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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 offering other
technical and cost benefits. 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 difficulties 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 efficient power
flow analysis tool. To this end, this thesis introduces a novel unified, generic, flexible
power flow 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 flow in the ICs. The new power flow formulation is flexible 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
flow 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 unified 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 unified
power sharing scheme would assist system planners with the effective 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 fine 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 sacrifice of a single
load.

A final 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 fluctuating real-time energy price are all modelled as random variables. The first
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
effectiveness 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 Tariff 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-fired energy sources are known as distributed generation
(DG) or distributed generators (DGs). The adoption of DG has allowed energy investors
and consumers to install different 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 offer incentives for electrifying trans-
portation systems. For example, Ontario offers 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 fleet 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 defined 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



in order to maximize its profit. 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 flow 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.



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 difficulty 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 insignificant 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 sufficient 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:



1) Develop a generalized and unified power flow (UPF) algorithm for islanded HMGs.
The developed power flow 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 flow 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 first 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 classified 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 unified phasor formulation of the developed ac/dc power flow
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.



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 effi-
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 identification 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 defined 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

7
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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 effective 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 flywheels.

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



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 oftt MPPT mode according to the frequency and ac/dc voltage. Any
power deficit 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 offers 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 simplifies 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 benefits 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 efficient 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.

*
W =w" — Mpaclaac-

‘/ac = V:c - anG-
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where

P ac, Qc: the active and reactive power outputs of an ac DG unit, respectively;
w,w*: the measured and the no-load /nominal frequencies, respectively;

Vae, Vo the actual and reference ac voltages, respectively;

Myp.ac; Ng: the active and reactive power droop gains, respectively.

If active power droop parameters (m,,.,w*) 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.

Vie = ‘/d*c - mp,chG,dc- (23)

where

Pg 40 the active power output of a dc DG unit;

Ve, Vi the measured and the no-load /nominal dc terminal voltages, respectively;
my.de: 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, w, for active power control, and on those of the ac terminal voltage, V., 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, V. [21]. The inverse (w — P) droop
characteristics for both ac- and de-type DS units are illustrated in Figures 2.3 (a) and 2.3
(b), respectively.

The (P — w) droop of an ac-type DS unit is given by (2.4) |22]. The (P — Vj.) droop
control of a dc-type DS unit can be described mathematically with the help of Figure 2.3

11
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h : h
- g,maz 71f w > wfnaz?
1 . ;
Ps = m—(w—w) if wii, Sw<wh,, (2.4)

ngﬁmx G w < wdis
where
ngﬁmx, Pg’fmx: the DS maximum charging/ discharging active power, respectively;
weh wdis - the frequencies at which the DS starts to charge/discharge at its maximum

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

ch dis
m _ Winar — Ymaz (2 5)
b,ac Pch + Pdis : :
S,max S,max

The (Q — V') droop control of an ac-type DS is no different 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 identifies 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 w and dc voltage Vj. 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.

W — (Winaz + Wimnin) /2
(wmax - wmm)/ 2

Vie = Vaemaz + Vaemin) /2
(V;lc,maz - ‘/;lc,min)/z

and (e)_indicate the minimum and maximum of quantity (e), respectively.

(2.6)

Wpu

(2.7)

Vdc,pu

where (o)

mwn

The difference between the normalized frequency w,, and the normalized dc voltage
Viepu 18 referred to as the error signal and is denoted by Ae,. 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):

1
P = Py, — —(Aeyy — Aegy). (2.8)
Tp

where P! and Ae}, are the active power transfer and error values at the instant of island-

ing, respectively, and 7, is the IC active power droop gain.

Equation (2.8) also can be written in terms of the droop gain ~,, which is the slope

of the (P, — Ae,y) droop curve shown in Figure 2.5, and the point of no power transfer
(Pt efy) =(0,0) as

ic) “wV

1
Pic = ——Aewv. (29)

Vp
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where
Aeyy = apw — ay Ve — agy. (2.10)

2 ay = 2
(Vdc,maz 7Vdc,min) ’
(wmw +wmm) (Vd(;,'rnaz' +Vdc,7nin)

(0] - - .
wV (wmaszmin) (Vdc,max_vdc,min>

aw:(

Wmax _wmin) ’

(2.11)

A value of Ae,y < 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
identifies the IC and how its active droop characteristics are constructed. Depending on
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the power transfer direction, the IC is identified as a current source by the relatively
heavily loaded subgrid that is receiving power from the IC but is identified 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.

* 1 *
Qic - Qic - /y_(‘/;c,ac - ic,ac)' (212)

q

where ();, and V7 .. are the references at the instant of islanding, respectively, and -, is

the reactive power droop coefficient.

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 stiff enough compared to the ac side, the IC can then implement
conventional (w — P) and (@ — 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 difficulty 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 reconfiguration, 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 flow analysis tool designed specifically 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 definitions
and modelling concepts to the power flow 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 flow, also known as "load flow," 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 flows 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 flow
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 flow problem can be solved using either a sequen-
tial [24] or a unified approach [25]. The authors in [26] developed a sequential Newton-
Raphson-based power flow algorithm for islanded HMGs. With a sequential approach, the
ac and dc power flow subproblems are solved iteratively and sequentially until the sequen-
tial power flow algorithm converges. The advantage of this approach is that it utilizes the
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existing ac and dc power flow programs, but a sequential formulation may also be subject
to convergence issues [27]. In a unified ac/dc hybrid power flow program, the ac and dc
power flow subproblems are solved simultaneously. However, ac/dc power flow programs
have been developed only for ac/dc hybrid systems at high voltage levels, i.e., high-voltage
de (HVDC) and multi-terminal HVDC systems [24, 25,27]. At low- to medium-voltage
levels and in islanded operation, the ac/dc hybrid power flow 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 infinite bus supplying a theoretically
infinite 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 fill 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 floating power flow 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 benefit 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 differently 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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Figure 2.7. Control architecture of master-slave control.

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 figure indicates, the master DER
controls the output voltage and sends the current set points, i,,q4ster, to the slave DERs
that then track the reference current by measuring their output currents, 74y, in order
to share the loading current, i;,,4, 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, ,, in order to follow the same average current signal,
lavg- The error between the measured output current, i,, and the average current, iy,
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is decomposed into two components in the dg frame: Ai,, and Ai,,. The d component
is used for controlling the frequency while the ¢ component is employed for controlling
the output voltage magnitude, v,. The advantage of distributed power sharing schemes is
that they comply with the plug-and-play feature of DERs. An additional benefit 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 filter is depicted in Figure 2.9. As the figure
specifies, 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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Figure 2.9. Block diagram of a droop-controlled VSC-based DER.

reference output voltage, v}, to the voltage loop. The voltage controller, in turn, tracks
the reference output voltage through continuous measurement of the output voltage, v,.
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 efforts to distribute the load proportion-
ally among droop-controlled DERs [35],

3) Significant 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 filtering 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 definitely migrate to HMGs.
These operational challenges include, but are not limited to, problems associated with the
following:

1) 1C power flow 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 different 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 difficulties 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. Tt 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 dec link between the two 1Cs
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 justified. 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 different frequencies and are interlinked
with multiple dc subgrids having different 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 dec bus voltage and the ac/dc terminal voltages. They
introduced P,. — dec 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-
nificant, 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 flow
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 1C 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 affecting the quality of the dc voltage.

In their design of an effective 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 1Cs.
Their control methodology was aimed at enhancing the active power transfer capability
and filtering 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 different 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 defined as "the process by which the sequence of events
accompanying voltage instability leads to a blackout or abnormally low voltages in a sig-
nificant 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 flow
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 infinite. 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 figure shows the LIB and SNB points
as well as the current loading level, \,., at an ac load bus. Two critical loadability levels
are defined in the figure: \,. 7z because of the LIB and A, syp because of the SNB. It is
crucially important for a microgrid operator to assess and maximize the loadability margin

24



Stable Vac = = =Unstable Vac

12

1
= LIB
£0.8
>
[
g 0.6 SNB
= 04 P
o -~
_l - -

0.2 e
o Lo---"
/‘Lﬂc )Lac LIB Aac SNB

AC Loading (p.u.)

Figure 2.10. PV curve at an ac load bus.

between the current loading level \,. 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 benefits 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 difficult 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 first
to investigate the loadability of islanded ac microgrids. They extended the conventional
Newton-based continuation power flow (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 insignificant 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 flow (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 effective
if designed for the presence of contingency events. The same authors also studied the
reconfiguration 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 benefits 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 stiffness 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 effi-
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 significance 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 efficiency 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 offer 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 flow 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 different 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 filling the highlighted gaps and resulting in the development of 1) a
generic ac/dc power flow 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 Unified Approach to the Power Flow
Analysis of AC/DC Hybrid Microgrids

3.1 Introduction

A promising configuration 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 efficient power
flow tool. To this end, this chapter introduces a unified, generic, and flexible power flow
algorithm for islanded HMGs. The power flow 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 flow in the interlinking converters (ICs). The new power flow
formulation is flexible 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 differing control strategies. The developed load
flow 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 flow program
with the following key characteristics:

e The developed power flow algorithm is a unified approach that simultaneously solves
the power flow 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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e The Newton TR method has a globally convergent property that guarantees the
solution whenever it exists regardless of its initial point [85].

e The developed power flow 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 flow between neighbouring ac and dc subgrids.

e Our unified power flow algorithm (UPF) is flexible and can easily accommodate any
changes in the DER operating mode or the 1C 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 flow 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 flow 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 flow 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, X rine(w), on the system frequency, w. 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 effect represented by the
shunt capacitances to be neglected so that the resulting line model becomes merely a series
impedance: Z,. Line(w) [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, |V,.|, ac static loads are often assumed to demand
both active and reactive power, Pp qc, @ p.qc, 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, Pp qc(|Vacl, w), @b ac(|Vac|, w)-
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].

VU/C “

PD,ac = PD,acO<||‘/ 0||> [1 —i—k:pf(w—wo)]. (31)
Vael \?

QD,ac = @D aco Vieol [T+ kqf(w — wp)]. (3.2)

where

Pp.aco, @D,aco: the nominal active and reactive power demand, respectively;
[Vacols |Vae|: the nominal and operating voltages, respectively;

«, 5: the exponents of the active and reactive loads, respectively;

wp,w: the nominal and operating frequencies, respectively;

kpf, kqp: the frequency sensitivity parameters.

Typical values for k,; and k¢ 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 « and 3 [89).

The dc voltage-dependent loads can be described by (3.1) when ks is set to zero.
Depending on the exponent « , 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 different DER models. Each ac-type DER unit is
associated with four quantities: the magnitude of the ac terminal voltage, |V,.|; the phase
angle, d; the active power output, Ppg; and the reactive power output, Q) pg. In contrast,
each dc-type DER unit is related to only two quantities: the dc terminal voltage, V., and
the active power output, Ppg.

33



PQ Model @ PV Model @ Droop Control Model @
i V.4
Vil. 8, 5 +Qpp
AC/DC Hybrid AC/DC Hybrid AC/DC Hybrid —Py ,
MG MG MG N [
t v '
|
(oR)% (08)
P QM 4 P oo M 4 P oo M 4 Vo]
vV v X X v XV X B X X X X - Droop
Constant P Model Constant V Model Droop Control Model
®©, y
. -— Py /1
ACIDC AC/DC Hybrid AC/DC Hybrid LU
Hybrid MG MG MG |
|
f .
©
P QM o RoQ M o P QM 4 =
4 - X oo = X e - N X oo X oo P/I Droop

Figure 3.1. Different distributed energy resource models.

The concepts underlying the constant PQQ 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 buffer for controlling the transfer of active power
between neighbouring ac and dc subgrids in order to achieve a specific 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 effective 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. Tt is

. Interlinking .
AC Subgrid Converter (IC) DC Subgrid
@ - Vdc
Pe (PU)
A
Pic,max
Pe.
P Aewv 1 Aewv ,max
] _Aea)V,max Aea}VZ /}/p Aew\/
Pax
v

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 11

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 z-axis defined by
the interval [—Aeyvimin, Aeyvmin)- If the error is within the closed interval, then there is
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no power transfer permitted: P,. = 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 P;,. = —%(Aewv + Aeyvmin), While the other
droop line, the blue line in Figure 3.3, is defined by the line P, = —%(Aewv — Aeyvimin)-
Also, the maximum error is shifted by Aeyvmin, 1-6., Alyyimar = (Aewvmin + Aewyimaz)-
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 difference between
the normalized frequency and the normalized dc terminal voltage, Ae,y, and by allowing
power to be transferred between two subgrids only when the difference exceeds a specified
threshold: i.e., |Aeyv| > Aeyvmin. With this procedure, the IC ensures equal loading of
the two interconnected ac/dc subgrids and the efficient utilization of the local resources,
while at the same time minimizing IC operating time.

P (p.u.)
A
— Pic,max
Ae;N,max
Ae (Aewv,min —;Aewv,max)
@V ,min
<4 >
4 _AewV ,min Aea)V
_(Aea)v,min + Aea)V,max
_Pic,max
v

Figure 3.3. Resultant ac/dc droop with a no-power-transfer zone.
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Pic,maxa if Aew\/ < _Aew\/,maxa
1 : N
_W_P(AewV + Aew\/,min)a 1f - AewV,maJc S AewV < _Aew\/ﬁm'na
_ 1 : N
Pic - _,Y_P<A€wV - Aewv,min)u if Aeo.)V,min < AewV S Aew\/’,maam (33)
_Hc,mamv if AewV > Aéw\/,mama
0 otherwise.

\

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 (w — 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, my, 4¢/4c, are acquired from (3.4):

ac/dc

"p
| | My
=1
ac/dec _ac/dc
np Mp

E H Mp,j
=1 j::l

G

(3.4)

Mpac/de =

where ng/ 9. the total number of ac- and de-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 specifically, if
the frequency and/or IC terminal dc voltage are below specified thresholds, @,y or YA/dC’mm,
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):

PR

Pac,maa: ) if CJ < amina
Pic,ac = % 71f @mzn < w < @max; (35)
0 Al O > Omas-
rfdc,ma:c N 71f Vdc < ‘/dc,mina
Pic,dc = % 71f Vdc,min S ‘/dc S Vdc,maxu (36)
0 ,lf Vdc > V;ic,maa:-

\
where

(®): the normalized quantity (e) in the range of [0, 1];

PZ‘ZC, PdC the power requested from the ac and dc subgrids, respectively, normalized in the
range of [0, 1] based on their respective maximum available capacities, Picmaz, Pacmaz-
Based on the normalized active power requests, the IC determines the actual power transfer,

P,., as expressed by (3.7) and (3.8):

ﬁic = ﬁic,ac - ﬁiqdc- (37)
ﬁic ac Pac mazr if I/D\ic > 07

P, = { Lieee X Fac, v (3.8)
Pic,dc X Pdc,ma:p 71f P@'c < 0.

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 Pw 51gn If Pw > 0, the power is transmitted from
the dc side to the ac side, and vice versa if PZC < 0. With control strategy III, autonomous
IC droop control is guaranteed only if the DERs are assumed to have static droop control
and a fit-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 flow problem for isolated HMGs is defined 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 defining equations (3.11)-(3.12):

mineil%llize f(z), f[f:R"—R" (3.9)
where
f(ZL‘) = [fac(xac)a fdc(xdc)]Ty T = [$a57xdc]T~ (310)

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

fz®) = —J(2®)Az®), (3.11)

where J(z(*)) is the Jacobian matrix at iteration k, as defined by: where J *) and ng) are
the Jacobian matrices for the ac and dc subgrids, respectively, as defined by:

J(k) _ 8fac J(k) o afdc

- — . (3.12)
ae O g o) ' de 0T g 25

c

The detailed ac/dc power flow subproblem formulations and variable definitions are pro-
vided in the following subsections.

3.3.1 AC Subgrids

The set of ac buses can be classified as PQ buses, Bpg = {1,2,...,npg}; PV buses,
Bpy ={1,2,...,npy}; and droop-controlled buses, BY% = {1,2,...,n%}.

3.3.1.1 PQ Buses

Each PQ bus i € Bpg involves two unknown quantities: the bus voltage magnitude |V, |
and the phase angle ¢;. The vector of the unknown quantities for each PQ bus can be
expressed as (3.13):

wpqi = [0i, [Vaeill"- (3.13)

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

TpQ = [xPQh TpQ2,--- axPanQ]T~ (314)

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 € Bpy involves two unknown quantities, §;, (); and @;, and the vector of
unknown quantities for each PV bus can be expressed as (3.15):

rpy; = [(Sz,QZ]T (315)

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

Tpy = [Tpyi,Tpva, ... ,IPVnPV]T- (3.16)

It should be mentioned that if the reactive power output of any voltage-regulated DER,
@pr,, Vi € Bpy, violates its specified 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 bus', i € B, is associated with four unknown quantities:
iy |Vacil, Py and @;. The vector describing these quantities can be expressed as (3.17):

xalbci = [517 "/ac,i|7 -F)i7 QZ]T (317)

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

ZEGDC - [ZEGDCI, ng, . e ,I%:naDc:IT. (3-18)

It is worth pointing out that if either the active or reactive power output of any droop-
controlled DER (Ppg, Qpr;) exceeds its limit, it is then set to the corresponding limit.
However, if both the active and the reactive power output exceed specified 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 flow problem indirectly constrained.

'In 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):
Tae = |, Tpg, Tpv, v8]". (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, §; = 0,7 € B,., in order to
equalize the number of unknowns and the number of equations available.

The ac power flow equations for a general ac bus i,Vi € B,. are defined by equations
(3.20) and (3.21).

Nac

Pi = Vaeil Y WVackl|Yie(w)lcos(d; — 6k — 0i) + BiPics, Vi € Bae.  (3.20)
k=1

Qi - |‘/ac,7;| Z |Vac,k||y;k(w)|szn(6z - 5k - ezk) + 5’LQiC,i7 Vi € Bac- (321)
k=1

where
5 = {1, if bus ¢ is an ac terminal bus,

0, otherwise.

|Yir(w)], 0s1: the magnitude and phase angle of the ik entry in the bus admittance matrix
[Yous(w)], respectively.

The set of equations describing a general ac bus ¢ € B,. can generally be defined by
(3.22):

Ppri— Pp; — F; i € Bac,
i T iy (RS Bam
Jaci = Oors —Qos = Q e (3.22)
y PDR,i — Mac (wi’o — CO), 1€ BD?
QDR,i - %(‘%c,o,ﬂ - ’%c,i’)a { € B%C
where
|Vac0.4|: the nominal (no-load) voltage of the DER i;
Macpi, Ngi: the active and reactive power droop gains of the DER ¢, respectively.
3.3.2 DC Subgrids
The set of dc buses can be classified as constant P buses, Bp = {1,2,...,np}; constant V

buses, By = {1,2,...,ny}; and droop-controlled buses, BX = {1,2,...,n%}.
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3.3.2.1 Constant P Buses

Each constant P bus involves one unknown quantity, V;.;, which can be expressed as (3.23):

zpi = Ve, (3.23)

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

p = {l’pl,[)?pg,...,xpnp]T. (324)

3.3.2.2 Constant V Buses

Each constant V bus ¢ € By involves one unknown quantity, P;, which can be expressed
as (3.25):
xyi = P (3.25)

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

Ty = [JIVl, Tyo, ... ,Jivnv]T. (326)

It should be mentioned that if the active power output of any voltage-regulated dc-type
DER, Ppr,, Vi € By, violates its specified 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 € BY, is associated with two unknown quantities, V; and
P;. The vector describing theses quantities can be defined by (3.27):

25 = Waea, P (3.27)

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

ZE%C = [Icglv IdDC27 s 7xcll)cnch]T' (328)
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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 dec-type droop-
controlled DER, exceeds its specified 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):
T4e = [xp, 2y, 2%]7. (3.29)

The dc power flow equation for a general dc bus i, Vi € By, is defined by (3.30):

Ndc
Pi = ‘/dc,i Z Gik‘/dc,k - ﬁipic,ia Vi € Bdc' (330)

k=1

where

1, if bus ¢ is a dc terminal bus,
Bi = :
0, otherwise.

Gir: the ik™ entry of the bus conductance matrix [Gpus) of the dc subgrid,
P,.;: the actual power transferred through the IC.

The set of equations that describes a general dc bus ¢ € By, is defined by (3.31):

Ppri— Pp; — B i € By,
fai =4 p e (3.31)
DR ™ o (Viae,0i — Viae,), i € By

Table 3.1 summarizes the power flow problem for islanded HMGs. The power flow 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(z) is approximated by a model my, in the
neighbourhood of the current iterate zy, referred to as the trust region, or TR. The TR is
defined by an n-dimensional sphere with a radius Ay around the current iterate [85]. Once
the model m;, and its TR have been defined, the current solution point z; is updated by
taking a step s, within the TR: i.e., ||sg]| < Aj. 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 Specified Unspecified Number of

of Buses Quantities Quantities Equations
PQ: i € Bpg npQ P, Q; 0is | Vac,il 2npq
AC PV:i € Bpy npy Py, [Vac,l 0, Qi 2npy
(V'P) DI’OOp: (&S BaDc naDc T 5i7 |‘/;,c,i|’ -PZ'7 Qz 4naDc
Const. P: i € Bp np P, Vie.i np
DC Const. V:i € By ny Vdc,i P ny
(V-P) Droop: i € B nd — Vie.is Bi 2n%
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by solving the subproblem described in (3.32) and (3.33), which minimizes the quadratic
model my obtained from the second-order Taylor series expansion [86]:

C 1
minimize my(si) = f(xx) + st V() + §S£Bk8k. (3.32)

spER”

where: By: an approximation of the Hessian matrix V2 f(xy).

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

= T = flaet )

N mk(sk) — mk(wk + Sk).

(3.34)

If the step is successful, it is then accepted (i.e., zx11 = x; + s, and the TR is expanded:
i.e., Agr1 = Ay, where v; > 1, if pr > n,, (in the case of a very successful step), or it
is kept the same if 7y < pp < 1, (in the case of a successful step). If p, < n,, the step
is rejected, and the TR is shrunk: ie., Ay, = v4Ak, where 74 < 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(x)|leo < €, is satisfied.

44



The iterative power flow 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 8)  Decide on the models of system components and the control strategy of the IC.

Step 4)  Assume a flat start for the ac frequency and ac/dc bus voltages. w(® = 1.0 p.u,
V1260 = 1.020° pu, VIV = 1.0 pou.

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

Step 6)  Build the bus admittance matrix of the ac subgrid, [Y.s(w®)], at the frequency
w® and the bus conductance matrix of the dc subgrid, [Gys).

Step 7)  Formulate the power flow subproblem for both subgrids., f(z®) = [f(z), f(xgz)

where z® = [z08) 20T

Step 8)  Build the Jacobian matrices for both subgrids, I and in]z).

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

Step 10)  Check for convergence, || f(z|| A ||f(xgz) || < e, where € is a prespecified 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 flow variables. Otherwise, go to next step.

Step 12)  Calculate the ac/dc line power flows and losses.
Step 13)  Print out the ac/dc power flow solution, w*, |V |£6*, V.S P, QL. etc.

Step 14)  End the UPF program.
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The flow chart of the UPF algorithm is depicted in Figure 3.4.
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Figure 3.4. Flow chart of the HMG power flow 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 efficiency 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]: V. > 2\/§Vac(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., Sra%d = 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., Py®*® ~ 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 x 2 kWh).

3.5.3.2 AC and DC DER Droop Gain Settings

The operating modes of all DERs should be identified, 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 specifications of the cables must be de-
signed appropriately:

3.5.4.1 Cable Impedance Calculation

Based on the cable specifications, 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 R,.12 = Rac23 = 0.638 and X,.10 = Xye 23 = 0.0786 ©/km, respectively.
The resistance of the dc cables are Ry.12 = Rac23 = 4.7 ©/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 I,. and Iy, the load power factor cos(¢), and the cable lengths Leapie acy Leable.de

(km), (3.35) and (3.36) [98]:

AVvF,ac - \/gjac(RacCOS(¢> + XacSin<¢)) X Lcable,ac- (335)
A‘/F,dc = 2[clcRdc X Lcable,dc~ (336)

The voltage drops over the ac and dc feeders as percentages of the rated ac/dc volt-
ages are AVp,.(%) = 4.47%, AV qa.(%) = 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 AVsyg 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., S[#ed = min{Srated pratedl " which means that the IC rated apparent power

is Srated — 18 kW. The IC control strategy can be implemented differently, 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 verified 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: Sp,se = 18 kVA. The base ac and dc voltages were selected as 208 V and
600 V, respectively. The power flow 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 flow 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
# Vael (pu)  Vge (pus)  |[Viel (pus) Ve (pou.)
1 0.9642 0.9659 0.9645 0.9662
AC/DC 2 0.9627 0.9598 0.9630 0.9601
3 0.9649 0.9631 0.9653 0.9634
DER P P,
DER DR @pr DR Qpr
# (p-u.) (p-u.) (pu.) (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
1 2 — . —
DC 0.2517 0.2522
2 0.2556 — 0.2556 —
3 0.2727 — 0.2731 —
IC & Vie Aeyy P;
IC # (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 first 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 indices?, PSI, and PSI,. 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 different 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: (Spese = 18
kVA, w = 0.9923 p.u.)

\e Bus Bus DER V] Pp Qp  Pogr Qor  PSL,  PSI,
4 Type Type (pu) (ad)  (u)  (a) (u)  u) (%) (%)
1 D DG 0.9645 +0.0000 — — 0.2752 0.1895 7740  71.07
AC 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
1 D DS 0.9648 — — — 0.2630 — 7046 —
DC 2 P 0.9505 0.8333 0.2556
3 D DG 0.9681 — — — 0.2378 — 63.71 —
>Pp Y Qp Y. Por Y QDR Pross Qross
2.2114  1.0497 2.2222 1.0507  0.0108 0.0010
IC AC DC Vi Vi Aey P, Qic PSL,  PSI,
IC # Bus Bus (pu) (pu) (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 1Cs: 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 1. The developed UPF program converged after four iterations
at a steady-state frequency equal to 0.9923 p.u. The power flow 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 PSI,.,, = PSl,.,, = 77.40%.
However, the reactive power sharing is inexact: PSl, ., = 71.07% and PSI,.,, = 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., |Vi| # |V5|, even though the line
impedances are equal: Z,.,, = Zgcy,- Similarly, active power sharing in the dc subgrid is
not guaranteed, with PSl;.,, = 70.46% and PSlg.,, = 63.71%, despite the two identical
droop-controlled dc-type DERs. This effect can be attributed to the fact that the dc line
resistances have been created unequal: Rg.,, = 0.5R,,. 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 different error signals, i.e., Aey,y1 # Aeyy2. Nevertheless, both ICs transfer active
power to the dc side: P,. < 0. A final 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 Ae, between the frequency
and the dc voltage. Such continuous IC operation can be relieved if control strategy IT or
IIT 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 different 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 flow 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 1. For both ICs, the
active and reactive power droop coefficients are v, = 0.6667 MW~ and ~, = 5.33333 x 102
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., PSI, = 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., Aeyy1,e,v2 > 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 (Spese = 3
MVA)

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

MG Bus Bus DER Ppr Qpr PSI, PSI, Bus DER Control V] Ppr Qpr
# Type Type (pu.) (p.u.) (%) (%) Type Type Mode  (p.u.) (p-u.) (pu.)
1 D DG 0.2137 0.1418 80.13 70.91 PQ Wind MPPT 0.9965 0.2667 0.2000
AC 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
1 T — — — — T — — 0.9904 — —
2 D DG 0.4195 — 65.54 — \Y% DG \Y 1.0000 0.6115 —
DC 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 Vae Vie Aeyv P Qic Control  Aeyvmin  Aewy Vie P Qic
#  Strategy (pu.) (pu) (pu) (p-u.) (p-u.) Strategy (p-u.) (pu)  (pu) (p-u.) (p-u.)
Ic 1 I 0.9605 0.9575 0.0584 —0.0584 0.0 11 0.05 0.0323  0.9904 0.0 0.0
2 1 0.9635 0.9529 0.0664 —0.0664 0.0 111 — 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 specified 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: wy = 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:
Vieo = 1.0 p.u. A final observation is that although IC #1, which is governed by control
strategy 1I, can determine that the ac subgrid is dominant, i.e., Ae,y = 0.0323 > 0, it
does not transfer power to the dec subgrid, owing to the fact that |Aeyy| < Aeyvmin. 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., P,. = ();. = 0. Both control
strategy IT and control strategy IIT achieve the same objective: no power transfer will be
permitted when both subgrids can supply their own demands. However, control strategy 11
offers 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 verified using a highly resistive network.
For this study, the 12-bus HMG was modified 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 stiff 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 different 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
oo-norms of the voltage profiles (||AV,e|lso and ||[AVye||s), 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, ||APSI,||«, and in
the active power sharing in the dc subgrid, ||APSIL, 4¢||oo-

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
w (p.u) 0.9920 0.9910  0.9908 0.9766
|AV el oo (pou) 0.0404 0.0516  0.0771 0.1020
AV e]|oo (p-u) 0.0471 0.0819  0.1102 0.1372
Prossac (p-u) 0.0063 0.0179  0.0423 0.0640
Pross.de (p-11) 0.0082 0.0281  0.0386 0.0480
|APSI, || (p-u) 0.2013 0.4537  0.6724 0.6878

|APSL 4ellos (p-11) 0.1079 0.3457  0.4477  0.4963

3.6.4 Algorithm Scalability

The scalability of the UPF algorithm has been tested on a modified 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 off.
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.
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For scalability purposes, all of the tie lines and ICs are activated. The power flow
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 confirm 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 Vel 5 Pow | Qb | PRt Quid | Por | Qor | PSL, | PSI,
Index | Type Type (p-u.) (p-u.) (pu) | (puw) | (pu) | (pu) | (puw) | (pu) | (%) | (%)
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 — — — — — —
Prossae = | 0.0072 pw. | 5. Pp = | 24037 | pou. S Po= | 24806 | pau.
QLossae = | 0.0063 pu. | S2Qp = | 1.1880 | pou. S Qo = | 0.8380 | pou.
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: DC Side

Table 3.7. Power Flow Results for the 33-Bus AC/DC Hybrid Microgrid
Bus | Bus | DER | V. Ppae | PRed | Ppgr | PSI,
Index | Type | Type | (p-w.) | (p.u.) | (p.u.) | (pu) | (%)
1 T — 10.9619 | 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 — 1 0.9558 | 0.06 — — —
8 P — 1 0.9489 | 0.045 — — —
9 P — 1 0.9475 | 0.06 — — —
10 P — 0.957 | 0.06 — — —
11 T — 1 0.9665 | 0.08 — — —
12 D DG | 0.9775 | 0.05 0.25 | 0.2249 | 89.94
13 P — 1 0.9698 | 0.035 — — —
14 P — 1 0.9655 | 0.04 — — —
15 P — 10.9622 | 0.06 — — —
16 D DG | 0.9805 | 0.21 0.5 |0.3891 | 77.81
17 P — 109714 | 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| Vi | Va |Ped]qQued] B Qe | v, | PSL | PSI,
Index | Bus | Bus | (p.u.) | (pu.) | (pu) | (pu) | (puw) | (pu) | (pu) | (pu) | (%) | (%)
1 8 1 10.9902 | 0.9619 0.75 | -0.0875 0 1 0.06667 | 8.75 | 0.0
2 19 11 | 0.9948 | 0.9665 0.75 0.005 | 0.1825 1 0.06667 | 0.5 | 24.33
3 12 4 10.9865 | 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 flow prob-
lem for islanded HMGs. The power flow 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 unified power flow
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
DERSs, and the bidirectionality of the power flow between neighbouring ac/dc subgrids. The
phasor formulation presented offers both fast convergence, as demonstrated by the rapid
reduction in the maximum power mismatch, and flexible 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 flow analysis has revealed that the ICs would
be subject to the same difficulty 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 flow
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 Unified 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. FEach 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 defined 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 unified power sharing (UPS) scheme that achieves simultaneous exact power
sharing in both ac and dc subgrids. The unified 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 de 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 unified 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 units'. Each ac/dc line has a specific
length unique to that line so that the voltage drop is thus unequal along the feeders.

Bus 1 Bus 1
DG1 I~ DG2
(Droop) = (Droop)
IC1
Bus 3 Bus 3
AC Load @-’ DC Load
Bus 2 Bus 2
DG1 ~ DG2
(Droop) = (Droop)
AC Subgrid IC2 AC Subgrid

Figure 4.1. Simple six-bus ac/dc hybrid microgrid.

Tdentical 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, FPg 4, is correlated linearly with the frequency w, as
given by the (w-P) droop equation:

W = wo — Mp.acP ac- (4.1)

where wy is the no-load frequency of the ac DG unit.
The ac active power static droop gain, my 4., is determined based on the operational
range specified for the frequency and can be obtained from (4.2) [108]:

Wmaz — Wmin (42)

m
p,ac max

G,ac
It should be noted that the maximum frequency wy,q, in (4.2) represents the frequency at
no load, wy.

If a DG unit is dedicated primarily to supplying active power, its nominal apparent
power, Sg®, can then be used in (4.2) rather than the maximum active power, PZ'ae.
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: Pgac1 = FPaac-

If all participating DGs operate with the same no-load frequency, wy; = wp j, Vi # 7,
equation (4.3) is sufficient for establishing proportional active power sharing among several
DGs that have different ratings:

mp,ac,lpG,ac,l - mp,ac,2PG,ac,2 == mp,ac,nPGﬂc,n' (43)

However, if the no-load frequency of each DG, wy;, is made an optimization variable, i.e.,
Wo,i € [Wimin, Wmaz), then (4.3) no longer holds. It is worthwhile to clarify that in the (w-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, Aw, is sufficient for equal
active power sharing. Since the frequency is dictated by the droop characteristics, a flatter
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
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(@)

w
mp,ac,l
- Pmax P P Pmax
G,ac G,ac,2 G,ac,1 G,ac PG,ac
VacA

(b) v,\

- —
QG ,max,2 QG 2 QG 1 QG,max,l QG

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, wy, 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):
Pllaen

p,ac,k —  Dmax p,ac,1°

G,ac,k

(4.4)

Including the active power droop parameters, my., wy, 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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(Vaem@) droop equation:
Vac = Vac,0 — anG' (45)

where V. is the no-load voltage of the ac DG unit.

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

%c,max - %c,min
ng = 06 . (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; Qa1 # 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, FPg 4, is linearly dependent on the dc voltage, Ve,
as given by the (Vz.-P) droop equation:

‘/dc - ‘/dc,O - mp,chG,dc' (47)
where Vj o is the no-load voltage of the dc DG unit.

The dc active power static droop gain, m,, 4., is obtained based on the operational range
specified for the dc voltage, as described by (4.8) [108]:

Vdc,max - Vdc,min
max
PG,dc

(4.8)

mp.de

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: Pgac1 # FPgode2,
despite the matching DG droop characteristics.

When the goal is equal sharing for a mix of (Vy-P) and (Vy.-I) droop-based DG units,
the droop resistance, Ry, in (Vy-I) droop characteristics stated in (4.9) can be expressed
in terms of the active power droop gain, m, 4, as in (4.10):

Vie = V;lc,O — RdIG,dc- (49)
AVy, AV,

Ry = madx = ( mjx)‘/vdcvn”‘n - mp,dcvdc,mm- (410)
IG,dC PG,dc
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dec,1 mp,dc,l
Vdc,2

Pmax P P PmaXP
G,dc G,dc,2 G,dc,1 G,dc "’ G,dc

Figure 4.3. Power sharing in a dc subgrid.

where A‘/;lc — ‘/dc,mam - V;ic,mm'

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 difficult 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 HM@G, a bidirectional IC controls the active power transfer between neighboring
subgrids in order to achieve a specific objective [15]. An effective 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 different voltage drops at the IC dc terminals, each IC senses a unique
error signal: Ae,y; # Aeyyv. The amount of power transferred is hence not distributed
proportionally: P;.1 # Pj.2, as depicted in Figure 4.4.
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IC
—— P
\ Plc 2
ic,1
< >
Aewv 2 Aewv 1 ;1 Aewv
\ 4

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 different
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: Qi1 # Qic2
, 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 = (4.11)

mln{_,\%q (‘/ic,ac - V;c,aqO) ) Qic,max}a 1szc Z 0
0, ifP. <0 |

where P;. > 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 different 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 flow between interfaced ac/dc
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Figure 4.5. Reactive power sharing between two interlinking converters.

subgrids.

4.3 Proposed Unified 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 specific 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 unified formulation can also ensure proportional power sharing among
ICs with different 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 %{”Agac(u)H; + HAgdc(u)Hz}. (4.12)

up SuUSuyp

where AE,. and A&, are the respective ac and dc sharing errors defined by (4.13) and
(4.14):

1 1
Al = (—Sai — Sak), Vi ke By. (4.13)
Pac,i Pac,k
1 1
Agdc,i,k = ( PG,dc,i — PG’,dc,k)a VZ, ke B%C (414)
Pde,i Pde,k

where

9 BL set of all ac and dc buses that have droop-based units, respectively;
Sa.i, Pa.der actual apparent and active output powers of ac unit ¢ and dc unit £, respectively;
Pac,i, Pde; desired loading of ac unit ¢ and dc unit & for proportional sharing with other

droop-based units of their types, as defined by (4.15).

Smaa} max

G,i G,dc,i
Paci = ————  Pdei = (4.15)
Z max z Pmaac
G,k G,dc,k
kB keBs

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 u,,,, the droop parameters of
each unit ¢ can be replaced by a continuous decision variable z; which is between zero and
one, as expressed in (4.16):

i = ZiUgi, 2 € {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 defining a loading multiplier A € {A € RT|0 < A < A4}, Where
Amaz 18 the maximum loadability of the hybrid system, and the