transferring subgrid is subjected to an unexpected contingency, the entire HMG is at risk
of collapse. Microgrid planners are therefore advised to design each subgrid of an HMG
based on N -2 criteria for three main reasons: 1) The N -1 contingency test might not
reveal the possibility of and vulnerability to voltage collapse within the base loadability.
2) Compared to large-scale power systems, the small size of microgrids facilitates online
and o�ine N -2 contingency computations. 3) Each subgrid can be a stand-alone system
that operates independently of the other subgrid, which might not be available during
contingencies.

Several proactive measures can be taken to boost the immune system of an islanded
microgrid against voltage collapse.

1. The voltage instability in islanded microgrids with limited voltage support and con-
stant power loads can be mitigated by using the capability of smart inverters of
PV panels and modern converter-based loads such electric vehicles to supply re-
active power, and hence; increasing the power transfer capability of the islanded
system [124].
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2. The load dynamics can be decoupled from the system dynamics by using the concept
of power bu�ering [129] and [132].

3. Another proactive step to further increase the system loadability margin is to equip
each applicable DG and controllable load with a power curtailment scheme. Alter-
natively, under voltage relays can be installed at the premise of distribution trans-
formers to shed in discrete steps a portion of controllable loads in attempt to recover
the voltage in case of contingencies.

4. Although small-scaled synchronous-based and converter-based DGs have fast re-
sponse, reserve is still needed for microgrids in case of islanding and contingency
conditions.

5. Due to their fast response, a portion of the inverter-based DG capacities can be
assigned for reactive power reserve. The reactive power reserve can be adaptively
assigned based on the available generation.

6. Due to their �exibility, distributed storage units can be used to preserve a desired
loadability margin.

7. Identifying the set of weak load buses, the load buses that are the most prone to
voltage decline. Using a load shedding mechanism, the load at the weak buses can
be curtailed to move the system away from the point of voltage collapse.

The previous two chapters have discussed two major operational aspects of HMGs dur-
ing normal conditions (the power sharing problem) and abnormal conditions (the voltage
collapse problem). Nevertheless, in HMGs that include elements that are stochastic in
nature such as renewable energy resources (RESs) and electric vehicles (EVs), di�cul-
ties in energy management can arise even during interfacing with the main grid. Energy
management under uncertainty during grid interfacing is the subject of the next chapter.
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Chapter 6

Stochastic Centralized Dispatch Scheme
for AC/DC Hybrid Smart Grids

6.1 Introduction

The future ac/dc hybrid smart grid with two-communication capability facilitates the cen-
tral controller to coordinate among various ac/dc energy resources and loads with a high
degree of observability and controllability. Figure 6.1 shows the general structure of an
ac/dc hybrid smart grid with a centralized controller. As depicted in this Figure, the cen-
tralized controller requests information from the local distributed energy resources (DERs)
and controllable loads which in turn periodically send the information back to the central
controller. With the full knowledge about the system, the central controller also determines
when it is technically and economically feasible to interface both ac and dc sides together
and with the utility grid. The use of this type of ac/dc hybrid topology will result in
considerable bene�ts for the distribution system, as already discussed in section 2.2. The
achievement of these bene�ts is predicated on e�ective key design elements in the ac/dc
hybrid architecture: identi�cation of an optimal topology, selection of the dc voltage level
and IC ratings, sizing and siting of the DERs, and development of a coordinated dispatch
scheme [133], [121].

An optimal ac/dc hybrid topology can be adopted at both the secondary distribution
level (low voltage (LV)) and the primary distribution level (medium voltage (MV)). At
the secondary level, the dc grid can be designed as an embedded layer in the existing LV
ac grid, resulting in a bilayer LV distribution system [134]. The dc layer, which connects
dc loads such as electric vehicles (EVs) and residential rooftop photovoltaic (PV) panels,
is integrated with its counterpart ac layer at the distribution transformers [134]. At the
primary level, the dc grid can be designed as a stand-alone grid tied to its counterpart ac
grid via interlinking converters (ICs), creating an ac/dc hybrid MV distribution system.
The dc grid connects large dc loads, such as parking lots in commercial areas, and dc
DERs, such as energy storage systems (ESSs) that are owned by investors and the utility.
With respect to the dispatch scheme, an essential feature is its ability to account for
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the uncertainties inherently associated with renewable energy, demand, and energy price.
The goal of the research presented in this chapter was therefore to develop a stochastic
centralized dispatch scheme for ac/dc hybrid smart grids that includes consideration of
these uncertainties.
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Figure 6.1. AC/DC hybrid smart distribution system.

In the developed dispatch model, the stochastic nature of the renewable power supply,
regular demand, EV demand, and real-time price (RTP) are modelled explicitly. The
primary objective of the developed scheme is to minimize the expected daily operating
cost, which includes the cost of operating dispatchable units, the cost of importing from
and exporting to the upstream grid, and the cost of EV discharging and battery degradation
due to vehicle to grid (V2G) action. The main contributions of the research in this chapter
can be summarized as follows:

� Detailed modelling of the key elements of the envisioned ac/dc hybrid smart grids:
distributed generators (DGs), ESSs, EVs, and ICs.

106



� Economic and technical representation of EV battery degradation in smart grid op-
erations.

� Stochastic representation of intermittent renewable energy, variable regular and EV
demand, and �uctuating energy prices.

� Development of a stochastic centralized control scheme for energy coordination in
ac/dc hybrid smart distribution systems.

This chapter is structured as follows: Section 6.2 introduces the system model and
control. Sections 6.3 and 6.4 brie�y discuss the two-stage stochastic optimization and sce-
nario reduction technique used. Section 6.5 describes the developed stochastic centralized
dispatch scheme. Section 6.6 explains the requirements for implementing our dispatch
scheme. Section 6.7 provides the mathematical formulation of the dispatch problem. Sec-
tion 6.8 presents the test system along with a discussion of the results obtained, and the
last section, section 6.9, o�ers conclusions.

6.2 System Model and Control

This section presents the modelling of the stochastic elements and the ESSs as well as the
control strategy adopted for the ICs.

6.2.1 Electric Vehicle Demand Model

The uncertainty associated with EV demand results from the unknown number of hourly
EV arrivals in a parking lot, the parking duration and kWh required by each EV, and
the maximum charging rate, which is limited by the battery technology, the battery size,
and the capacity of the installed charger. The historical data related to arrival rates
and parking duration can be collected from the parking records available for conventional
vehicles. However, owing to the limited number of EVs on the roads, statistical information
about EV batteries, including the energy stored and the kWh required, is not yet available.

Determining the random number of EV hourly arrivals at a parking lot is a count-
ing process {NEV (h) = n, h > 0, n ∈ N+} and can be modelled probabilistically as a
non-homogeneous Poisson process NEV (h) v Poisson(λh), with an intensity of arrivals
occurring at a speci�c rate λh ∈ R+ [135]. In [136], it was shown that the memoryless
non-homogeneous Poisson process provides an appropriate representation of EV arrivals
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Figure 6.2. Parking durations: a) Lot1; b) Lot2.

because the arrival of one EV at a parking lot supplies no information about the arrivals
of other EVs. The hourly arrival rate λh can be either estimated or predicted based on
previous observations of hourly arrivals.

Like EV arrivals, EV parking duration, Tp, is also random and can be seen as the wait-
ing time until a departure takes place. Analysis of previous parking data for conventional
vehicles in the Toronto area [137] shows that parking duration follows a gamma distribution
Tp v Gamma(α, β), with a shape parameter α and a rate parameter β [138]. The parking
durations for two parking lots in the Toronto area are shown in Figure 6.2. It is worth point-
ing out that, prior to discretization, Tp is a continuous random variable. Another source of
uncertainty related to EVs is the amount of energy required. The energy required, Ereq

EV , is
upper bounded by the di�erence between two random variables: the initial energy stored,
Eint
EV , and the capacity of the battery, Ecap

EV . Due to the lack of historical data, the energy
required is assumed to follow a uniform distribution Ereq

EV v U(0, Ecap
EV − Eint

EV ). It should
be noted that Eint

EV and Ereq
EV are both continuous random variables before discretization,

while Ecap
EV is a discrete random variable.

The last source of uncertainty is the rate at which the EV charges. This charging rate,
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P rate
EV , is de�ned by the minimum of the capacity of the charger and the charging rate of

the vehicle. Given the existing information available about EV sales and corresponding
battery speci�cations and also about the charging rates of commercially available batteries,
the charging rate of each EV and its probability can be obtained. It should be noted that
the probability distribution for any of the EV random quantities can change based on the
statistical information that is available.

6.2.2 Why this Electric Vehicle Demand Model?

The arrival, in general, to a system in di�erent discipline, job arrivals to a server in com-
puter science, incoming calls to a call center in communications, customer arrivals to a
bank tailor in business, and electric vehicles arrivals to parking lots in smart grids, is a
memoryless process in which the arrival of one agent, e.g., electric vehicle, does not carry
any information about the arrival of other agents, e.g., electric vehicles. Further, the EVs
arrive to the parking lot in a stochastic nature. Hence, the EV arrival to a parking lot
can be described by the Poisson process, which is a memoryless stochastic process, with
some arrival rate λ ∈ R. Since in reality the number of arrivals can be di�erent from one
hour to another, we modelled the EV arrivals as a non-homogenous Poisson process with
hourly arrival rate λh, ∀h ∈ H. The rate at which the EVs arrive to the parking lot does
not depend on the rate of arrivals at other hours. Thus, the number of EV arrivals in each
hour is simulated independently on the number of arrivals in previous hours. However,
while arriving independently, each EV simulated has four possibilities. The �rst possibility
is that upon the EV arriving in a certain hour, there is an empty charger at which the
EV can be plugged in and get charged. The second possibility is that there is an empty
charger, but it is simultaneously inactive, in stand-by mode, due to reaching the parking
lot's capacity by the busy chargers. Thus, the EV still can be admitted and assigned to
an empty and inactive charger, but it only starts charging when the charger is back in
service. The third possibility is that all the chargers, active and inactive chargers, are
occupied, but the late EVs can form a queue and wait for the next available chargers. The
last possibility is that when all chargers are busy and there is no queueing, the late arrivals
leave the parking lot for another charging facility. From the above discussion, the arrivals
and charging of EVs at a parking lot can be summarized in the following:

� The arrivals of EVs to the parking lot is a memoryless process,

� The arrival rate of EVs can vary from one hour to another,
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� The arrival rate at which the EVs arrive to the parking lot in a given hour is unrelated
to the arrival rates of EVs in other hours,

� The only connection between the EVs arrivals in two di�erent periods is the charging
opportunity. If all the EVs arrived in one hour occupy all chargers including the
inactive ones, the EV entering the parking lot in the next period will either have to
wait for a charger to become available or leave for another parking lot.

6.2.3 Renewable Energy Resource Model

In principle, a renewable DG unit can be modelled as a stochastic negative load. Stochastic
DG models are based on daily forecasts of wind power for wind-based DGs and of solar
power for solar-based DGs. For an unbiased forecast, common practice is to assume that
wind and solar power forecasting errors follow a normal distribution with a zero mean
v N (0, σw/s), where σw and σs are the standard deviations for the wind and solar power
forecasting errors, respectively [139]. However, recent �ndings [140] have shown that the
skew-Laplace distribution yields a more precise representation of the wind power forecasting
error.

It should be mentioned that the stochastic renewable power supply and the uncertain
EV power demand are assumed to be independent random variables [141] because no strong
correlation or even dependency has yet been proven between the two.

6.2.4 Energy Storage System Model

The ESS is characterized by the maximum and minimum stored energy (Emin
ESS, E

max
ESS), the

charging rate (P rate
ESS), and the charging and discharging e�ciencies (ηchESS, η

dis
ESS).

It can be modelled as two �ctitious generators (G1, G2) with the ability to inject negative
and positive power, respectively. G1 injects the charging power, P ch

ESS ∈ R−, while G2

delivers the discharging power P dis
ESS ∈ R+, as shown in Figure 6.3 [142].

6.2.5 Interlinking Converter Control

In an ac/dc hybrid system, the ICs are coordinated with the utility grid to ensure an
uninterruptible and high-quality power supply under random supply and variable demand
[15]. The accuracy of the model and the e�ciency of the IC control strategy are thus of
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Figure 6.3. Energy storage system model.

great importance. The adopted IC control strategy is based on (Q − Vdc) control. Under
this control scheme, the IC operates at a �xed power factor and shares reactive power
requirements with the upstream (main) grid and the local supply sources. The dc terminal
voltage of the IC is also regulated because the ac subgrid dominates its counterpart dc
subgrid and acts as an in�nite bus when the upstream grid is available. The steady-state
IC model is described by the set of problem formulation equations (6.12)-(6.16) provided
in Section 6.7.

6.3 Two-Stage Stochastic Optimization

In two-stage stochastic programming, a decision is chosen for implementation without
complete information about the associated random events [143]. This decision, known
as a here-and-now decision, is called the �rst-stage decision, denoted by vector x ∈ Rn1 .
Once the information about the random events, denoted by vector ξs , {ξ1, ξ2, . . . , ξns},
becomes available, a collection of corrective decisions, known as recourse decisions, are
taken. These decisions are called second-stage decisions, denoted by surplus and de�cit
vectors y+s , y

−
s ∈ Rn2 , and ∀s ∈ S. The two-stage stochastic program with �xed recourse

takes the following form:

min
x,y+s ,y

−
s

E{ZSS} = f(x)︸︷︷︸
1st-Obj. Fun.

+E{
Surplus︷ ︸︸ ︷

Q+(y+s , ξs) +

De�cit︷ ︸︸ ︷
Q−(y−s , ξs)}︸ ︷︷ ︸

2nd-Obj. Fun.

(6.1)
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subject to

h(x) = b (6.2)

gs(x, y
+
s , y

−
s , ξs) = bs,∀s ∈ S (6.3)

x ≥ 0, y+s , y
−
s ≥ 0,∀s ∈ S (6.4)

where E{•} is the expectation operator of a random quantity •.
An example of the �rst-stage decision is the day-ahead schedule of the dispatchable

DG units: x = {PG,1, PG,2, . . . }, and examples of the second-stage decisions are import
and export decisions: {y−s , y+s } = {Pimp, Pexp}.

6.4 Scenario Reduction Technique

The number of scenarios scales badly with the dimension of the system under study. Nev-
ertheless, scenario reduction can certainly add another feature to our dispatch scheme:
reducing the computational requirements. However, a scenario reduction technique should
be able to maintain as much statistical information of the sample space as possible. The
author applied the fast forward scenario reduction technique [144], and only solved for a
subset of the initial scenario set S∗ ⊂ S. The preserved scenarios are obtained by aggre-
gating similar scenarios, and then assigned new probabilities. The fast forward selection
algorithm can be best described by the following steps [144], [145]:

Step 1) Given all possible scenarios ξ1, ξ2, . . . , ξns , ξs ∈ Rnr and their probabilities ps,∀s ∈
S, ns = |S|,

Step 2) Decide on the number of preserved (aggregated) scenarios, n∗s < ns,

Step 3) Set the set of preserved scenarios to empty set, S∗ ← {}, and the set of deleted
scenarios to the initial set, Sd ← S,

Step 4) For each scenario s ∈ S, compute the distance matrix D(ξs, ξs′), where the entry
ds,s′ = ‖ξs − ξs′‖,∀s, s′ ∈ S

Step 5) Compute ds =
∑ns

k=1
k 6=s

pkdk,s,∀s ∈ Sd,

Step 6) Determine the scenario to be preserved s∗ ∈ arg mins∈Sdds,

Step 7) Update the set of preserved scenarios S∗ = S∗
⋃
{s∗},
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Step 8) Remove the scenario s∗ form the set of scenarios not selected Sd = Sd\{s∗},

Step 9) Repeat steps (4-7) until the number of preserved scenarios is obtained, |S∗| = n∗s,

Step 10) Update the probabilities of selected scenarios p∗s = ps +
∑

k∈S∗s
pk∀s∗ ∈ S∗,

where S∗s = {s ∈ S∗d : s ∈ arg mink∈S∗d (dk,1, dk,2, . . . , dk,n∗s)}.

6.5 Developed Stochastic Centralized Dispatch Scheme

In an ac/dc hybrid smart grid connected to the utility grid through an island intercon-
nection device (IID), a smart grid central controller (SGCC) enables a centralized energy
management system (EMS) to be responsible for scheduling the DGs, ESSs, and EV park-
ing lots. This EMS is assumed to receive the preliminary energy price announced for the
next 24 h and then to exchange the information with the local controllers (LCs) of the
DGs and ESSs, as well as the aggregators (AGs) of the parking lots, as shown in Fig-
ure 6.4. Via two-way communication, it then sends out the appropriate decisions for the
next 24 h: dispatch decisions to the DG controllers, charging/discharging decisions to the
ESS controllers, and charging/discharging decisions to the parking lot AGs. However, the
stochastic nature of the renewable energy, the energy required by regular and EV demand,
and the energy price make the decision-making process challenging. The present work
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Figure 6.4. Developed architecture for the dispatch scheme.

113



consequently introduces a stochastic centralized dispatch scheme, whose functional block
diagram is depicted in Figure 6.5. The dispatch scheme is based on two-stage stochastic
programming [143], with the objective being the minimization of the expected total operat-
ing cost. Explicit representations of the intermittent supply; the uncertain demand, which
includes EVs; and the variable energy price are achieved through stochastic modelling. As
indicated in Figure 6.5, the �rst-stage decision in the dispatch model determines the day-
ahead generation schedule of the dispatchable DG units, while the second-stage decision
speci�es the corrective decisions that occur after additional information about the stochas-
tic power production and consumption becomes available. These corrective decisions, also
known as recourse actions, include day-ahead import/export schedules, day-ahead storage
charging/discharging cycles, and day-ahead EV charging/discharging patterns. It is worth
pointing out that the generation schedule established as the �rst-stage decision yields the
minimum cost for all scenarios under study and is independent of those scenarios. No mat-
ter which scenario might take place on the following day, the operational plan obtained in
the �rst stage is implemented. In contrast, second-stage decisions are scenario-dependent,
meaning that there are as many corrective decisions as the number of scenarios. These
corrective decisions, e.g., those related to export/import and charge/discharge, are made in
the second stage of the optimization process in order to correct for any mismatch between
the available supply and demand. Another important feature is that the �rst-stage and
second-stage decisions are based on daily forecast and historical observations, including
records of the renewable power supply and previous EV arrivals. The forecast data are
updated every 24 h and can be accessed from the forecasting systems, while the historical
data can be retrieved from the data bank.
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Figure 6.5. Functional block diagram of the two-stage stochastic dispatch scheme.
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6.6 Implementation Requirements of the Developed Dis-

patch Scheme

The developed dispatch scheme is a step forward toward the adaptive and cost-e�ective
energy coordination of future ac/dc hybrid smart grids. The dispatch scheme can be
implemented once the pillars of the smart grid, i.e., technology, standards, and policy,
have been established. An additional consideration is that the successful implementation
of our scheme relies on the adherence of the future smart grid and its infrastructure to the
following stipulations:

� The future smart grid must be an independent entity that manages its own assets.

� The future smart grid must have an advanced metering infrastructure (AMI) with
automated and two-way communication capabilities.

� The two-way communication protocol must allow the smart grid to communicate
with an electricity market that broadcasts preliminary real-time energy prices for the
following 24 h.

� The AMI must enable two-way communication between the control center, which is
"the brain of the smart grid," and the local DER controllers and parking lot AGs.

� The control center must be equipped with an EMS in which the developed scheme
can be implemented.

� The EMS must run a multi-period ac/dc hybrid optimal power �ow program and a
two-stage stochastic optimization subroutine every 24 h.

� The EMS must include forecasting and scenario-generation tools, which are required
for the execution of the stochastic dispatch scheme.

6.7 Problem Formulation

In ac/dc hybrid smart distribution systems, the energy scheduling problem is formulated
as a multi-period two-stage stochastic optimization problem with the following objective
function and constraints.

115



6.7.1 Objective Function

The objective is to minimize the expected total operating cost over the scheduling horizon
H, i.e., 24 h, as follows:

min
x=PG

y+s =Pexp,s,P ch
ESS,s,P

ch
Lot,s

y−s =Pimp,s,P
dis
ESS,s,P

dis
Lot,s,∀s∈S

E{ZSS} =
∑
h∈H

∑
b∈BG

Cunitb,h︸ ︷︷ ︸
1st−Stage Obj. Fun.

+
∑
s∈S

ps

(∑
h∈H

(
Cimph,s − Cexph,s︸ ︷︷ ︸

2nd−Stage Obj. Fun.

(6.5)

+
∑
b∈BLot

∑
v∈NEVb

CV 2Gb,v,h,s

))
︸ ︷︷ ︸

2nd−Stage Obj. Fun. con't.

where
E{ZSS}: the expected total operating cost ($);
Cunitb,h : the operating cost of the dispatchable unit at bus b ∈ BG in hour h ∈ H ($);
Cimph,s , Cexph,s : the costs of import and export in hour h and for scenario s ∈ S, respectively,
($);
CV 2Gb,v,h,s

: the V2G cost of vehicle v ∈ NEVb at bus b ∈ BLot in hour h and for scenario s,
respectively, ($);
ps: the probability of scenario s, ∀s ∈ S.

6.7.2 Constraints

The constraints include the multi-period ac/dc power �ow equations, the IC equations,
the EV constraints, the ESS constraints, the dispatchable unit constraints, the network
constraints, and the main grid constraints.

6.7.2.1 Multi-Period AC Power Flow Equations

In an ac/dc hybrid system, the ac power �ow equations are the same as those de�ned for
the ac system. However, to account for the ICs, the power �ow equations for the terminal
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ac buses1 include additional terms, as indicated in the following:

Pb,h,s = |Vb,h,s|
nac∑
k=1

|Vk,h,s||Ybk|cos(δb,h,s − δk,h,s − θbk) + βbk̂bab,h,s|Vb,h,s|cosφb,h,s. (6.6)

Qb,h,s = |Vb,h,s|
nac∑
k=1

|Vk,h,s||Ybk|sin(δb,h,s − δk,h,s − θbk) + βbk̂bab,h,s|Vb,h,s|sinφb,h,s. (6.7)

where
Pb,h,s, Qb,h,s: the active and reactive power injections at bus b in hour h and for scenario s,
respectively;
|Vb,h,s|, δb,h,s: the voltage magnitude and phase angle at bus b in hour h and for scenario s;
|Ybk|, θbk: the magnitude and phase angle of the bkth entry in the ac bus admittance matrix,
respectively;
φb,h,s: the phase angle between the ac voltage and current of the converter at bus b, at
time h, and for scenario s;
ab,h,s: the transformer tap ratio of the converter at bus b, at time h, and for scenario s;

k̂b: the parameter of the converter at bus b.

βb =

{
1 , if bus b is an ac/dc terminal bus, b ∈ Bic,ac ∧ Bic,dc,
0 , otherwise.

6.7.2.2 Multi-Period DC Power Flow Equations

The dc power �ow equation for each time step h,∀h ∈ H, and scenario s, s ∈ S, is de�ned
by

Pb,h,s = Vb,h,s

ndc∑
k=1

GbkVk,h,s − βbVdcb,h,sIdcb,h,s∀b ∈ Bdc (6.8)

where Gbk is the bk
th element in the dc bus conductance matrix, and Idcb,h,s and Vdcb,h,s : the

dc current and voltage of the converter at bus b, in hour h, and for scenario s, respectively.

The active power injected at general bus b ∈ B = Bac ∪ Bdc, where B,Bac,Bdc are the
sets of all buses, ac buses, and dc buses, respectively, must satisfy the active power balance

1The terminal ac/dc buses are those ac/dc buses that are directly connected to ICs.
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equation ∀h, s, as shown in equation (6.9). The reactive power balance equation for each
ac bus b ∈ Bac can be written in a similar manner.

Pb,h,s = PGb,h
+ Pimpb,h,s − Pexpb,h,s︸ ︷︷ ︸

Import/Export Active Power

+P dis
ESSb,h,s

− P ch
ESSb,h,s︸ ︷︷ ︸

ESS Active Power

+ P dis
Lotb,h,s

− P ch
Lotb,h,s︸ ︷︷ ︸

EV Active Power

+ PPVb,h,s + PWb,h,s︸ ︷︷ ︸
Renewable Active Power

− PDb,h,s︸ ︷︷ ︸
Regular Power Demand

,∀b ∈ B (6.9)

where
Pimpb,h,s , Pexpb,h,s : the active power import and export at bus b in hour h and for scenario
s, respectively;
P ch
ESSb,h,s

, P dis
ESSb,h,s

: the ESS charging and discharging active power at bus b in hour h and
for scenario s, respectively;
PPVb,h,s , PWb,h,s

: the active power outputs of the solar- and wind-based DG units at bus b
in hour h and for scenario s, respectively;
PDb,h,s

: the regular active power demand at bus b in hour h and for scenario s;
P ch
Lotb,h,s

, P dis
Lotb,h,s

: the aggregated charging and discharging EV active power at bus b in hour
h and for scenario s, as de�ned by:

P ch
Lotb,h,s

=
∑

v∈NEVb

P ch
EV b,v,h,s

, ∀b ∈ BLot (6.10)

P dis
Lotb,h,s

=
∑

v∈NEVb

P dis
EV b,v,h,s

, ∀b ∈ BLot (6.11)

It should be noted that the active and reactive powers of the dispatchable DG units,
PGb,h

, QGb,h
∀b ∈ BDG, are scenario-independent and represent �rst-stage decisions. In

contrast, the ESS charging/discharging active and reactive power, PESSb,h,s
, QESSb,h,s

∀b ∈
NESS; the active and reactive import power, Pimpb,h,s , Qimpb,h,s ; the active and reactive
export power, Pexpb,h,s , Qexpb,h,s ; and the aggregated EV charging/discharging active and

reactive power, P ch
Lotb,h,s

, P dis
Lotb,h,s

∀b ∈ BLot, are scenario-dependent and represent second-
stage decisions.
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6.7.2.3 Interlinking Converter Constraints

For each time step h,∀h ∈ H, and scenario s, ∀s ∈ S, the converter located at bus
b,∀b ∈ Bac ∧ Bdc, is described by (6.12)-(6.16) [146], which are included in the problem
formulation as equality constraints for the selection of the converter's optimal settings.

Vdcb,h,s − k̂bab,h,s|Vb,h,s|cosφb,h,s = 0 (6.12)

Vdcb,h,s − k̂bab,h,s|Vb,h,s|cosαb,h,s +
3

π
Idcb,h,sXicb = 0 (6.13)

PGb,h,s
− PDb,h,s

− Vb,h,s
ndc∑
k=1

VkGbk − Vdcb,h,sIdcb,h,s = 0 (6.14)

Vdcb,h,s − V
spec
dcb

= 0 (6.15)

cosφb,h,s − cosφspecb = 0 (6.16)

Where αb,h,s is the �ring angle of the converter at bus b in hour h and for scenario ,s, Xicb :
the commutation reactance of the converter at bus b.

The dc voltage Vdc and the power factor cosφ have been selected as control variables
and are kept constant for all time steps, ∀h ∈ H, and scenarios, ∀s ∈ S, as shown in (6.15)
and (6.16).

6.7.2.4 Electric Vehicle Constraints

An EV being charged at a parking lot located at bus b ∈ BLot ⊂ B, in hour h ∈ H, and
for scenario s ∈ S, is described by the charging and discharging active power denoted by
P ch
EVb,v,h,s

and P dis
EVb,v,h,s

∈ R+, respectively, and is de�ned by (6.17) and (6.18).

P ch
EV b,v,h,s

≤ P rate
EVb,v,s

U ch
EV b,v,h,s

,∀b, v, h, s (6.17)

P dis
EV b,v,h,s

≤ P rate
EVb,v,s

Udis
EV b,v,h,s

,∀b, v, h, s (6.18)

where
P rate
EVb,v,s

: the uncertain charging level permitted by vehicle v at bus b and for scenario s;

U ch
EV b,v,h,s

, Udis
EV b,v,h,s

: the charging and discharging decisions for vehicle v being charged at

bus b in hour h and for scenario s, U
ch/dis
EV b,v,h,s

∈ {0, 1}.
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Charging and discharging are mutually exclusive events, as indicated by

U ch
EV b,v,h,s

+ Udis
EV b,v,h,s

≤ 1,∀b, v, h, s (6.19)

Given the initial energy Eint
EV at arrival time Ta, the energy stored in vehicle v, v ,

{1, 2, . . . , nEVb}, connected at bus b ∈ BLot is updated at the end of the charging interval
h ∈ H, as follows:

EEVb,v,h,s = Eint
EV b,v,s

+
h∑

k=Ta

∆EEVb,v,k,s ,∀b, v, h, s (6.20)

where

∆EEVb,v,k,s = (ηchEV b,v
P ch
EV b,v,k,s

−
P dis
EV b,v,k,s

ηdisEV b,v

)∆h (6.21)

where
∆h: the charging time interval in hour h;
ηchEV b,v,s

, ηdisEV b,v,s
: the charging and discharging e�ciencies of vehicle v at bus b, respectively.

Throughout the scheduling period, the stored energy EEVb,v,h,s must not exceed the
upper and lower limits, Emax

EV b,v
, Emin

EV b,v
, as described by

Emin
EV b,v

≤ EEV b,v,h,s
≤ Emax

EV b,v
,∀b, v, h, s (6.22)

To meet the set of constraints imposed by the vehicle owner, i.e., the parking duration (Tp)
and the energy required (Ereq

EV ), the energy delivered must match the energy required by
the end of the parking duration, which is expressed as

Ta+Tp∑
h=Ta

∆EEV b,v,h,s
= Ereq

EV b,v,s
,∀b, v, s (6.23)

It is worth noting that the total charging and discharging power during any time interval
must not exceed the rating of the parking lot's transformer, SmaxLotb

, at bus b ∈ BLot, as
indicated by the following:

nEV b∑
v=1

P ch
EVb,v,h,s

≤ ΨLot,bS
max
Lotb

, ∀b, h, s (6.24)

nEV b∑
v=1

P dis
EV b,v,h,s

≤ SmaxLotb
, ∀b, h, s (6.25)
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where ΨLot,b ∈ [0, 1] indicates that the system operator can control the total parking lot
demand at bus b if the system performance is in danger.

EV battery degradation due to V2G can be modelled by incorporating the cost com-
ponent in (6.26)-(6.28) [82] into the objective function (6.5) and the set of constraints
speci�ed in (6.29) and (6.30).

CV 2Gb,v,h,s
= Cdis

EVb,v,h,s
+ Cdeg

EVb,v,h,s
(6.26)

where

Cdis
EVb,v,h,s

= (P dis
EVb,v,h,s

∆h)cdisb,h,s (6.27)

Cdeg
EVb,v,h,s

=

∣∣∣∣kBat100

∣∣∣∣ (P dis
EVb,v,h,s

∆h

ηdisEVb,v

)
CBat (6.28)

where
Cdis
EVb,v,h,s

, Cdeg
EVb,v,h,s

: the discharging and degradation costs of vehicle v plugged in at bus b
during hour h and for scenario s;
cdisb,h,s : the cost of the kWh discharged at bus b during hour h and for scenario s;
kBat: the slope of the linear approximation of the battery life as a function of the charg-
ing/discharging cycles [82];
CBat: the battery cost ($/kWh).

Equation (6.29) prevents frequent discharging by limiting the number of discharging
events to some constant βv ∈ N+, whereas (6.30) avoids deep discharging by limiting the
amount of energy released during each cycle to some percentage γv ∈ [0, 1] of the battery
capacity.

Ta+Tp∑
h=Ta

Udis
EVb,v,h,s

≤ βv, ∀b, v, s, (6.29)

P dis
EVb,v,h,s

∆h ≤ γvη
dis
EVb,v

Ecap
EVb,v,s

∀b, v, h, s (6.30)

6.7.2.5 Energy Storage System Constraints

The power injection of the ESS located at bus b, ∀b ∈ BESS, is bounded by the charg-
ing/discharging rate, as speci�ed by the following:

P ch
ESSb,h,s

≤ P rate
ESSb

U ch
ESSb,h,s

,∀b, h, s (6.31)

P dis
ESSb,h,s

≤ P rate
ESSb

Udis
ESSb,h,s

,∀b, h, s (6.32)
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where
U ch
ESS, U

dis
ESS: the charging and discharging decisions, respectively, U

ch/dis
ESS ∈ {0, 1}.

The charging and discharging must not occur simultaneously, as indicated by the fol-
lowing:

U ch
ESSb,h,s

+ Udis
ESSb,h,s

≤ 1,∀b, h, s (6.33)

The energy stored during time interval h ∈ H and for scenario s ∈ S is updated
according to (6.34) and (6.35):

EESSb,h,s
= Eint

ESSb
+

h∑
k=h0

∆EESSb,k,s
∀b, h, s (6.34)

where

∆EESSb,k,s
= (ηchESSb

P ch
ESSb,k,s

−
P dis
ESSb,k,s

ηdisESSb

)×∆h (6.35)

where
Eint
ESSb

: the initial energy stored in the ESS at bus b;
EESSb,h,s

: the energy stored in the ESS at bus b during hour h and for scenario s;
ηchESS, η

dis
ESS: the charging and discharging e�ciency, respectively.

At any given time, h ∈ H, the energy stored in the ESS is bounded by the upper and
lower bounds , Emax

ESSb
and Emin

ESSb
, as expressed by the following:

Emin
ESSb

≤ EESSb,h,s
≤ Emax

ESSb
,∀b, h, s (6.36)

6.7.2.6 Dispatchable Unit and Network Constraints

An additional set of constraints are related to the dispatchable units and the network.
These constraints are common in the literature, and thus; the reader can refer to the
literature such as [147] for additional details.
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6.8 Test System and Simulation Results

6.8.1 System Description

A 12.66 kV 38-bus radial distribution system was modi�ed to form an ac/dc hybrid system.
The original system data are available in [103]. At buses with parking lots, the active power
demand was replaced by the EV demand. The reactive power demand at the dc buses was
set to zero. The resulting hybrid system, shown in Figure 6.6, has a total regular active
and reactive power demand of 3.085 MW and 0.89 Mvar, respectively.
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Figure 6.6. 38-bus ac/dc hybrid smart distribution system.
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This hybrid system has two dc segments (3-23) and (6-26) connected to the ac side
through two 12.66/0.96 kV transformers and bidirectional interlinking converters, IC #
1 and IC # 2. The IC parameter settings are listed in Table 6.1. Based on the criteria
speci�ed in [92], the dc voltage was selected to be 2.0 kV. The MVA and ac/dc base voltage
values chosen were 1 MVA and 12.66/2.0 kV, respectively. The 12.66/2.0 kV hybrid smart
grid is connected to the main ac grid through the substation S/S located at bus 1, which
functions as a slack bus for the smart grid. An assumption worth mentioning is that
the locations and sizes of the smart grid resources were determined based on the results
of the planning stage. The local generation includes eight dispatchable DG units, six of
which are ac and are located at buses 4, 10, 16, 22, 34, and 37. These units operate at
a 0.95 leading power factor, which is within the range speci�ed by Hydro One, Ontario,
Canada [148]. The other two dispatchable units are dc and are placed at buses 27 and
33. The dispatchable units are numbered in ascending order from the least to the most
expensive unit. The data for the dispatchable DG units were derived from [149] and [150],
and are listed in Table 6.2. In addition to dispatchable units, the local supply includes an
ESS plus renewable DG units. The ESS, which has a capacity of 2 MWh and a rating of
0.5 MW, is located at bus 38. The ESS charging and discharging e�ciencies are taken as
90 %. The renewable power supply is comprised of one PV system with a capacity of 0.5
MW, located at bus 29, and one wind turbine (WT) with a capacity of 0.5 MW, located at
bus 17. The wind and solar power generation represents about 31.14 % of the total system
regular load.

Table 6.1. Parameter Settings for the Interlinking Converters

IC AC DC Vdc cosφ Xic k̂ Smaxic

# Bus Bus (p.u.) (p.u.) (p.u.) � (p.u.)

1 3 23 1.0 0.950 0.0350 1.3505 1.8

2 6 26 1.0 0.975 0.0378 1.3505 2.4

The system also includes two parking lots for EV charging, Lot1 and Lot2, which
have respective capacities of 0.80 MW and 0.40 MW and are located at buses 24 and
32, respectively, as shown in Figure 6.6. The EV batteries are assumed to be lithium-
ion batteries. Lot1 and Lot2 contain 100 and 50 two-level chargers, respectively, each
of which has a charging rate of 7.2 kW, as recommended by the US standards for EV
charging [151]. The EV charging and discharging e�ciencies are taken as 95 %. The
authors wish to emphasize that any losses incurred as a result of battery e�ciency are
subject to the contract between the system operator and the AG, and any costs related
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Table 6.2. Dispatchable Unit Data

Unit Unit Bus SG,max PG,max PG,min a b c

Type # # kVA kW kW ¢/h ¢/kWh ¢/kWh2

AC

1 4 750 600 100 5 4 0.0010

2 10 750 600 100 5 6 0.0020

3 16 500 400 100 10 8 0.0025

4 22 400 300 50 12 10 0.0020

5 34 400 300 100 10 9 0.0020

6 37 120 100 50 20 17 0.0012

DC
7 27 � 200 100 22 18 0.0028

8 33 � 100 50 24 20 0.0032

to charging and discharging losses can thus be passed on to the EV owners or the system
operator, depending on the business model in place. The EV penetration level represents
about 35 % of the total system demand.

The real-time price (RTP) �uctuates during the day based on conditions in the whole-
sale market. For this reason, the historical RTP data provided in [152] has been used for
modelling the RTP forecasting error: the best distribution is determined and the statis-
tical parameters are estimated using the maximum likelihood method [138]. As shown in
Figure 6.7, the RTP forecasting error was found to follow a t location-scale distribution
rather than a normal distribution and was simulated by means of a Monte Carlo simulation
method.
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Figure 6.7. Real-time energy price forecasting error.
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The hourly RTP pro�le used in the simulations is shown in Figure 6.8.
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Figure 6.8. Real-time energy price pro�le.

The forecasting error for the regular demand, which follows a Gaussian distribution
[153], was also simulated for the 10 scenarios shown in Figure 6.9 (a). For a 24 h period,
Figure 6.9 (b) and 6.9 (c) show 10 scenarios each for solar and wind power generation,
respectively. Additional 10 scenarios for the EVs have been generated based on historical
data for workday arrival rates and parking durations for conventional vehicles, which were
collected from public parking lots in Toronto, Canada [137]. It is worth noting that the
total number of scenarios ns, resulting from all possible combinations of the solar power
scenarios npv, wind power scenarios nw, regular power demand scenarios nd, EV scenarios
nv, and energy price scenarios np is npvnwndnvnp. Each scenario has a probability of 1

ns
.

The use of a fast forward scenario reduction technique [144] enabled the number of scenarios
simulated to be reduced from 105 to 101.

6.8.2 Simulation Results

6.8.2.1 First-Stage Decision

The �rst stage of the dispatch model is the creation of the day-ahead generation schedule.
The results for the dispatchable DG units are shown in Figure 6.10 and Table 6.3. To
supply the base load, units 1 and 2, the least expensive units, operate at their maximum
capacities (600 kW) most of the time. Unit 3 is turned on from 6:00 A.M. to 10:00 P.M.
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Figure 6.9. 10 scenarios for: (a) regular demand; (b) solar power; (c) (−) correlated wind
power; (d) (+) correlated wind power.

and during those hours also operates at its maximum capacity (400 kW) most of the time.
However, it is turned down during the o�-peak period around 2:00 PM. Unit 4, with a
capacity of 300 kW, is brought into service during high demand periods, and its output is
reduced between the two peak periods. Unit 5, with a capacity of 300 kW, is also switched
on during peak periods and then brought down to its minimum at 2:00 P.M. Unit 6, with
a capacity of 100 kW, is turned on for only three hours during the �rst peak (10:00 A.M.
to 1:00 P.M.) and for two hours during the second peak (6:00 P.M. to 8:00 P.M.). Due
to the high cost of running them, units 7 and 8, with capacities of 200 kW and 100 kW,
respectively, are not turned on for the entire operational day.

6.8.2.2 Second-Stage Decision

In the second stage, when complete information about the random events becomes avail-
able, the central controller makes corrective, or recourse, decisions, which include im-
port/export scheduling, ESS charging/discharging, and EV charging/discharging. The
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Table 6.3. Generation Schedule for the Dispatchable DG Units, in kW

Unit Time A.M. P.M.

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12

1 545.5 600 600 600 600 600 600 600 600 600 600 600 600 600 600 600 600 600 600 600 600 600 600 540

2 439.1 446.2 445.9 444.5 493.5 513.7 600 600 600 600 600 600 600 588.9 600 600 600 600 600 600 600 563.2 442.4 466.4

3 1.89 104.5 400 400 400 400 400 289.9 70.7 400 400 400 400 400 400 100 27.6

4 266.7 300 300 300 300 50 37.5 300 300 300 300 300 300 50

5 30 300 300 300 300 300 151.6 30 300 300 300 300 300 300 100

6 100 100 100 91.9 100

7

8

optimal generation and import/export schedules, as well as the ESS charging/discharging
cycles and EV charging pro�les for one scenario are depicted in Figure 6.11. As indicated
in the �gure, the power delivered to the system is comprised of the dispatchable DG power
generation, the renewable power generation, the ESS discharging power, and the power
imported from the main grid. The power consumed, however, includes the regular de-
mand, the EV demand, the ESS charging power, and the power exported to the main grid.
Whenever the EV parking durations permit an attempt to avoid an excessive increase in
peak demand, the central controller sends charging decisions to the AGs of parking lots
Lot1 and Lot2 in order to shift the EV charging to o�-peak periods. As shown in Figure
6.11, based on the decision received, the AGs of Lot1 and Lot2, allow the EVs to charge
during o�-peak periods. Coordinated charging of the EVs located at Lot1 and Lot2 during
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periods of lower pricing and o�-peak demand ensures better utilization of utility resources
and lower charging rates for EV owners. In addition to the EV charging pro�le, Figure 6.11
also indicates that the ESS starts the daily charging/discharging cycle by charging early in
the morning during low pricing periods and then discharging during the peak periods from
10:00 A.M. to 1:00 P.M. and 5:00 P.M. to 9:00 P.M. During the o� peak period around 2:00
P.M., when the energy price drops, the ESS charges at maximum capacity and releases
the stored energy later on during the second peak period at 5:00 P.M. to 9:00 P.M. A
�nal observation is that, due to system loss considerations, the total power production, as
indicated by the entire positive area in Figure 6.11, is slightly larger than the total power
consumption, designated by the entire negative area in Figure 6.11.
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Figure 6.11. Generation and demand pro�les for one scenario.

6.8.2.3 Including Representation of EV Battery Degradation

Including V2G EV battery degradation in the dispatch scheme can have an impact on the
daily energy cost and on the number of charging/discharging cycles, which was demon-
strated through the implementation of the following four case studies:
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Case 1 Unrestricted V2G

Case 2 V2G with limiting frequent discharging

Case 3 V2G with limiting frequent and deep discharging

Case 4 V2G with limiting frequent and deep discharging plus the inclusion of costs asso-
ciated with discharging and battery degradation

In case 1, the V2G is represented neither in the objective function nor in the constraints of
the dispatch model; i.e., (6.26)-(6.30) are not included in the problem formulation. In case
2, the V2G is restricted by limiting the number of discharging times; i.e., the constraint
expressed in (6.29) is introduced into the dispatch model. In case 3, not only is frequent
charging limited but deep discharging is also prevented; i.e., (6.29) and (6.30) are included
in the dispatch model. In case 4, in addition to limiting frequent and deep discharging, the
battery degradation is also represented by a V2G cost; i.e., (6.26) is incorporated into the
objective function. The simulation results for the four cases are tabulated in Table 6.4. As
shown in this table, when V2G is unrestricted (case 1), the expected total operating cost is
the lowest ($19,818.74), while the number of discharging events occurring at each parking
lot (Lot1 and Lot2) is the highest (83 and 53 times, respectively). The V2G cost, which is
not incorporated into the objective function, is $1,208.49. In case 2, when the number of
discharging events per EV battery is restricted in order to preserve its e�ciency, the daily
energy cost is higher ($19,822.03), while the number of discharging events is reduced in both
Lot1 and Lot2 to 72 and 44, respectively. As a result of less discharging, the cost associated
with V2G is lowered ($1,053.60). In case 3, when the restriction on deep discharging is
introduced into the dispatch scheme, the expected energy cost goes up to $19,904.68 due
to the lower amount of energy injected back into the grid at the parking lots during peak
periods. However, the number of discharging events at Lot1 and Lot2 has been further
reduced to 57 and 35, respectively. Consequently, the cost that the system operator incurs
due to EV battery discharging and degradation is reduced to $809.78. In case 4, when V2G
cost minimization is part of the system operator's objective, the dispatch scheme excludes
the option of purchasing energy from the EV parking lots (column 6 in Table 6.4). This
adjustment can be attributed to the fact that V2G is still an expensive option for the
system operator due to the high EV battery discharging and degradation costs per kWh.
According to the U.S. energy department, for energy storage to be competitive with other
energy resources, its cost must not exceed 150$/kWh [154].
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Table 6.4. E�ects of Including EV Battery Degradation

Case 1 Case 2 Case 3 Case 4

Costs ($)

E{ZSS} 19,818.74 19,822.03 19,904.68 20,087.31

Cunit 25,325.08 25,332.61 25,315.27 25,354.23

Cimp 6,882.13 7,097.80 6,997.57 6,430.81

Cexp 12,388.46 12,608.38 12,408.17 11,697.74

CV 2G 1,208.49 1,053.60 809.78 0.0

# of Lot1 83 72 57 0.0

Discharging Times Lot2 53 44 35 0.0

6.8.2.4 Renewable Power Correlation vs. Expected Energy Cost

To investigate the correlation between solar and wind power, a comparative analysis of
expected operating costs was carried out. It was found that when solar and wind power
are positively correlated and when demand peaks during the day (Figure 6.9 (a), (b), and
(d)), the expected overall cost is $19,363.52, which is lower than when they are negatively
correlated ($20,087.31) (Figure 6.9 (b) and 6.9 (c)). The reason for this e�ect is that
positive correlation allows most of the peak demand to be supplied by renewable power,
which is obtained at no cost. It should be emphasized that a positive correlation can have
a positive impact on energy cost only if the peak demand occurs around midday. If a
high late evening peak demand does exist, then a negative correlation can reduce expected
operating costs. In addition, because the correlation between solar and wind power is
location-dependent, no statement can be generalized, although it has been proven that the
correlation between the two is negative in some countries [155].

6.8.2.5 Importance of the Stochastic Dispatch Model

To demonstrate the necessity for the stochastic model, two measures have been employed:
the expected value of perfect information (EVPI) and the value of the stochastic solution
(VSS) [143]. The EVPI re�ects the expected amount of money the decision maker would
be willing to pay in order to acquire perfect information about the future [143]. The EVPI
can be obtained mathematically by �nding the di�erence between the recourse problem
solution, referred to as the stochastic solution (SS), and the wait-and-see solution (WSS).
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When the stochastic model is used, the SS is de�ned as the expected cost, denoted by
E{ZSS} and obtained as follows:

E{ZSS} = Z1 +
∑
∀s

psZ2(s) (6.37)

where
Z1, Z2 are the �rst- and the second-stage objective function values, respectively.

As shown in equation (6.37), the SS is obtained by summing the �rst-stage objective
function value and the expected value of the second-stage objective function, which is
obtained from the weighted sum of the second-stage objective values.

When the deterministic solution (DS) is obtained, based on complete information about
the behaviour of the random variables in the future, the WSS is de�ned as the expected
cost. Simply put, it represents the average cost associated with all possible scenarios.
Mathematically, the WSS, denoted by E{ZDS|S}, can be evaluated by executing the deter-
ministic model for each scenario and recording the corresponding cost, The WSS is then
de�ned by the average cost, as described in Algorithm 1.

Algorithm 1 Wait-and-See Solution (WSS)

1: for each scenario s ∈ {1, 2, . . . , ns} do
2: /* Solve the deterministic model and record the corresponding cost ZDS|S=s
3: end for
4: Given the total number of scenarios ns, calculate E{ZDS|S} = 1

ns

∑ns

s=1 ZDS|S=s

Once the SS and WSS are obtained, the EVPI can be determined from the following:

EVPI = E{ZSS} − E{ZDS|S} (6.38)

where E{ZSS} is the expected cost of the SS, and E{ZDS|S} is the expected cost of the
DS, given scenario s,∀s ∈ S.

The VSS re�ects the expected amount of money that the decision maker can save if
the uncertainty is explicitly modelled and the stochastic model is applied. The VSS is
de�ned mathematically as the di�erence between the expected cost of using the expected
value solution (EEV) and the SS. The EEV is de�ned as the expected cost when the DS is
applied without complete information about the future, e.g., supply and demand. Simply
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put, it represents the expected cost of applying the deterministic model while a random
variable deviates from its mean value. Computationally, the EEV, denoted by E{ZSS|DS},
can be evaluated by executing the stochastic model with the �rst-stage decisions kept �xed.
The VSS can then be obtained from the following:

VSS = E{ZSS|DS} − E{ZSS} (6.39)

where E{ZSS|DS} is the expected cost of the SS given the DS of the �rst-stage decision
variables.

Table 6.5 shows the EVPI and VSS related to the expected costs associated with the
ac/dc hybrid smart grid under study. The table reveals that if it were possible to have
complete information about the renewable power supply and demand including EVs 24
h ahead, the expected cost would be reduced from $20,087.31 to $19,003.74. The EVPI
also indicates that it would cost the decision maker $1,083.57 to acquire perfect infor-
mation about the uncertain renewable energy supply and demand. In addition, if the
deterministic model were used without accurate information about the stochastic power
generation and consumption, the expected energy cost would be as high as $21,125.71.
The VSS reveals that modelling the uncertainty would reduce the smart grid expenses on
average by $1,038.40. Another interpretation of the VSS is that the decision maker would
be expected to sacri�ce this amount of money ($1,038.40) if the stochastic model were
not favourable. A large VSS means that the stochastic model performs well compared to
its deterministic counterpart when day-ahead smart grid operations are conducted in an
uncertain environment. Most importantly, since the future supply and demand cannot be
predicted accurately and the deterministic model would produce a high energy cost on
average ($21,125.71), the stochastic model is the best option because it yields an expected
energy cost of $20,087.31.

Table 6.5. Expected Costs, VSS, and EVPI

E{ZSS} E{ZDS|S} E{ZSS|DS} EVPI VSS

20,087.31 19,003.74 21,125.71 1,083.57 1,038.40

6.8.3 Computational Aspects

The stochastic dispatch scheme that has been developed is classi�ed as a large-scale mixed
integer nonlinear programming problem (MINLP). An optimization problem of this na-
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ture, with integer requirements and highly nonlinear power �ow equations, is non-convex
and di�cult to solve. As a result, some commercial solvers rely on the convexifying of the
problem and the relaxing of the integer variables in order to solve the MINLP problem.
However, the problem at hand was solved by a simple branch and bound solver (SBB) [156],
an MINLP solver in GAMS [157]. The SBB solver combines the classical branch and bound
method (B&B) known from mixed integer programming (MIP) with the standard nonlinear
programming (NLP) solvers already supported in GAMS. The SBB solver supports di�er-
ent types of discrete variables, including binary and integer variables. Our dispatch model
includes seven binary variables: the on or o� dispatchable unit status, UG; EV charging
and discharging decisions, U ch

EV , U
dis
EV ; ESS charging and discharging decisions, U ch

ESS, U
dis
ESS;

and import and export decisions, Uimp, Uexp.

It is worth mentioning that adding a dispatchable DG unit to the system will increase
the number of binary variables by only 1. Placing another ESS will increase the number
of binary variables U ch

ESS and Udis
ESS by 2ns, where ns is the number of scenarios. However,

including an extra parking lot with EV charging capability in the system will increase
the number of binary variables for each scenario by twice the number of EVs that can
be plugged in simultaneously; i.e., each new EV in the system will be associated with two
binary variables: U ch

EVv
, Udis

EVv
,∀v. Thus, the dispatch problem scales poorly with the number

of EV parking lots. A convex relaxation approach such as semide�nite programming can
be used to reformulate the non-convex dispatch problem and obtain its convexi�ed version.

Network size can also increase the computational burden, but with less computational
complexity than that created by additional EV parking lots. The reason for this discrep-
ancy arises from the assumption that all ac buses are constant PQ buses and all dc buses
are constant P buses, which means that each ac bus is associated with two unknown state
variables, bus voltage magnitude, |Vac|, and phase angle, δ, and that each dc bus is asso-
ciated with one unknown state quantity: bus voltage magnitude, Vdc. Adding another ac
bus will increase the number of state variables by 2ns. Similarly, and analogously to the
ac subsystem, adding one dc bus will increase the number of unknown dc voltages by ns.
Nevertheless, the bus voltage magnitude and phase angle are continuous state variables,
which means that the integer requirements will not change as the size of the network grows.

The number of scenarios, ns, is another contributor to computational complexity. A
large number of scenarios will capture a wide spectrum of the uncertainty but only at the
expense of increased computational time and memory requirements. A scenario reduction
technique can aggregate similar scenarios and identify ones that have a high probability of
occurring. In addition to scenario reduction, a decomposition method can also be used to
split the dispatch problem into subproblems that can be solved separately. With respect
to convergence to the global solution, our dispatch problem is non-convex in nature with

134



multiple peaks and valleys, and the global optimal solution is hence not guaranteed unless
we use a global optimization method and allow for a "theoretically in�nite" computation
time. A global optimization method based on heuristics can be used to �nd the global
optimum, but the drawback of such a method is the lack of mathematical proof for its
convergence to the global optimum.

The simulations reported were carried out on an LG desktop computer with an Intel
(R) Core (TM) i5-3470 CPU @ 3.20 GHz. The solver settings and the model statistics are
listed in Table 6.6.

Table 6.6. Solver Settings and Model Statistics

Solver Settings

- Iteration limit 9.00E+09

- Time limit (sec) 86400

- Gap tolerance 1.00E-06

Model Statistics

- No. of equations 496,010

- No. of variables 385,294

- No. of binary variables 105,576

- Execution time (sec) 10,034.62

6.9 Discussion

Future smart grids are envisioned to have an ac/dc hybrid structure that will host a variety
of dc technologies, such as renewable DGs, ESSs, and EVs. An e�cient dispatch scheme
that can ensure optimal utilization of ac/dc smart grid resources is therefore a fundamental
requirement. A smart grid dispatch scheme must account for the variability inherent in
renewable energy and demand. For these reasons, this chapter has presented a stochastic
dispatch scheme for ac/dc hybrid smart grids. The stochastic dispatch model is comprised
of two stages. The �rst establishes the generation schedule for the next 24 h, while the
second determines the import/export schedule, the ESS charging/discharging patterns, and
the EV charging/discharging pro�le for each possible scenario. The developed dispatch
model was tested on a 38-bus ac/dc hybrid system. The test results reveal that the new
dispatch model can e�ciently schedule power production and consumption for day-ahead
ac/dc smart grid operation under uncertainty.
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With respect to the developed two-stage stochastic dispatch scheme, the following com-
ments should be noted:

1) The �rst-stage objective value Z1st, i.e., the cost of running the dispatchable units,
is "optimal or near optimal" over the set of scenarios under study. That is to say, no
matter which scenario might occur on the following day, the �rst-stage decision, i.e.,
the schedule of dispatchable generation, is the most economical generation schedule.

2) In practice, a two-stage stochastic model is needed because only one decision is
required: the most feasible for implementation. Second-stage decisions are corrective
decisions resulting from making the �rst-stage decision. In the present case, the
�rst-stage decision is the operational plan for the following day: the one-day-ahead
generation schedule. The second-stage decisions are scenario-based and represent the
hourly import/export and charging/discharging decisions for establishing a speci�c
generation level for each hour.

3) The major di�erence between a multi-stage stochastic model and any other model
based on a Monte Carlo simulation is that the former results in one decision, the �rst-
stage decision, that is feasible and implementable. In contrast, the latter produces
many decisions, one for each scenario, with each one being feasible only for the
corresponding scenario. Furthermore, in practice, none of the individual decisions
can be executed due to the lack of information about which scenario is going to
occur on the following day.
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Chapter 7

Conclusion, Contributions, and FutureWork

7.1 Conclusions

The eager and tenacious e�orts of power system planners and operators to develop sophis-
ticated computer programs and architectures for the enhancement of system performance
will assuredly continue. One dominant trait of system planners' endless attempts is per-
haps the hybridizing of existing ac grids with dc and the designing of newly structured
ac/dc hybrid systems. Another widely accepted innovative idea is to cluster the power
distribution grid into small subsystems designated microgrids. Microgrids can be of ac
or dc types, and either stand-alone or intertied with the main grid or with neighbouring
microgrids. The research presented in this thesis was oriented toward enabling the new
ac/dc hybrid microgrid (HMG) paradigm to accommodate a variety of distributed energy
resources (DERs) and controllable loads. The work has resulted in the accurate modelling
of the distinctive features of islanded HMGs, such as the inherent coupling between the
frequency and dc voltage in order to 1) develop generalized steady-state models for the
system components; 2) develop e�ective steady-state analysis tools; and 3) address se-
lected operational challenges, such as imprecise power sharing and voltage collapse during
islanding conditions as well as stochastic energy management during grid interfacing.

E�ective management of HMGs necessitates a steady-state modelling and power �ow
analysis tool that is able to extract system operating conditions, including the operating
frequency, ac/dc voltages, ac/dc power �ows, and the amounts and directions of power
transfers through the interlinking converters (ICs) that interface the ac and dc subgrids.
The third chapter described the development of a uni�ed power �ow formulation and its
validation against a detailed time-domain model. The simulation results revealed that
operational challenges would arise in HMGs during grid-connected or islanded operation
modes. The developed uni�ed power �ow algorithm (UPF) can serve as a valuable tool
that can enable system planners and operators to evaluate the possibility of hybridizing
existing ac distribution grids to include dc and the feasibility of designing new distribution
grids that contain multiple ac/dc microgrids.

Among the operational challenges is exact proportional power sharing for droop-controlled
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DERs and ICs during islanding. Inaccurate power sharing could result in the overloading
of some converters, with the consequent triggering of overcurrent protection relays and the
activation of load shedding schemes. These concerns led to the development of an optimal
universal power sharing scheme capable of achieving exact simultaneous power sharing
in the entire HMG. The case studies conducted demonstrated that several contributing
factors, such as line parameters, system loading, and topology, can alter the active and
reactive power shares among the DERs and among the ICs. The developed power sharing
scheme can be implemented in the HMG supervisory controller, which in turn, sends out
the optimized droop settings to local droop controllers.

The research presented in this Ph.D. dissertation also included an investigation of the
problem of steady-state voltage instability/collapse in islanded HMGs. Despite the fact
that ac distribution feeders are normally short and have low X/R ratios, medium- and
low-voltage distribution systems can still be subject to a voltage instability/collapse prob-
lem, especially in the case of islanded microgrids characterized by limited reactive power
capability, constant power loads, and vulnerability to contingencies. The problem of volt-
age instability was also observed in islanded dc microgrids that have constant power loads
during contingencies. A number of factors can a�ect voltage stability in microgrids; some
are speci�c to each microgrid type and others are common, regardless of microgrid type.
In ac microgrids, the loadability margin can be signi�cantly a�ected by 1) the reactive
power capability of synchronous-based DERs; 2) the reactive power droop characteristics
of droop-controlled distributed generation (DG) units; and 3) ac load characteristics, such
as their operating power factors and their behaviour when voltage declines in steady state.
In dc microgrids, a voltage instability problem can be triggered by 1) the droop charac-
teristics of droop-based DGs, 2) the resistances of dc feeders, and 3) the power demands
of dc loads. In HMGs, in addition to the above factors for ac and dc microgrids, voltage
stability in either the ac or dc subgrid is also sensitive to 1) the amount and direction of
power transfers, 2) the droop characteristics of the ICs, and 3) the number and locations of
the interfacing points between the ac and dc subgrids. By switching from current-control
mode to voltage control mode, an IC can provide voltage support and assist an individ-
ual subgrid that operates near its voltage stability limits. To increase its voltage support
capability, each IC can be paired with a distributed energy storage (DS) unit.

The operational challenges associated with HMGs are not limited to islanded conditions.
The operation and control of HMGs with renewables and electric vehicles (EVs) while in-
terfaced with the main grid or other microgrids are also challenging. The stochastic nature
of renewable-based DERs and EVs adds to the di�culty of operation and control. The re-
search presented in this thesis included a close look at the problem of energy management
when an HMG is hosted by the main grid. The investigation revealed that the daily oper-
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ational cost can be reduced by e�ective energy coordination. In particular, incorporating
the charging/discharging �exibility of DSs and plug-in EVs into the daily operation routine
o�ers a system operator the opportunity to maneuver energy production and consumption
in order to achieve technical and cost objectives.

7.2 Contributions

The studies undertaken for this doctoral thesis have led to a number of contributions in
the area of HMGs. Highlights of the core contributions of the completed work include the
following:

1) The development of a uni�ed approach to the power �ow analysis of HMGs: This
research has contributed to the area of HMGs through the development of a gener-
alized and uni�ed power �ow algorithm for steady-state analysis during islanding.
Di�erent droop characteristics for DERs were incorporated within the developed al-
gorithm such as (ω-P ) droop characteristics for voltage-controlled DERs and their
inverse (P -ω) droop characteristics for current-controlled DERs. Furthermore, three
control strategies for ICs were implemented. A power transfer dead zone was intro-
duced in the IC droop characteristics in order to avoid an unnecessary operation of
the ICs when the loading di�erence between ac and dc subgrids is insigni�cant, e.g.,
< 5%. The developed power �ow approach is �exible and can easily accommodate
any changes in system topology or in the operating modes of the DERs and ICs. Such
a full-featured power �ow algorithm serves as a steady-state power analysis tool that
enables system planners to explore the possibility of hybridizing existing ac grids by
incorporating their dc counterparts.

2) The development of a precise and universal power sharing scheme in droop-controlled
HMGs: The work presented in this thesis has resulted in the development of a uni-
versal power sharing scheme for droop-controlled HMGs that is able to achieve pro-
portional power sharing not only among DERs in each subgrid but also among ICs.
To consider the inherent coupling between the frequency and dc voltage, ac/dc droop
characteristics were adopted for ICs in order to determine the amount and direction
of the power transfer that facilitates precise proportional power sharing. The devel-
oped power sharing scheme can be readily implemented in the supervisory centralized
controller with low-bandwidth communication requirements.
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3) The investigation of the voltage instability/collapse problem in islanded HMGs during
contingencies: The occurrence of voltage collapse in an islanded HMG during contin-
gencies has been investigated. The voltage stability analysis showed the possibility of
the occurrence of the voltage collapse phenomenon in microgrids under contingencies
during islanding.

4) The development of a centralized stochastic dispatch scheme for smart ac/dc hybrid
distribution systems: The developed dispatch scheme provides probabilistic modelling
of the uncertainties associated with a renewable power supply, conventional power
demand, EV power demand, and electricity pricing. A scenario reduction technique
was applied in order to aggregate a large number of scenarios while keeping most
of the stochastic information. The resultant stochastic scheme is computationally
attractable. To ensure the applicability of the developed dispatch scheme, the EV
battery degradation was modelled in order to avoid frequent and deep discharging.

7.3 Directions for Future Work

Although the four main components of this thesis introduced in chapters three to six
have contributed to current research in the area of HMGs, some limitations remain to be
addressed. As a continuation of the work presented, the following research directions are
suggested for future studies:

� Extension of the developed uni�ed power �ow for unbalanced three-phase ac/dc micro-
grids: Distribution networks and microgrids are three-phase networks and can have
some degree of unbalanced phase loading conditions1. In some scenarios, the system
unbalance can exceed permissible limits, e.g., 4% in low-voltage and 2% in medium-
voltage distribution planning [158]. The uni�ed power �ow algorithm described in
chapter 3 can therefore be extended for islanded HMGs characterized by unbalanced
ac loading.

� Creation of a voltage-stability-based planning approach for islanded HMGs: An ad-
equate loadability margin for islanded HMGs during contingencies is a prominent
factor in successful islanding and secure operation during severe events. The loca-
tions and ratings of droop-based DERs can have a signi�cant in�uence on microgrid

1Unbalance conditions are referred to as unequal phase voltages and/or their phase angles due to the
presence of signal-phase loads in the system.
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loadability. A subject of future research is therefore the utilization of microgrid load-
ability and contingency analysis for the identi�cation of the optimal mix of DERs.

� Investigation of an integrated energy management system for ac/dc hybrid distribu-
tion networks that have a recon�gurable topology: The developed stochastic dispatch
scheme can be extended to integrate other functions of the energy management sys-
tem, such as network recon�guration and volt/var optimization. In addition to the
minimization of operational cost, the objective of the integrated energy management
system could be decreased switching times and an improved ac/dc voltage pro�le.

This thesis has unveiled the operational philosophy and challenges associated with the
hybridizing of ac and dc in a new paradigm that could prevail in years to come: smart
distribution systems with coupled HMGs.
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Appendix A

Test Systems Data

A.1 6-Bus AC/DC Hybrid Microgrid Data

Table A.1. Bus Data for the 6-Bus Islanded AC/DC Hybrid Microgrid (Sbase = 18 kVA,
208/600 V)

MG
Bus Bus V0 Load P rated

D Qrated
D DG P rated

G Qrated
G ω0 mp nq

No. Type (p.u.) Type (kW) (kvar) Type (kW) (kvar) (p.u.) (p.u.) (p.u.)

AC

1 D 1.0 � � � D 6.4 4.8 1.0 0.0281 0.1875

2 T 1.0 PQ 25 18.75 P 14 10.5 � � �

3 D 1.0 � � � D 9.6 7.2 1.0 0.0187 0.1250

DC

1 D 1.0 � � � D 6.72 � � 0.1339 �

2 T 1.0 P 15 � P 4.6 � � � �

3 D 1.0 � � � D 6.72 � � 0.1339 �

IC AC DC Pic Qic ω0 ωmin ωmax Vdc,0 Vdc,min Vdc,max γp γq

# Bus Bus (kW) (kvar) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.)

1 1 1 18 12 1.0 0.99 1.01 1.0 0.95 1.05 1.0 0.0750

2 2 2 18 12 1.0 0.99 1.01 1.0 0.95 1.05 1.0 0.0750

3 3 3 18 12 1.0 0.99 1.01 1.0 0.95 1.05 1.0 0.0750
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A.2 Medium Voltage-12-Bus AC/DC Hybrid Microgrid

Data

Table A.2. Bus Data for the 12-Bus Islanded AC/DC Hybrid Microgrid (Sbase = 3 MVA,
2.4/7 kV)

MG
Bus Bus |V0| Load P rated

D Qrated
D DR P rated

DR Qrated
DR ω0 mp nq

No. Type (p.u.) Type (MW) (Mvar) Type (MW) (Mvar) (p.u.) (p.u.) (p.u.)

AC

1 D/PQ 1.0 � � � DG 0.8 0.6 1.0 0.0375 0.25

2 T 1.0 PQ 0.4 0.3 � � � � � �

3 Z 1.0 Z 1.0 0.6 � � � � � �

4 D 1.0 � � � DS 0.48 0.36 1.0 0.0625 0.4167

5 T 1.0 I 0.8 0.6 � � � � � �

6 D/PV 1.0 � � �- DG 1.8 1.35 1.0 0.0167 0.1111

DC

1 T 1.0 P 0.6 � � � � � � �

2 D/V 1.0 � � � DG 1.92 � � 0.0781 �

3 D 1.0 � � � DS 0.48 � � 0.3125 �

4 D/P 1.0 � � � DG 0.6 � � 0.25 �

5 T 1.0 I 1.4 � � � � � � �

6 R 1.0 R 0.5 � � � � � � �

IC AC DC Pic Qic ω0 ωmin ωmax Vdc,0 Vdc,min Vdc,max γp γq

# Bus Bus (MW) (Mvar) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.)

1 2 1 3.0 2.25 1.0 0.99 1.01 1.0 0.95 1.05 1.0 0.0667

2 5 5 3.0 2.25 1.0 0.99 1.01 1.0 0.95 1.05 1.0 0.0667
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Table A.3. Line Data for the 12-Bus Islanded AC/DC Hybrid Microgrid

AC Subgrid DC Subgrid

From To RLine,ac(Ω) XLine,ac(Ω) From To RLine,dc(Ω)

1 2 0.02646 0.01323 1 2 0.4340

2 3 0.04032 0.02016 2 3 0.4100

3 4 0.02646 0.01323 3 4 0.4100

3 5 0.04032 0.02016 4 5 0.4340

5 6 0.02646 0.01323 5 6 0.2279

6 4 0.04032 0.02016 6 1 0.2279

4 1 0.04032 0.02016 3 6 0.4340
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A.3 33-Bus AC/DC Hybrid Microgrid Data

Table A.4. 33-Bus AC/DC Hybrid Distribution System Data: AC Bus Data

Bus Bus DR PD QD Pmax,ac Smax Qmax mp,ac nq f0 Vac,0

Index Type Type (kW) (kvar) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.)

1 PQ � 0 0 � � � � � � �

2 D DG 100 60 0.8 1 0.6 0.010375 0.041667 1 1

3 PQ � 90 40 � � � � � � �

4 PQ � 120 80 � � � � � � �

5 PQ � 60 30 � � � � � � �

6 PQ � 60 20 � � � � � � �

7 D DG 200 100 0.8 1 0.6 0.010375 0.041667 1 1

8 T � 200 100 � � � � � � �

9 PQ � 90 40 � � � � � � �

10 PQ � 90 40 � � � � � � �

11 D DG 90 40 0.96 1.2 0.72 0.008646 0.034722 1 1

12 T � 90 40 � � � � � � �

13 PQ � 90 50 � � � � � � �

14 PQ � 420 200 � � � � � � �

15 PQ � 420 200 0.4 0.5 0.3 � � � �

16 PQ � 60 25 � � � � � � �

17 PQ � 60 25 � � � � � � �

18 PQ � 60 20 � � � � � � �

19 T � 120 70 � � � � � � �
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Table A.5. 33-Bus AC/DC Hybrid Distribution System Data: AC Line Data

AC From To RLine,ac XLine,ac

Line Bus Bus (Ω) (Ω)

1 1 2 0.0922 0.047

2 2 3 0.493 0.2511

3 3 4 0.366 0.1864

4 4 5 0.3811 0.1941

5 5 6 0.819 0.707

6 6 7 0.1872 0.6188

7 7 8 0.7114 0.2351

8 2 9 0.164 0.1565

9 9 10 1.5042 1.3554

10 10 11 0.4095 0.4784

11 11 12 0.7089 0.9373

12 3 13 0.4512 0.3083

13 13 14 0.898 0.7091

14 14 15 0.896 0.7011

15 6 16 0.203 0.1034

16 16 17 0.2842 0.1447

17 17 18 1.059 0.9337

18 18 19 0.8042 0.7006

19 8 12 2 2

20 15 19 0.5 0.5
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Table A.6. 33-Bus AC/DC Hybrid Distribution System Data: DC Bus Data

Bus Bus DR PD Pmax,dc mp,dc Vdc,0

Index Type Type (kW) (p.u.) (p.u.) (p.u.)

1 T � 90 � � �

2 P � 60 0.18 � 1.0

3 P � 60 � � 1.0

4 T � 60 � � �

5 D DG 120 0.4 0.0625 1

6 P � 60 � � �

7 P � 60 � � �

8 P � 45 � � �

9 P � 60 � � �

10 P � 60 � � �

11 T � 80 � � �

12 D DG 50 0.25 0.1 1.0

13 P � 35 � � �

14 P � 40 � � �

15 P � 60 � � �

16 D DG 210 0.5 0.05 1.0

17 P � 150 � � �

18 D DG 200 0.5 0.05 1.0
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Table A.7. 33-Bus AC/DC Hybrid Distribution System Data: DC Line Data

DC From To RLine,dc

Line Bus Bus (Ω)

1 1 2 0.732

2 2 3 1.289

3 3 4 0.7463

4 4 5 0.591

5 5 6 0.5416

6 6 7 1.468

7 7 8 0.3744

8 8 9 0.1966

9 9 10 1.044

10 11 12 0.5

11 12 13 0.341

12 13 14 0.3105

13 14 15 0.9744

14 15 16 0.9744

15 16 17 0.341

16 17 18 0.9744

17 10 18 1.044

18 1 7 0.3105

19 7 15 0.9744
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A.4 Low-Voltage 12-Bus AC/DC Hybrid Microgrid Data

Table A.8. Bus Data for the 12-Bus Islanded AC/DC Hybrid Microgrid (Sbase = 10 kVA,
208/600 V)

MG
Bus Bus |Vac,0| Load P rated

D Qrated
D DR P rated

DG Qrated
DG ω0 mp,ac nq

No. Type (p.u.) Type (kW) (kvar) Type (kW) (kvar) (p.u.) (Hz/W.sec) (V/var)

AC

1 D 1.0 � � � DG 20 12.3 1.0 3× 10−5 4.2276× 10−4

2 T 1.0 Z 14.8 6.3048 � � � � � �

3 PQ 1.0 Z 12.95 6.272 � � � � � �

4 T 1.0 Z 9.25 4.9926 � � � � � �

5 D 1.0 � � � DG 15 9.2 1.0 4× 10−5 5.6522× 10−4

6 D 1.0 � � �- DG 10 6.13 1.0 6× 10−5 8.4829× 10−4

DC

1 D 1.0 � � � DG 20 � � 7.5× 10−4 �

2 T 1.0 R 20 � � � � � � �

3 P 1.0 R 6 � � � � � � �

4 T 1.0 R 16 � � � � � � �

5 D 1.0 � � � DG 15 � � 1× 10−3 �

6 D 1.0 � � � DG 10 � � 1.5× 10−3 �

IC AC DC Pic Qic ω0 ωmin ωmax Vdc,0 Vdc,min Vdc,max γp γq

# Bus Bus (kW) (kvar) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.)

1 2 2 10 10 1.0 0.99 1.01 1.0 0.95 1.05 1.0 1.04× 10−4

2 4 4 10 10 1.0 0.99 1.01 1.0 0.95 1.05 1.0 1.04× 10−4
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Table A.9. Line Data for the 12-Bus Islanded AC/DC Hybrid Microgrid

AC Subgrid DC Subgrid

From To RLine,ac(Ω) LLine,ac(mH) From To RLine,dc(Ω)

1 2 0.039 0.068 1 2 0.395

2 3 0.099 0.0902 2 3 0.735

3 4 0.099 0.1122 3 4 0.699

4 5 0.070 0.1565 4 5 0.588

3 6 0.059 0.0673 3 6 0.649

5 6 0.1488 0.1353 5 6 0.588

6 1 0.0927 0.0245 6 1 0.699

161



A.5 38-Bus AC/DC Hybrid Microgrid Data

Table A.10. 38-Bus AC/DC Hybrid Distribution System Data: AC Bus Data

Bus Bus DR PD QD Pmin,ac Pmax,ac Smax Qmax mp,ac nq f0 Vac,0

Index Type Type (kW) (kvar) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.) (p.u.)

1 PQ 0 0 0 0 0 0 0 0 0 1 1

2 PQ 0 0.1 0.06 0 0 0 0 0 0 1 1

3 T 0 0.09 0.04 0 0 0 0 0 0 1 1

4 D DG 0.12 0.08 0 0.08 0.1 0.06 0.25 1.666667 1.01 1.05

5 PQ 0 0.06 0.03 0 0 0 0 0 0 1 1

6 T 0 0.06 0.02 0 0 0 0 0 0 1 1

7 PQ 0 0.2 0.1 0 0 0 0 0 0 1 1

8 PQ 0 0.2 0.1 0 0 0 0 0 0 1 1

9 PQ 0 0.06 0.02 0 0 0 0 0 0 1 1

10 PQ 0 0.06 0.02 0 0 0 0 0 0 1 1

11 PQ 0 0.045 0.03 0 0 0 0 0 0 1 1

12 PQ 0 0.06 0.035 0 0 0 0 0 0 1 1

13 PQ 0 0.06 0.035 0 0 0 0 0 0 1 1

14 PQ 0 0.12 0.08 0 0 0 0 0 0 1 1

15 PQ 0 0.06 0.01 0 0 0 0 0 0 1 1

16 PQ 0 0.06 0.02 0 0 0 0 0 0 1 1

17 PQ 0 0.06 0.02 0 0.4 0.5 0.3 0 0 1 1

18 PQ 0 0.09 0.04 0 0 0 0 0 0 1 1

19 D DG 0.09 0.04 0 0.6 0.75 0.45 0.033333 0.22222 1.01 1.05

20 PQ 0 0.09 0.04 0 0 0 0 0 0 1 1

21 PQ 0 0.09 0.04 0 0 0 0 0 0 1 1

22 D DG 0.09 0.04 0 0.24 0.3 0.18 0.083333 0.555553 1.01 1.05

23 D DS 0 0 -0.24 0.24 0.3 0.18 0.083333 0.555553 1.01 1.05

24 D DG 0 0 0 0.6 0.75 0.45 0.033333 0.22222 1.01 1.05

25 D DS 0 0 -0.16 0.16 0.2 0.12 0.125 0.833728 1.01 1.05

26 D DG 0 0 0 0.08 0.1 0.06 0.25 1.666667 1.01 1.05
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Table A.11. 38-Bus AC/DC Hybrid Distribution System Data: AC Line Data

AC From To RLine,ac XLine,dc

Line Bus Bus (Ω) (Ω)

1 1 2 0.000574 0.000293

2 2 3 0.00307 0.001564

3 3 4 0.002279 0.001161

4 4 5 0.002373 0.001209

5 5 6 0.0051 0.004402

6 6 7 0.001166 0.003853

7 7 8 0.00443 0.001464

8 8 9 0.006413 0.004608

9 9 10 0.006501 0.004608

10 10 11 0.001224 0.000405

11 11 12 0.002331 0.000771

12 12 13 0.009141 0.007192

13 13 14 0.003372 0.004439

14 14 15 0.00368 0.003275

15 15 16 0.004647 0.003394

16 16 17 0.008026 0.010716

17 17 18 0.004558 0.003574

18 2 19 0.001021 0.000974

19 19 20 0.009366 0.00844

20 20 21 0.00255 0.002979

21 21 22 0.004414 0.005836

22 8 23 0.012453 0.012453

23 9 24 0.012453 0.012453

24 12 25 0.012453 0.012453

25 18 26 0.003113 0.003113
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Table A.12. 38-Bus AC/DC Hybrid Distribution System Data: DC Bus Data

Bus Bus DR PD Pmin,dc Pmax,dc mp,dc Vdc,0

Index Type Type (kW) (p.u.) (p.u.) (p.u.) (p.u.)

1 T DS 0.09 -0.1 0.1 1 1.05

2 PQ � 0.42 0 0 0 1

3 D DG 0.42 0 0.45 0.22222 1.05

4 T � 0.06 0 0 0 1

5 D DG 0.06 0 0.6 0.16667 1.05

6 PQ � 0.06 0 0 0 1

7 PQ � 0.12 0 0.5 0 1

8 PQ � 0.2 0 0 0 1

9 PQ � 0.15 0 0 0 1

10 PQ � 0.21 0 0 0 1

11 D DG 0.06 0 0.4 0.25 1.05

12 D DS 0 -0.5 0.5 0.2 1.05

Table A.13. 38-Bus AC/DC Hybrid Distribution System Data: DC Line Data

DC Line From To RLine,dc (Ω)

1 1 2 0.005579

2 2 3 0.005579

3 4 5 0.00177

4 5 6 0.006594

5 6 7 0.005007

6 7 8 0.00316

7 8 9 0.006067

8 9 10 0.001933

9 10 11 0.002123

10 3 12 0.003113
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