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AC microgrids for grid capacity and resilience enhancement
On the sizing and control of AC microgrids to alleviate grid capacity bottleneck and facilitate
secure island transition of critical facilities
Ahmed Sunjaq
Department of Electrical Engineering
Chalmers University of Technology

Abstract
Sweden’s climate goals drive large-scale electrification across the industrial, transporta-
tion, and heat sectors, challenging electricity system operators due to infrastructure
overloading. Upgrading this infrastructure is time-consuming and could hinder elec-
trification efforts. Alongside this, grid operators must meet increasing demand while
ensuring reliable power supply, especially for critical facilities. Traditionally, these facil-
ities rely on gas or diesel generators for backup, which are environmentally unfriendly.

This thesis investigates the microgrid solution powered by renewable generation and
energy storage to facilitate the electrification process. The thesis focuses on the use of
microgrid solution to provide two critical grid functions.

The first one being the alleviation of grid capacity bottleneck by reducing local peak
net demand. Various microgrid solutions are explored, including separate microgrids
based on battery energy storage system (BESS), and interconnected microgrids by back-
to-back (B2B) converter or multiport converter (MPC). A linear optimization problem is
developed to find the cost-optimal solution without the net demand exceeding microgrids
power subscription limit. Results suggest MPC interconnection can reduce investment
in energy storage and power electronics when microgrids exhibit a low or intermediate
coincidence factor of their net load profiles.

The second microgrid function addresses the unplanned secure island transition
of a critical facility, using a hydro-powered microgrid as a case study. A criterion for
secure island transition is developed that accounts for frequency and voltage security
constraints.

To meet frequency security constraints, a novel BESS frequency controller based on
a Proportional-Integral (PI) controller with droop is developed. The controller tuning
accounts for the response time of the hydro power plant (HPP) governor to provide
coordinated and communication-less frequency support without over-sizing the energy
storage. The proposed controller is validated through performance comparison with
existing controllers in the literature and laboratory experiments. Results indicate the PI-
based droop controller requires less energy reserve from the battery than the commonly
used proportional (P) controller.

The voltage stability of the microgrid is challenged by significant reactive power drawn
by industry motors during island transition transients. Analysis shows key factors for
voltage stability are the online HPP capacity and the point of applicability of the reactive
power requirement.

Keywords: Microgrid, interconnected microgrids, battery energy storage system
(BESS), back-to-back (B2B) converter, multiport converter (MPC), island operation,
island transition, grid capacity bottleneck, frequency stability, voltage stability.
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CHAPTER 1

Introduction

This chapter presents the background and motivation that lays the foundation
of this thesis. This is followed by reviewing the relevant literature and stat-
ing the specific research questions. The purpose of the thesis and its main
contributions that link to the specific research questions are then presented.
Finally, the thesis outline is provided and the chapter is concluded with the
list of publications.

1.1 Background and motivation
As an effort to mitigate global warming, the Paris agreement, an interna-
tionally binding agreement, was established in 2015, with the set target of
limiting the temperature rise to 1.5 °C above the pre-industrial period by the
end of this century [1]. To achieve this international target, Sweden has set
the national target of net zero greenhouse gas emissions by 2045 [2]. This
has led to a strong drive for electrification, particularly in the industrial,
transportation, and heat sectors [3], [4]. However, existing distribution and
transmission infrastructure may not be able to accommodate the increase in
electrical demand due to electrification, especially in urban areas with high
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Chapter 1 Introduction

load concentration [5], [6]. The upgrade of the infrastructure can take a long
time, with transmission lines having a lead time between seven and twelve
years [7]. This could hinder the electrification process if it has a shorter lead
time than grid expansion [6].

Alongside this, many commercial and industrial (C&I) facilities require high
reliability of the power supply, and interruptions, even short ones, may not
be acceptable [8]–[10]. The reliability of power supply in Sweden is regulated
by the energy market inspectorate. According to regulations, the acceptable
amount of interruptions is four per calendar year, with a duration of 2-12 hours
per each interruption, depending on the interruption scale [11]. Such interrup-
tions may result in significant economic loss for C&I facilities. Therefore, C&I
facilities may have an agreement with the system operator to provide them
with a higher supply reliability, e.g. through a redundant supply. However,
the system operator cannot guarantee reliable power supply against extreme
weather conditions that result in multiple contingencies. Thus, some C&I fa-
cilities may invest in backup gas or diesel generators to maintain power supply
during an outage.

Microgrids based on renewable resources and energy storage systems are an
environmentally friendly solution to improve the reliability of power supply to
C&I facilities especially when equipped with island operation capability [12].
In addition, microgrids can provide the flexibility needed during peak demand
without extensive grid upgrades. This can accelerate electrification due to the
shorter implementation time of microgrids compared to grid upgrades [13].
However, the cost of energy storage can be a limiting factor for microgrid
implementation, particularly in prolonged congestion or/and extended island
operation. The cost can be mitigated by stacking different services or func-
tions, making the microgrid solution more competitive than traditional grid
upgrades designed to handle one problem at a time [13], [14]. Furthermore,
the benefits of a single microgrid can be reinforced by interconnecting micro-
grids sharing resources among them and reducing the required energy storage
size [13], [15]. The question of whether a single microgrid solution or intercon-
nection of microgrids is more cost-effective depends on the functions needed
by the local grid and the grid users and needs further investigation.
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1.2 Literature review on the role of power electronics in microgrids to
enhance power system reliability

1.2 Literature review on the role of power
electronics in microgrids to enhance power
system reliability

1.2.1 Definition of reliability of power supply

The power system is reliable when electricity is delivered to customers with
minimal interruptions and acceptable power quality [5]. For a power system
to be reliable, it must be adequate and secure in addition to being resilient.
Figure 1.1 summarizes the reliability of power systems and its classifications
[5], [16].

Reliability

Adequacy Security

Energy 

adequacy

Power 

adequacy

Grid 

adequacy

Grid 

security

Balance 

security
IT security

Resilience

Figure 1.1: Illustration of reliability in power systems [5], [16].

Adequacy has to do with the availability of adequate power and energy
to meet the demand in normal operation. The power system is said to be
adequate if it fulfills the following three conditions:

Energy adequacy Energy adequacy refers to meeting the long-term energy
needs of the power system. For example, the system operator in Sweden must
obtain adequate energy resource to compensate for the low hydro production
during the dry seasons.
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Power adequacy The power system must be in power balance at all times.
Therefore, the system operator must ensure adequate power generation to
meet demand variations.

Grid adequacy Transmission and distribution networks must have adequate
capacity to deliver power from energy carriers to end users.

The security of the power system has to do with the ability to achieve power
equilibrium with acceptable security constraints after being subjected to a
disturbance. The power system is said to be secure if it fulfills the following
three conditions:

Grid security Grid security is the ability of the power system to handle
network disruptions due to internal failures or external causes such as extreme
weather conditions.

Balance security Balance security is the ability of the power system to han-
dle the power imbalance caused by a disturbance. The power imbalance is
initially handled by the inertial response followed by the activation of auto-
matic and manual reserves.

IT security IT security is the ability to handle disruptions in the IT system
due to internal failures or external attacks. IT security is becoming critical
today because the power system is being digitalized and many of its tasks are
being automated.

Power system resilience is defined as the ability to limit the extent, severity,
and duration of system degradation following an extreme event [16]. Unlike
power system security, which accounts for N-1 contingencies, power system re-
silience covers extreme weather conditions that result in multiple contingencies
at a time. Although power system planning and operation often focus on the
N-1 criterion due to cost considerations, it is crucial to address the impact
of extreme events that result in multiple contingencies. Therefore, enhancing
resilience to limit the consequences of such events is highly desirable.
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1.2.2 Responsibility by different power system actors to
achieve reliability of power supply

To achieve a reliable power supply, each actor in the power system has differ-
ent responsibilities, as shown in Table 1.1 [11], [17]–[27]. The first row of the
table, if read in an upright position, illustrates the different actors in the power
system, including transmission system operators (TSOs), distribution system
operators (DSOs), local producers, and local consumers/prosumers. The first
two columns illustrate reliability classification. The classification divides reli-
ability into three main groups, which are the adequacy, security and resilience
of the power system, followed by a summary of typical reliability performance
indices. The adequacy and security are then further divided into sub-groups
taking into consideration different phenomena and time scales. Each cell in
the table summarizes the responsibility of the respective actor towards the
corresponding area of reliability. The color code in the table classifies those
responsibilities into four categories: services that are remunerated by the sys-
tem operator (blue), requirements by the grid code (green), emerging ser-
vices/requirements that have not been implemented yet (red), and potential
services/requirements that may be needed in the future (brown).

The table shows the involvement of new players that traditionally did not
have a role in the control and operation of the grid. Those players are local pro-
ducers, consumers, and prosumers. Compared to traditional TSO and DSO
solutions, these actors provide additional benefits, including a lower carbon
footprint and shorter lead times. This thesis focuses on the role of microgrids
in mitigating local grid capacity bottleneck through peak net load reduction
and improving the resilience of the local grid through island operation as these
two functions address critical issues in local renewable integration, electrifi-
cation and energy security in the society. As microgrid solutions typically
involve energy storage systems and power-electronic converters, the following
section reviews various power electronic technologies existing in microgrids
and their applications.

1.2.3 Functions provided by power electronics in microgrids
This section reviews the following technologies typically used in microgrids:
battery energy storage system (BESS), back-to-back (B2B) converter and mul-
tiport converter (MPC).
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Table 1.1: Responsibility of grid operators for a reliable power system and func-
tional requirements on grid users. The responsibilities are classified by
the following color code: remunerated service (blue), requirement by
the grid code (green), emerging service/requirement (red), and poten-
tial service/requirement (brown) [11], [17]–[27].
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1.2 Literature review on the role of power electronics in microgrids to
enhance power system reliability

1.2.3.1 BESS

Table 1.2 shows the leading BESS system integrators in 2021 by MW according
to their market share for BESS commercial and industrial and front-of-the-
meter projects [28]. The table also shows the range of commercial BESS
products offered by each integrator, alongside the functions they are capable
of delivering, as per their marketing [29]–[38]. The key functions BESSs are
marketed for are frequency regulation, power quality improvement, island
operation, peak net load shaving, profit maximization, and cost minimization.
The marketing of these functions reflects their need among different actors in
the power system.

Table 1.3 showcases several notable front-of-the-meter large scale BESS
projects, alongside with the BESS power and energy capacities, and the func-
tions they are designed to serve [39]–[47]. The sizing of a BESS is fundamen-
tally determined by the intended primary function. For instance, FlexGen’s
delivery of a 12 MW/ 5.4 MWh BESS for black starting Indiana’s natural
gas power plant illustrates a scenario where energy demand is not intensive.
Hence, the BESS is designed with a duration of about half an hour.

BESSs dedicated for enhancing the power system stability typically exhibit
power-intensive functions. Notable examples include the TESLA Megapack
BESS in Hornsdale, Australia and the Fluence Ultrastack BESS in Lithua-
nia, both engineered to provide stability-related functions such as frequency
regulation, inertial support, seamless island transition, and power oscillation
damping. These installations have a BESS duration of 1.3 hours and 1 hour,
respectively.

Functions such as profit maximization and balancing reserves require BESSs
units with duration not less than one hour to enable effective market partici-
pation. Noteworthy examples include BESS installations in Hertforshire and
Minety, UK.

For functions demanding high energy intensity, such as alleviation of grid
capacity bottleneck and island operation, BESS duration is tailored to the
length of the bottleneck or the desired island duration. Notable examples
of such energy-intensive BESS deployments include the NEXTera ENERGT
BESS in California (4 hours), Powin’s Energy Stacks in California (4 hours),
and Nidec’s BESS in Italy (6.5 hours).
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Chapter 1 Introduction

Table 1.2: Top BESS system integrators in 2021 by MW according to their mar-
ket share for BESS commercial and industrial and front-of-the-meter
projects along with their BESS products and the functions they can
provide [29]–[38].
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1.2 Literature review on the role of power electronics in microgrids to
enhance power system reliability

Table 1.3: Front-of-the-meter large scale BESS projects along with the BESS sizing
and the primary functions the BESS provides [39]–[47].
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Chapter 1 Introduction

1.2.3.2 interconnection of microgrids

The cost of BESS could be a limiting factor in microgrid implementation,
especially for energy-intensive functions such as grid capacity bottleneck al-
leviation and island operation. The interconnection of microgrid may reduce
the needed storage size thanks to recourse sharing. The interconnection of
microgrids through power electronic converters is advantageous over a direct
AC connector as the former can provide power flow control, independent volt-
age regulation, and fault isolation, among others [48]. The power-electronic
interconnection technologies at the distribution system are typically referred
to as soft open points [48]–[50], flexible power link [51] or power routers [52].

Back-to-back converter The B2B converter is a special case for two-terminal
applications [48]–[53]. Existing studies have focused on the use of B2B con-
verter for congestion mitigation of the upstream grid [51], load balancing
between two feeders [49], losses reduction [49], voltage quality improvement
[50], [53].

Multiport converter In contrast to a B2B converter, an MPC offers multiple
ports in AC or DC configuration. These ports can be utilized to interconnect
various energy resources, storages, or loads relying on power electronics. Some
potential applications of an MPC found in the existing literature include: 1)
household with rooftop solar photovoltaic (PV) and BESS [54]; 2) electric
vehicle charging station with BESS and PV cells [55]; 3) electric vehicles
with hybrid storage and solar roof [56], [57]; 4) interconnection of microgrids
[58]. What these applications have in common is the dependency on power
electronics. The MPC is useful in such applications since it can reduce the
number of conversion stages. The MPC for the interconnection of microgrids
is relatively a new concept and is still under research and development [59],
[60].

1.3 Specific research questions
This thesis addresses the following specific research questions:

1. What are the drivers for interconnection of microgrids compared to sep-
arate microgrids to mitigate the grid capacity bottleneck?
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1.4 Purpose of the thesis and main contributions

• What drives MPC interconnection compared to a B2B converter
or even individual BESS investment?

• What are the key factors that influence the sizing of an MPC with
integrated BESS and DC load for microgrid interconnection to mit-
igate the grid capacity bottleneck?

2. How to design a microgrid with island capability and the ability to tran-
sition to island mode in a secure manner during an unplanned outage?

• How to design a frequency controller of a BESS to facilitate a
frequency-secure unplanned island transition of a hydro-powered
microgrid?

• What are the key factors for sizing of a BESS to simultaneously
mitigate the grid capacity bottleneck and facilitate island operation
with a frequency-secure unplanned island transition?

• What are the key factors for sizing of a B2B converter in intercon-
nected microgrids to facilitate a frequency-secure unplanned island
transition of a hydro-powered microgrid?

• What are the key factors in the voltage stability of an industrial
microgrid during an unplanned island transition?

1.4 Purpose of the thesis and main contributions
The purpose of this thesis is to investigate different microgrid solutions to ad-
dress the grid capacity bottleneck and improve the resilience of power supply
to critical facilities. The investigated microgrid solutions include separate mi-
crogrids with individual BESSs, interconnected microgrids by B2B converter
where each microgrid has its own BESS, and interconnected microgrids by
MPC where a BESS is integrated to the DC link of the MPC and shared by
both microgrids. In particular, this thesis focuses on the sizing of BESS, B2B
converter with individual BESSs, and MPC with integrated BESS to reduce
the peak net demand of two microgrids. In addition, the sizing and control
of the BESS and B2B converter is investigated to facilitate the island opera-
tion and island transition of a critical facility. The contributions of the thesis
include:
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Chapter 1 Introduction

• Illustrating the advantage of interconnection of microgrids with com-
plementary net load profiles in reducing the size of BESS needed for
peak net load reduction. Additionally, the analysis also illustrates the
advantage of interconnection by MPC with integrated BESS compared
to interconnection by B2B converter with individual BESSs in reducing
the size of power electronics.

• Development of a simple rule-of-thumb method for the dimensioning of
MPC with integrated BESS and DC load to mitigate the grid capac-
ity bottleneck in interconnected microgrids. The rule-of-thumb method
relies on the net load profile of two microgrids and their grid power
subscription as inputs. The rule-of-thumb sizing is verified against the
optimal sizing obtained by linear programming. An industrial and com-
munity microgrid is used as a case study for the analysis.

• Development of a simple PI-based droop frequency controller and its
tuning for a BESS to facilitate a frequency-secure unplanned island tran-
sition of a hydro-powered microgrid. To validate the proposed frequency
controller, its performance is compared against existing controllers in
the literature, and validated in a laboratory experiment. Compared to
controllers in the literature, this controller strikes a balance between
simplicity and effectiveness.

• Identification of key factors for BESS size to mitigate grid capacity bot-
tleneck, facilitate frequency-secure island transition under an unplanned
islanding event, and facilitate island capability through power balanc-
ing. The analysis shows that the size of the BESS power capacity is
determined by the requirement for a frequency-secure island transition.
Whereas, the size of the BESS energy capacity is a function of both
requirements for capacity bottleneck alleviation and island operation.
However, if the correlation between a capacity bottleneck in the gird
and the occurrence of an islanding event is low, this can reduce storage
size of the BESS substantially.

• Identification of key factors for sizing of B2B converter in interconnected
microgrids to facilitate a frequency-secure unplanned island transition
of a hydro-powered microgrid. The analysis shows that the size of the
B2B converter should account for the maximum active power exchange

12



1.5 Thesis outline

between the microgrid and the upstream grid. Furthermore, dynamic
analysis shows that the converter controlling the DC-link voltage of the
B2B converter has to be slightly larger than the other one without losing
control over the DC-link voltage.

• Assessment of key factors for the voltage stability of a hydro-powered
industrial microgrid during unplanned island transition. In particular,
the point of applicability (POA) of the reactive power requirement is
a factor that is overlooked in the existing literature. Two alternative
points for the POA of reactive power requirement are compared: first,
the POA being the point of connection (POC) of distributed generators
and loads, which is the case today in Sweden; and second, the POA
being the point of common coupling (PCC) of the microgrid. The anal-
ysis shows that the former requirement allows for larger reactive power
exchange with the upstream grid; thus, challenging the voltage stability
of the microgrid during an unplanned islanding.

1.5 Thesis outline
The remainder of the thesis is organized as follows:

• Chapter 2 investigates different solutions for the mitigation of grid
capacity bottleneck by peak net load reduction of two microgrids. The
investigated solutions are: separate microgrids where each microgrid
has its own BESS; interconnected microgrids by B2B converter where
each microgrid has its own BESS; interconnected microgrids by MPC
where a BESS is integrated to the DC-link of MPC and shared by both
microgrids. Furthermore, a simple rule-of-thumb method is developed
for dimensioning of MPC-integrated BESS for peak net load reduction
of two microgrids. The size obtained using rule-of-thumb method is
compared with the optimal size obtained by linear programming in an
industrial and community microgrids context.

• Chapter 3 develops a BESS frequency controller to facilitate a frequency-
secure unplanned island transition of a hydro-powered microgrid. First,
a BESS frequency controller and its tuning are proposed to fulfill the
microgrid frequency security constraints. The proposed controller is ver-
ified through dynamic simulations, and its effectiveness is compared with
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existing controllers in the literature. Finally, the controller is validated
in a laboratory test.

• Chapter 4 investigates the updated BESS size obtained in Chapter 2 to
additionally facilitate island operation with island transition capability
of a microgrid. This is achieved by updating the linear programming
problem developed in Chapter 2 to account for the additional constraints
for island transition based on the dynamic simulations in Chapter 3. In
addition, the updated formulation accounts for the capability of the
microgrid to sustain island operation for a specific time duration.

• Chapter 5 tests the effectiveness of the proposed frequency controller in
Chapter 3 on a B2B converter interconnected industrial and community
microgrids without relying on a BESS.

• Chapter 6 investigates the voltage stability of industrial hydro-powered
microgrid under unplanned island contingency. This chapter adjusts the
microgrid model in Chapter 3 to invoke more voltage stability issues by
adding long feeders, using a more realistic industrial load model suitable
for transient voltage stability studies, and accounting for the reactive
power requirement of a microgrid.

• Chapter 7 concludes the thesis by summarizing key results and pro-
viding suggestions for future work.

Table 1.4 summarizes the scope of the thesis.

Table 1.4: Scope of the thesis.

Microgrid solution

Provided function
Peak net load

reduction
Island

transition
Island

operation
Separate microgrids with

individual BESSs
✓ ✓ ✓

Interconnected microgrids by B2B
converter with individual BESSs

✓ ✓ Future
work

Interconnected microgrids by MPC
with integrated BESS

✓ Future
work

Future
work
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CHAPTER 2

Sizing of BESS and multiport converter in microgrids to
mitigate grid capacity bottleneck

This chapter investigates different solutions to mitigate grid capacity bottleneck
by peak net load reduction of two microgrids.

Nomenclature
Indices
tGC index of time in [h]

y index of year in [yr]
m index of microgrid

Parameters
Time-related parameters

∆tGC time interval of time index tGC in [h]
TGC final time of time index tGC in [h]

P L,AC
tGC,m AC net load time series in [p.u.]
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P L,DC
tGC

DC load time series in [p.u.]
Technical-related parameters

ηcon, ηinv, ηtran efficiency of DC/DC converter, DC/AC converter, transformer
ηdis, ηch battery discharge and charge efficiencies

ηdis,eq, ηch,eq BESS discharge and charge efficiencies
ηrt BESS roundtrip efficiency

SOCmin,GC minimum battery SOC level
SOCmax,GC maximum battery SOC level

N project duration in [yr]
P MG,max

m microgrid power subscription in [p.u.]
Financial-related parameters
Cel electricity spot market price in [kEUR/MWh]

CI,B battery investment cost in [kEUR/MWh]
CI,con DC/DC converter investment cost in [kEUR/MW]
CI,inv DC/AC converter investment cost in [kEUR/MW]

CI,tran transformer investment cost in [kEUR/MVA]
CI,cable cable investment cost in [kEUR/MVA.km]

COM,fix,B battery fixed OPEX in [kEUR/MWh/year]
COM,fix,con DC/DC converter fixed OPEX in [kEUR/MW/year]
COM,fix,inv DC/AC converter fixed OPEX in [kEUR/MW/year]

COM,fix,tran transformer fixed OPEX in [kEUR/MVA/year]
COM,var,B battery variable OPEX in [kEUR/MWh]

COM,var,con DC/DC converter variable OPEX in [kEUR/MWh]
COM,var,inv DC/AC converter variable OPEX in [kEUR/MWh]

r discount rate in [%]
KDF discount factor

Variables
BESS-related variables
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P B,DC
tGC,m BESS DC power in [p.u.]

⌢

P
B,DC
tGC,m estimated BESS DC power by rule-of-thumb method in [p.u.]

P B,DC,ch
tGC,m BESS charge DC power in [p.u.]

⌢

P
B,DC,ch
tGC,m estimated BESS charge DC power by rule-of-thumb method in

[p.u.]
P B,DC,dis

tGC,m BESS discharge DC power in [p.u.]
⌢

P
B,DC,dis
tGC,m estimated BESS discharge DC power by rule-of-thumb method

in [p.u.]
P B,AC

tGC,m BESS AC power in [p.u.]

P B,AC,ch
tGC,m BESS charge AC power in [p.u.]

P B,AC,dis
tGC,m BESS discharge AC power in [p.u.]

P B,DC,max
m BESS maximum DC power in [p.u.]

P B,AC,max
m BESS maximum AC power in [p.u.]

eB
tGC,m BESS energy storage level in [p.u.h]

EB,max
m BESS maximum energy storage in [p.u.h]

EB,init
m BESS initial energy storage in [p.u.h]

CCAPEX,B BESS CAPEX in [kEUR]
COPEX,B BESS total OPEX in [kEUR]

COPEX,fix,B BESS fixed OPEX in [kEUR]
COPEX,var,B BESS variable OPEX in [kEUR]

Closs,B BESS cost of losses
B2B converter-related variables

P B2B
tGC,m B2B converter power in [p.u.]

P B2B,in
tGC,m B2B converter input power in [p.u.]

P B2B,out
tGC,m B2B converter output power in [p.u.]

P B2B,loss
tGC,m B2B converter power losses in [p.u.]

P B2B,max
m B2B converter maximum power in [p.u.]
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CCAPEX,B2B B2B converter CAPEX in [kEUR]

COPEX,B2B B2B converter total OPEX in [kEUR]

COPEX,fix,B2B B2B converter fixed OPEX in [kEUR]

COPEX,var,B2B B2B converter variable OPEX in [kEUR]

Closs,B2B B2B converter cost of losses in [kEUR]

MPC-related variables

P MPC
tGC,m MPC power in [p.u.]

⌢

P
MPC
tGC,m estimated MPC power by rule-of-thumb method in [p.u.]

P MPC,in
tGC,m MPC input power in [p.u.]

⌢

P
MPC,in
tGC,m estimated MPC input power by rule-of-thumb method in [p.u.]

P MPC,out
tGC,m MPC output power in [p.u.]

⌢

P
MPC,out
tGC,m estimated MPC output power by rule-of-thumb method in [p.u.]

P MPC,max
m MPC maximum power in [p.u.]

⌢

P
MPC,max
m estimated MPC maximum power by rule-of-thumb method in

[p.u.]

P MPC,loss
tGC,m MPC power losses in [p.u.]

CCAPEX,MPC MPC CAPEX in [kEUR]

COPEX,MPC MPC total OPEX in [kEUR]

COPEX,fix,MPC MPC fixed OPEX in [kEUR]

COPEX,var,MPC MPC variable OPEX in [kEUR]

Closs,MPC MPC cost of losses in [kEUR]

Other variables

P MG
tGC,m microgrid power import in [p.u.]

P L,DC,B
tGC

DC load power component fed by the BESS in [p.u.]

P L,DC,MG
tGC

DC load power component fed by the AC microgrids in [p.u.]
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2.1 Introduction
This chapter investigates three microgrid solutions to alleviate a grid capacity
bottleneck:

(a) Separate microgrids where each microgrid has its own BESS,

(b) Interconnected microgrids through B2B converter where each microgrid
has its own BESS,

(c) Interconnected microgrids through MPC where BESS is integrated at
the DC link of the MPC and shared by both microgrids.

Solution (a) can alleviate a capacity bottleneck by shifting power in time
through charging/discharging BESS. Solutions (b) and (c), in addition to
shifting power in time, can also shift power in space by rerouting the power
to a neighboring microgrid that has spare capacity.

The cost-effectiveness of the three solutions is investigated by formulating
a linear optimization problem with the objective function being to minimize
the total capital expenditure (CAPEX), operational expenditure (OPEX) and
losses costs of power electronics, transformers, storages and cable intercon-
necting the microgrids. The optimization problem models the microgrid as
a power balance model and accounts for the maximum power exchange with
the upstream grid in addition to the maximum capacity of power electronics
and storages.

This chapter also proposes a simple rule-of-thumb method for dimension-
ing MPC and BESS under a realistic scenario of industrial and community
microgrids. The rule-of-thumb method accounts for the cases without/with
a DC load integrated into the DC link of the MPC. The effectiveness of the
proposed rule-of-thumb sizing is verified by comparing it with optimal sizing
by linear programming.

2.2 Optimization problem description
This section describes the optimization problem formulation, while the de-
tailed mathematical formulation is summarized in Appendix A.
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2.2.1 Investigated solutions for alleviation of grid capacity
bottleneck

Figure 2.1 shows the investigated solutions for alleviating grid capacity bot-
tleneck, which include:

(a) Separate microgrids where each microgrid has its own BESS,

(b) Interconnected microgrids by B2B converter where each microgrid has
its own BESS,

(c) Interconnected microgrids by MPC where BESS is integrated at the DC
link of the MPC and shared by both microgrids.

The grid capacity bottleneck here refers to scenarios where the net load of
a microgrid exceeds its corresponding power subscription for power import
or/and export with its connecting upstream grid. The capacity bottleneck
can be alleviated by discharging/charging BESS if the microgrid is in power
deficit/surplus. Alternatively, it can be alleviated by importing/exporting
power from/to an adjacent microgrid that has spare capacity. Solution (a)
utilizes the first strategy, while solutions (b) and (c) utilize a combination of
the first and second strategies.

2.2.2 Objective function for minimization of investment and
operational costs

The optimization problem is treated as three separate problems, one for each
investigated solution. The objective function is to minimize the total cost of
investment, operation, and losses in power electronics, storages, transformers,
and cable (highlighted in the colors in Figure 2.1) needed to alleviate the
capacity bottleneck in the upstream grid. The minimized costs include:

• CAPEX: CAPEX of batteries, DC/DC converters, DC/AC converters,
transformers, and cable for interconnecting microgrids,

• OPEX: OPEX of batteries, DC/DC converters, DC/AC converters, and
transformers,

• Losses cost: cost of losses in batteries, DC/DC converters, DC/AC con-
verters, and transformers.
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Figure 2.1: Two microgrids with three solutions for the alleviation of grid capacity
bottleneck.
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The OPEX is divided into fixed OPEX and variable OPEX. Fixed OPEX is
expressed in EUR/MW/year and is fixed irrespective of how the equipment is
operated. It includes, for example, administration, operational staff, payments
for operation and maintenance (O&M) service agreements, network or system
charges, property tax, and insurance [61]. The variable OPEX is expressed in
EUR/MWh and depends on how the equipment is operated. It includes con-
sumption of auxiliary materials (water, lubricants, fuel additives), treatment
and disposal of residuals, repair and maintenance related to production, and
spare parts [61].

The assumptions made when formulating the objective function are as fol-
lows:

• The total CAPEX is assumed to be the aggregated CAPEX of the in-
dividual elements, e.g. batteries, converters, that make up the final
product, i.e., B2B converter and MPC. This assumption is made due to
the lack of cost data for B2B converter and MPC,

• The cost of losses is treated as an independent parameter from the
OPEX, although in some of the references the cost of losses is part
of the variable OPEX,

• The cable is assumed to have negligible fixed and variable OPEX. The
transformer is assumed to have negligible variable OPEX,

• The OPEX and the cost of losses account for the entire project lifetime
of 20 years.

• Services that bring revenue stream such as energy arbitrage and fre-
quency ancillary services are not included in this formulation. The fo-
cus here is to determine the size of the MPC to provide the required
technical functions.

2.2.3 Constraints for mitigating grid capacity bottleneck
The optimization problem constraints include:

• Maximum power import and export between the microgrid and the up-
stream distribution grid,

• Maximum power capacity of BESS, B2B converter and MPC,
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• Maximum and minimum energy capacity of BESS,

• Energy level of BESS,

• DC-link power balance of B2B converter and MPC.

The assumptions made when formulating the constraints are as follows:

• The maximum power exchange between the microgrid and the upstream
distribution grid is treated as a hard constraint instead of imposing a
penalty in the objective function for exceeding the power subscription,

• The permissible range for BESS state of charge (SOC) level is between
20% and 80%,

• The model used here is a power balance model where voltage drops are
neglected, i.e. voltage is 1 p.u.,

• The power losses through battery, DC/DC and DC/AC converters and
transformer are assumed to have a linear relationship with the power
flow through the respective element,

• Load side flexibility is not considered.

2.3 Peak net load reduction of two generic
microgrids

This section investigates the size of MPC interconnected microgrids to miti-
gate grid capacity bottleneck by reducing peak net load of two generic micro-
grids. The economical feasibility of the interconnection by MPC is compared
against the solution of separate microgrids and the solution of interconnected
microgrids by B2B converter. Two generic mcirogrids with sinusoidal net load
profiles are used as a case study for the analysis.

2.3.1 Net load profile of generic microgrids
Figure 2.2 (left) shows the net load profile of two generic microgrids during
a single day with a resolution of one hour. Both microgrids have sinusoidal
net load variations with peak hour in Microgrid 1 occurring at 12:00 PM and

25



Chapter 2 Sizing of BESS and multiport converter in microgrids to mitigate
grid capacity bottleneck

that in Microgird 2 at 06:00 PM. The microgrids exceed their corresponding
power subscription of 1 p.u. with the upstream distribution network. Micro-
grid 1 exceeds its power subscription between 09:00 AM and 04:00 PM and
Microgrid 2 between 03:00 PM and 10:00 PM. The microgrids exceed their
power subscription simultaneously between 03:00 PM and 04:00 PM. In this
chapter, the term grid capacity bottleneck refers to the situation when a net
load of a microgrid exceeds its power subscription to the upstream distribution
network.
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Figure 2.2: Hourly net load profile of two generic microgrids during a single day
(left), and their aggregated net load profile (right).

2.3.2 Base case scenario
The capacity bottleneck in the grid is alleviated by one of the three solutions
illustrated in Figure 2.1. The cost-optimal dimensioning of power electronics
and storages is obtained by the optimization problem described in Appendix
A and the results are shown in Figure 2.3 in red font. The base power for the
per unit values is the maximum power exchange between a single microgrid
and the corresponding upstream grid, which is identical for both microgrids.
This is used as a base power through out this section. To gain insight into the
factors affecting the size, Figures 2.4, 2.5 and 2.7 show the optimal dispatch
of power electronics and storages.

In the separate microgrids solution, the dimensioning of BESS in each mi-
crogrid is identical. This is because the capacity bottleneck is similar in both
microgrids in terms of power and energy deficiencies. Therefore, the anal-
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yses here focus only on Microgrid 1. Figure 2.4 shows the optimal power
dispatch of BESS 1 and its energy storage dynamics during a single day. The
reference power direction of the BESS is illustrated in Figure 2.3, where the
positive/negative power of the BESS corresponds to the battery being dis-
charged/charged. The BESS charges during off-peak hours, between 01:00
AM and 08:00 AM, and discharges during peak hours, between 09:00 AM and
04:00 PM. The BESS is in standby for the remainder of the day. The peak
power discharge occurs at 12:00 PM, corresponding to the peak net load of the
microgrid (see Figure 2.2 left). Note that the peak power discharge is equal
to 5%, which is equal to the maximum power deficiency of the microgrid, i.e.,
the maximum difference between the peak net load and the microgrid power
subscription. The size of the BESS storage capacity is equivalent to the ac-
cumulated energy deficiency, which is the area highlighted with dashed lines
in Figure 2.2 left. The BESS storage capacity is overdimensioned to account
for the round-trip BESS losses of 10.5%.

The interconnected microgrids by B2B converter has a significant reduction
in the BESS size compared to separate microgrids. The size of the BESS power
capacity has been reduced by 2.4 times and its energy storage capacity by 3
times. This reduction in the size of the BESS needed for capacity bottleneck
alleviation is due to the flexibility available through power rerouting between
the microgrids. Interconnected microgrids can be thought of as a single entity.
Such a single entity would have a net load profile as shown in Figure 2.2 (right).
The dashed area in this figure reflects the remaining capacity bottleneck that
cannot be relieved through power re-rerouting. Therefore, an additional BESS
is needed to provide temporal flexibility by discharging during those hours.
This is illustrated by the optimal power dispatch of the BESSs shown in Figure
2.5 (top left), where the two BESSs discharge during those hours when both
microgrids are power deficit. In fact, the aggregated size of the two BESSs
corresponds to the maximum power deficiency and the maximum accumulated
energy deficiency of the aggregated microgrids, as illustrated in Figure 2.2
(right).

When it comes to the allocation of the BESS capacity in the two microgrids,
if the capacity bottleneck only occurs in one of the microgrid, then installing
the BESS in that microgrid is more cost optimal. This is because having the
BESS in the neighboring microgrid will result in the full BESS power passing
through the B2B converter increasing its size. In this case, since the capacity
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Figure 2.3: Dimensioning of power electronics and storages for grid capacity bot-
tleneck alleviation (base case). Base power is the maximum power
exchange between a single microgrid and the corresponding upstream
grid (same for both microgrids).
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Figure 2.4: Optimal dispatch of separate microgrids solution: BESS 1 optimal
power dispatch (left), and corresponding BESS 1 storage dynamics
(right). Positive/negative power of the BESS corresponds to the bat-
tery being discharged/charged. Base power is the maximum power
exchange between microgrid and the upstream grid.

bottleneck is similar in both microgrids, investing in two equivalent BESSs
located at each microgrid is a logical choice.

The dimensioning of the B2B converter is driven by the power deficiency
in Microgrid 1 (blue arrows in Figure 2.6) when there is a spare capacity
in Microgrid 2 (red arrows in Figure 2.6). The dimensioning could also be
driven by the other scenario when there is a power deficiency in Microgrid
2 and available spare capacity in Microgrid 1. However, since the capacity
bottleneck is similar in both microgrids, only the former scenario is illustrated.
If at a certain hour the red arrow is longer than the blue arrow, this means
that microgrid 2 has sufficient spare capacity to alleviate capacity bottleneck
in microgrid 1. On the other hand, if the red arrow is shorter than the blue
arrow, this means that microgrid 2 does not have sufficient spare capacity to
alleviate capacity bottleneck in microgrid 1 through power rerouting. In this
case, BESS must provide power support. The dimensioning incident of the
B2B converter is dictated by the hour at which the red arrow is equal to or
just larger than the blue arrow. In this case, the dimensioning incident is at
12:00 PM and both arrows are equal in size and equal to 5%. This analysis
is confirmed by the optimal power dispatch of the B2B converter, shown in
Figure 2.5 (bottom left), which shows a maximum power flow from microgrid
2 to microgrid 1 occurring at 12:00 PM and is equal to 4.7%. The reason it is
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Figure 2.5: Optimal dispatch of interconnected microgrids by B2B converter:
BESS 1 and BESS 2 optimal power dispatch (top left), and their corre-
sponding storage dynamics (top right); B2B converter optimal power
dispatch (bottom left). The reference power direction is illustrated in
Figure 2.3 (b). Base power is the maximum power exchange between
microgrid and the upstream grid.

less than the 5% needed to alleviate the capacity bottleneck is because BESS 1
also provides power support to microgrid 1 by 0.3% at 12:00 PM. This slightly
increases the size of the BESS energy capacity, but it simultaneously reduces
the size of the B2B converter. The optimal compromise between the size of
the storage and the B2B converter is obtained by the optimization problem
according to the input data of their capital costs. According to the input
data, 1 MWh of storage has half the capital cost of a 1 MW B2B converter.
This means that if there is a 1 MW power deficiency occurring in microgrid 1
that lasts for one hour, optimization will most likely prioritize investment in
storage. However, in case of a longer lasting capacity bottleneck (longer than
two hours) and if it could be alleviated through power rerouting, it may be
more cost optimal to invest in a B2B converter than a storage. An additional
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2.3 Peak net load reduction of two generic microgrids

factor that plays a role in the choice of investment is the efficiency of each
of the BESS and B2B converter. The former has a round trip efficiency of
89.5%, while the latter has an efficiency of 96%. Therefore, if both solutions
have the same capital cost, the B2B converter becomes advantageous due to
its lower operational cost.
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Figure 2.6: Hourly net load profile of two generic microgrids illustrating the Power
deficiency in Microgrid 1 (blue arrows) and the spare capacity in Mi-
crogrid 2 (red arrows).

In the case of interconnected microgrids by MPC, there is only one BESS
shared by both microgrids and integrated with the MPC. Figure 2.3 shows
that the size of the BESS (the battery and its DC/DC converter) is equivalent
to the aggregated size of the two BESSs in the interconnected microgrids by
B2B converter. Thus, the same principle for dimensioning the BESS applies
here, i.e. the size is dictated by the maximum power deficiency and maximum
accumulated energy deficiency of the aggregated microgrids. Figure 2.7 (top
left) shows the optimal power dispatch of the BESS. The BESS discharges
between t=13:00 PM and t=06:00 PM, when the aggregated microgrids are
power deficit.

The dimensioning of the AC ports of the MPC is dictated by the maximum
power deficiency of the microgrid at which the AC port is interfaced. The
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maximum power deficiency of Microgrid 1 is equal to 5% and occurs at 12:00
PM, and that of Microgrid 2 is also equal to 5% and occurs at 06:00 PM.
This is also confirmed by the optimal power dispatch of the AC ports of the
MPC shown in Figure 2.7 (bottom left and bottom right), which shows that
AC Port 1 and AC Port 2 have a maximum power output of 5% occurring at
12:00 PM and 06:00 PM, respectively.
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Figure 2.7: Optimal dispatch of interconnected microgrids by MPC: BESS opti-
mal power dispatch (top left), and its corresponding energy storage
dynamics (top right); MPC AC Port 1 and AC Port 2 optimal power
dispatch (bottom left and bottom right). The reference power direc-
tion is illustrated in Figure 2.3 (c). Base power is the maximum power
exchange between microgrid and the upstream grid.

Table 2.1 summarizes the size and cost of the three investigated solutions.
The separate microgrids solution has the highest cost, twice as much compared
to interconnected microgrids. The main driver for the high cost of separate
microgrids is the large energy storage size needed to alleviate the capacity
bottleneck. While both technologies for interconnection show a similar size
for the storage and DC/DC converter, the interconnection by MPC distin-
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2.3 Peak net load reduction of two generic microgrids

guishes itself by requiring less investment on DC/AC converter. This is due
to the integration of the BESS with the MPC instead of the BESS having its
own DC/AC converter. Consequently, the interconnection by MPC is 11.7%
cheaper than interconnection by B2B converter.

Table 2.1: Summary of size and cost of power electronics and storages for capacity
bottleneck alleviation (base case). The per unit values are on the base
of microgrid power subscription.

Separate microgrids Interconnected microgrids
by B2B converter

Interconnected microgrids
by MPC

Aggregated size of energy storage 0.54762 p.u.h 0.18032 p.u.h 0.17562 p.u.h
Aggregated size of DC/DC converters 0.102 p.u. 0.04224 p.u. 0.04225 p.u.
Aggregated size of DC/AC converters 0.10 p.u. 0.1392 p.u. 0.10 p.u.

Total CAPEX, OPEX &
losses cost

112.1 kEUR
MW p.u. 57.2 kEUR

MW p.u. 50.51 kEUR
MW p.u.

2.3.3 Impact of microgrids coincidence factor
In the base case scenario, the two microgrids experience capacity bottleneck
at different times of the day, with Microgrid 1 experiencing it around the noon
and Microgrid 2 around the evening. The likelihood of the two microgrids to
peak simultaneously can be measured by the coincidence factor. This section
explores various coincidence factors between the net load profiles of the two
microgrids (as illustrated in Figure 2.8):

• Low coincidence factor: when the two microgrids do not experience
capacity bottleneck simultaneously,

• Intermediate coincidence factor (base case): when the two microgrids
experience capacity bottleneck simultaneously but for a limited time
duration,

• High coincidence factor: when the two microgrids experience capacity
bottleneck simultaneously and for an extended amount of time.

Figure 2.9 compares the optimal size and cost for the three solutions to
alleviate grid capacity bottleneck corresponding to various coincidence factors.
The results reveal that interconnection of microgrids is cheaper solution than
separate microgrids in case of low and intermediate coincidence factors, with a
corresponding reduction in the cost by 82.3% and 50% (roughly), respectively.
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Figure 2.8: Hourly net load profile of two generic microgrids during a single day
and with various coincidence factors.

This reduction in the cost is attributed to the fact that the two microgrids have
different peak hours, which facilitates capacity bottleneck alleviation through
power rerouting. This reduces the storage requirement significantly, with no
investment required in the case of low coincidence factor and some investment
needed in the case of intermediate coincidence factor but still much lower
than separate microgrids. In case of high coincidence factor, interconnection
of microgrids is not advantageous compared to separate microgrids. This is
obvious as the two microgrids are congested simultaneously, which hinders the
possibility of power rerouting.

2.4 Peak net load reduction of industrial and
community microgrids

The previous section has illustrated that an MPC with integrated BESS can
reduce the size of battery and power electronics needed for peak net load
reduction of two generic microgrids. This section illustrates the sizing of
MPC with integrated BESS in a realistic scenario of industrial and commu-
nity microgrids. In addition, a simple rule-of-thumb method is developed to
estimate the size of the MPC with integrated BESS. The estimated size is
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Figure 2.9: Impact of microgrids coincidence factor on the size and cost of three
potential solutions for the mitigation of grid capacity bottleneck.

then compared to the solution obtained by optimization. Two scenarios are
investigated: without and with DC load integrated into the MPC.

It is necessary to clarify some of the terms used in this section. Microgrid
1 and Microgrid 2 refer to industrial and community microgrids, respectively.
AC Port 1 and AC Port 2 of the MPC are interfaced to Microgrid 1 and Mi-
crogrid 2, respectively. The positive/negative power of any AC port means
injection/absorption of power into/from the microgrid. When a microgrid is
power deficient/surplus, it means that the net load profile of the microgrid ex-
ceeds its power subscription limit for power import/export with the respective
Distribution System Operator (DSO). When aggregated microgrids are power
deficient/surplus, it means that the net load profile of aggregated microgrids
exceed the aggregated power subscription limit for power import/export. A
capacity bottleneck occurs when single microgrid/aggregated microgrids can-
not meet corresponding power subscription limits of power import or/and
export.
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2.4.1 Net load profile of industrial and community microgrids
Figure 2.10 (top) shows the net load profile of industrial and community mi-
crogrids obtained from real measurements carried out over one calendar year
and with a resolution of one hour. The powers are given in per unit with
respect to the power subscription of the industrial microgrid (24.3 MW). This
base power is used throughout this section. The industrial microgrid consists
of a paper and pulp factory and a HPP, whereas the community microgrid
consists of a municipality and wind turbines. Industrial and community mi-
crogrids experience a capacity bottleneck during different times of the year,
the former during the summer and winter seasons and the latter during the
winter and spring seasons. Figure 2.10 (bottom) shows the aggregated net
load profile of the two microgrids. It can be seen that by aggregating the
microgrids, the duration of the capacity bottleneck is significantly reduced,
occurring only in the winter season, specifically in November and December.

Figure 2.11 shows the corresponding heat map of the net load profile of
the industrial and community microgrids. The x-axis represents the day of
the year starting from January 1, and the y-axis represents the hour of the
day with hour 1 corresponding to 01:00 AM, and so on. The heat map shows
that both microgrids complement each other not just on a seasonal basis
but also on a daily basis. This is clear as the industrial microgrid has peak
demand during night hours while the community microgrid has it during day
hours. Thus, industrial and community microgrids make a good case study
for interconnection.

Figure 2.12 (top) shows net load profile of industrial and community micro-
grids at December 6. The industrial microgrid exceeds its power subscription
during night hours, while the community microgrid exceeds it during the day
hours. When aggregating the two microgrids, as shown in Figure 2.12 (bot-
tom), the capacity bottleneck is significantly reduced, occurring only for one
hour at 08:00 PM.

2.4.2 Proposed rule-of-thumb method for dimensioning of
multiport converter with integrated BESS

2.4.2.1 Definition of key parameters

Before deliberating in the proposed rule-of-thumb method, it is necessary to
define some key parameters that will simplify the mathematical formulation.
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Figure 2.10: Recording of industrial and community microgrids net load profile
(top), and their aggregation (bottom), recorded over one calender
year.

The power deficiency in Microgrid m due to the net load exceeding the corre-
sponding power subscription for power import is defined as follows:

∆P MG,def
tGC,m = max

(
∆P L,AC

tGC,m − P MG,max
m , 0

)
∀tGC∀m, (2.1)

The power surplus in Microgrid m due to the net load exceeding the corre-
sponding power subscription for power export is defined as follows:

∆P MG,plus
tGC,m = max

(
−∆P L,AC

tGC,m − P MG,max
m , 0

)
∀tGC∀m, (2.2)

The additional power that Microgrid m can import from the local grid before
reaching the corresponding power subscription for power import is defined as
follows:
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Figure 2.11: Heat map of industrial and community microgrids showing their sea-
sonal and daily net load variations during one calender year. The
x-axis representes the day of the year with day 1 corresponding to
January 1, and so on. The y-axis represents the hour of the day,
where hour 1 corresponds to 01:00 AM, and so on.
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Figure 2.12: Recording of industrial and community microgrids net load profile
(top), and their aggregation (bottom), recorded on December 6.

∆P MG,imp
tGC,m = max

(
P MG,max

m − ∆P L,AC
tGC,m, 0

)
∀tGC∀m, (2.3)

The additional power that Microgrid m can export to the local grid before
reaching the corresponding power subscription for power export is defined as
follows:

∆P MG,exp
tGC,m = max

(
∆P L,AC

tGC,m + P MG,max
m , 0

)
∀tGC∀m, (2.4)

Note that all previously defined parameters have non-negative values. Note
also that the power deficiency of Microgird m ∆P MG,def

tGC,m and the additional
reserve that Microgrid m has for power import ∆P MG,imp

tGC,m do not occur simul-
taneously. Similarly, the power surplus of Microgrid m ∆P MG,plus

tGC,m and the
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additional reserve that Microgrid m has for power export ∆P MG,exp
tGC,m do not

occur simultaneously.

2.4.2.2 Dimensioning of BESS power capacity

To estimate BESS power capacity, its power dispatch is first estimated based
on a pre-defined operation. The pre-defined operation assumes that the BESS
is only discharged/charged when the aggregated microgrids are power defi-
cient/surplus:

⌢

P
B,DC,dis
tGC

=
max

( 2∑
m=1

∆P MG,def
tGC,m −

2∑
m=1

∆P MG,imp
tGC,m , 0

)
ηtranηinv

∀tGC, (2.5a)

⌢

P
B,DC,ch
tGC

= ηtranηinv max
( 2∑

m=1
∆P MG,plus

tGC,m −
2∑

m=1
∆P MG,exp

tGC,m , 0
)

∀tGC,

(2.5b)
⌢

P
B,DC
tGC

=
⌢

P
B,DC,dis
tGC

−
⌢

P
B,DC,ch
tGC

∀tGC. (2.5c)

Note that the above equations do not account for BESS recovering its initial
SOC level after supporting in relieving a capacity bottleneck. This is because
the sole purpose of defining the BESS operation is to find its power capacity
needed to alleviate the capacity bottleneck. Moreover, recovering the initial
SOC level of BESS should not be a dimensioning incident for the BESS power
capacity.

Figure 2.13 (top) compares the estimated BESS power dispatch obtained
by (2.5a)-(2.5c) with that obtained by the optimization problem defined in
Appendix A. The two power dispatches agree that the BESS should discharge
to alleviate the capacity bottleneck of the aggregated microgrids that occurs
in November and December (see Figure 2.13 bottom). The main difference
between the two power dispatches is that the optimal one accounts for recover-
ing of the SOC level, which explains the negative power. However, recovering
the BESS SOC level is not a dimensioning factor. The dimensioning incident
of the BESS power capacity occurs on December 5 (see the zoomed subplot),
when the aggregated microgrids reach their peak net demand. The 0.185 p.u.
BESS power capacity is slightly higher than the maximum power deficiency
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0.182 p.u. due to losses occurring in the DC/AC converter and transformer.
Observe also that the estimated power dispatch captures the dimensioning
incident very accurately.
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Figure 2.13: Optimal and estimated BESS power dispatch (top); net load profile
of aggregated microgrids (bottom). The zoomed subplots show the
dimensioning incident of BESS power capacity occurring on December
5.

2.4.2.3 Dimensioning of BESS energy capacity

The dimensioning of the BESS energy capacity depends on the maximum
accumulated power deficiency/surplus of the aggregated microgrids. When
analyzing the net load profile of the aggregated microgrids, it was found that
the highest accumulated energy deficiency occurs on December 9, which is
illustrated by the dashed area in Figure 2.14. The energy deficiency lasts
for 9 hours starting from 11:00 AM and ending at 08:00 PM, and carries an
accumulated energy of 0.3661 p.u.h. Thus, the dimensioning of the energy
storage should be 0.3661/0.895 = 0.40491 p.u.h., when accounting for the
round trip efficiency of 89.5%. This value is similar to the one obtained by
optimization 0.4002 p.u.h.
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Figure 2.14: Dimensioning incident of BESS energy capacity showing the max-
imum accumulated energy deficiency of aggregated industrial and
community microgrids on December 9.

2.4.2.4 Dimensioning of multiport converter AC port 1

To estimate MPC AC Port 1 power capacity, its power dispatch is first esti-
mated based on a predefined operation:

⌢

P
MPC,out
tGC,1 = ∆P MG,def

tGC,1 + min
(

η2
tranη2

inv∆P MG,plus
tGC,2 , ∆P MG,exp

tGC,1

)
∀tGC,

(2.6a)
⌢

P
MPC,in
tGC,1 = ∆P MG,plus

tGC,1 + min
(

∆P MG,def
tGC,2

η2
tranη2

inv
, ∆P MG,imp

tGC,1

)
∀tGC, (2.6b)

⌢

P
MPC
tGC,1 =

⌢

P
MPC,out
tGC,1 −

⌢

P
MPC,in
tGC,1 ∀tGC, (2.6c)

where (2.6a) defines the output power of AC Port 1, (2.6b) defines the input
power of AC Port 1, and (2.6c) accounts for the net power. The first term
of (2.6a) corresponds to the scenarios where Microgrid 1 is deficient in power
and power is injected by AC Port 1. The second term of (2.6a) corresponds to
the scenarios where Microgrid 2 has surplus power and the power is exported
to Microgrid 1. The first term of (2.6b) corresponds to the scenarios where
Microgrid 1 has surplus power and the power is absorbed by AC port 1.
The second term of (2.6b) corresponds to the scenarios where Microgrid 2 is
deficient in power and the power is imported from Microgrid 1.

Figure 2.15 (top) compares the estimated and optimal power dispatch of
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AC Port 1. To help understand the power dispatch of AC Port 1, the net load
profiles of industrial and community microgrids are presented in Figure 2.15
(middle). It can be seen that AC Port 1 has positive power when the industrial
microgrid is power deficit, negative power when the community microgrid is
power deficit and the industrial microgrid has spare capacity, and zero power
during the remainder of the year. The estimated power dispatch replicates
the optimum one very accurately with a mismatch of only 2%:

TGC∑
tGC=1

∣∣∣∣⌢

P
MPC
tGC,1 − P MPC

tGC,1

∣∣∣∣
TGC∑

tGC=1

∣∣P MPC
tGC,1

∣∣ = 2%.

However, the estimated power dispatch does not accurately depict the di-
mensioning incident. The dimensioning incident occurred on February 5 at
10:00 AM and is shown in the zoomed subplot of Figure 2.15. The dimension-
ing incident corresponds to the scenario in which the community microgrid
experiences its maximum power deficiency of 0.32 p.u. and power is imported
from the industrial microgrid. The estimated power dispatch imports the en-
tire power 0.33 p.u. from the industrial microgrid (additional 0.01 p.u. due
to power losses in the MPC) while the BESS is in standby (see the bottom
subplot of Figure2.15). On the other hand, the optimal solution imports only
0.25 p.u. of power from the industrial microgrid with additional power support
from the BESS by 0.07 p.u. Thus, the estimated dispatch leads to over-sizing
AC Port 1 by 32%:∣∣∣∣⌢

P
MPC,max
1 − P MPC,max

1

∣∣∣∣
P MPC,max

1
= 0.33 − 0.25

0.25 = 32%.

This shows that the rule-of-thumb method may result in overestimating the
size of an AC port of the MPC. This is because the rule-of-thumb method
underestimates the role of the BESS, especially under the condition when
one microgrid experiences a capacity bottleneck while the other microgrid has
sufficient spare capacity to support the former microgrid. In this case, the
estimated power dispatch assumes that the power is re-routed to the other
microgrid. However, this may result in over-dimensioning the other AC port
of the MPC. Instead, the optimization method suggests that the BESS takes
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some of the power burden, especially if the BESS has sufficient capacity and
storage, which may reduce the size of the other AC port of the MPC. There-
fore, the rule-of-thumb method can be seen as a quick method to obtain an
upper limit for the MPC size.

Figure 2.15: Optimal and estimated MPC AC Port 1 power dispatch (top); net
load profile of industrial and community microgrids (middle); opti-
mal and estimated BESS power dispatch (bottom). The zoomed sub-
plots show the dimensioning incident of MPC AC Port 1 occurring
on February 5, 10:00 AM.
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2.4.2.5 Dimensioning of multiport converter AC port 2

To estimate MPC AC Port 2 power capacity, its power dispatch is first esti-
mated based on a predefined operation:

⌢

P
MPC,out
tGC,2 = ∆P MG,def

tGC,2 + min
(

η2
tranη2

inv∆P MG,plus
tGC,1 , ∆P MG,exp

tGC,2

)
∀tGC,

(2.7a)
⌢

P
MPC,in
tGC,2 = ∆P MG,plus

tGC,2 + min
(

∆P MG,def
tGC,1

η2
tranη2

inv
, ∆P MG,imp

tGC,2

)
∀tGC, (2.7b)

⌢

P
MPC
tGC,2 =

⌢

P
MPC,out
tGC,2 −

⌢

P
MPC,in
tGC,2 ∀tGC, (2.7c)

where (2.7a) defines the output power of AC Port 2, (2.7b) defines the input
power of AC Port 2, and (2.7c) accounts for the net power. The first term
of (2.7a) corresponds to the scenarios where Microgrid 2 is deficient in power
and power is injected by AC Port 2. The second term of (2.7a) corresponds to
the scenarios where Microgrid 1 has surplus power and the power is exported
to Microgrid 2. The first term of (2.7b) corresponds to the scenarios where
Microgrid 2 has surplus power and the power is absorbed by AC port 2.
The second term of (2.7b) corresponds to the scenarios where Microgrid 1 is
deficient in power and the power is imported from Microgrid 2.

Figure 2.16 (top) compares the estimated and optimal power dispatch of
AC Port 2. To help understand the power dispatch of AC Port 2, the net
load profiles of industrial and community microgrids are presented in Figure
2.16 (bottom). It can be seen that AC Port 2 has positive power when the
community microgrid is power deficit, negative power when the industrial mi-
crogrid is power deficit and the community microgrid has spare capacity, and
zero power during the remainder of the year. The estimated power dispatch
replicates the optimum one very well with a mismatch of only 1.6%:

TGC∑
tGC=1

∣∣∣∣⌢

P
MPC
tGC,2 − P MPC

tGC,2

∣∣∣∣
TGC∑

tGC=1

∣∣P MPC
tGC,2

∣∣ = 1.6%.

The dimensioning incident is also accurately replicated as shown in the
zoomed subplots of Figure 2.16. The dimensioning incident occurs on Febru-
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ary 5 at 10:00 (same as dimensioning incident for AC Port 1), and corresponds
to the maximim power deficiency in the community microgrid of 0.32 p.u.
Therefore, AC Port 2 injects 0.32 p.u. power to alleviate the capacity bottle-
neck. There is no mismatch between the estimated and optimal capacity of
AC Port 2.

Figure 2.16: Optimal and estimated MPC AC Port 2 power dispatch (top); net
load profile of industrial and community microgrids (bottom). The
zoomed subplots show the dimensioning incident of MPC AC Port 2
power capacity occurring on February 5, 10:00 AM.

This section has only focused on the use of the MPC with integrated BESS
to alleviate the grid capacity bottleneck. Therefore, it is evident that the uti-
lization rate of MPC and BESS is quite low, with the utilization rate of AC
Port 1 and AC Port 2 of MPC being 15.9%, and that of BESS being 1.29%.
This may raise a question about the economic feasibility of the project. Ad-
ditional functions that may bring a revenue stream, such as energy arbitrage
and frequency ancillary services, can increase the utilization of the MPC with
integrated BESS and facilitate its payback. However, this is not the focus of
this chapter.

Figure 2.17 summarizes the rule-of-thumb method for dimensioning MPC
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with integrated BESS to interconnect microgrids to mitigate grid capacity
bottleneck. The maximum size of AC Port 1 and AC Port 2 should account
for the worst among the four scenarios illustrated in the figure. The size of the
BESS power and energy capacities should account for the worst among the
two illustrated scenarios. Note that the rule-of-thumb method gives an upper
bound for the size of MPC and BESS, as compared to the size obtained by
optimization. Thus, the rule-of-thumb method can be used to obtain a quick
and rough size of the MPC and BESS.

2.4.3 Proposed rule-of-thumb method for dimensioning of
multiport converter with integrated BESS and DC load

The previous section has illustrated the proposed rule-of-thumb method for
dimensioning of MPC with integrated BESS to interconnect microgrids for
mitigating grid capacity bottleneck. This section illustrates the updated rule-
of-thumb for dimensioning of MPC and BESS if a DC load is integrated to
the DC link of the MPC.

2.4.3.1 Load profile of DC load

Figure 2.18 (top) shows the DC load profile, and Figure 2.18 (bottom) shows
the net load profile of industrial and community microgrids. The DC load
profile is obtained by assuming that 20% of the industrial demand is a DC
demand and that this DC demand is integrated with the MPC. Note that
the net load profile of the industrial microgrid excludes the DC load. This is
done for practical reasons to simplify the analysis of dimensioning the MPC.
However, the aggregated net load profile of the two microgrids with the DC
load remains the same as in the previous section. Therefore, it is not shown
here.

2.4.3.2 Definition of key parameters

Additional parameters in addition to those defined in Section 2.4.2.1 must
be defined that will serve to simplify the analysis of the size of the MPC
with integrated BESS and DC load. The DC load profile P L,DC

tGC
is divided

into two components, the first being supplied by Microgrid 1 and Microgrid 2
P L,DC,MG

tGC
, and the second being supplied by BESS P L,DC,B

tGC
:
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1- Maximum power deficiency in 

Microgrid 1

2- Maximum power surplus in 

Microgrid 2 if Microgrid 1 has 

sufficient capacity for power import 

3- Maximum power surplus in 

Microgrid 1

4- Maximum power deficiency in 

Microgrid 2 if Microgrid 1 has 

sufficient capacity for power export

1- Maximum power deficiency in 

Microgrid 2

2- Maximum power surplus in 

Microgrid 1 if Microgrid 2 has 

sufficient capacity for power import 

3- Maximum power surplus in 

Microgrid 2

4- Maximum power deficiency in 

Microgrid 1 if Microgrid 2 has 

sufficient capacity for power export

1- Maximum power deficiency of 

aggregated microgrids

2- Maximum power surplus of 

aggregated microgrids

1- Maximum accumluated energy 

deficiency of aggregated microgrids

2- Maximum accumluated energy 

surplus of aggregated microgrids

Rule-of-thumb method for dimensioning of MPC with integrated BESS

Size of AC Port 1

Size of AC Port 2

Size of BESS 

power capacity 

Size of BESS 

energy capacity 

Microgrid 1 Microgrid 2 Microgrid 1 Microgrid 2

Microgrid 1 Microgrid 2 Microgrid 1 Microgrid 2

Figure 2.17: Rule-of-thumb method for dimensioning of MPC with integrated
BESS to interconnect microgrids for mitigating grid capacity bot-
tleneck. Note that the sizing referred to here is active power sizing.
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Figure 2.18: Recording of DC load profile (top), and industrial and community
microgrids net load profiles (bottom), recorded over one calender year.
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P L,DC
tGC

= P L,DC,MG
tGC

+ P L,DC,B
tGC

∀tGC, (2.8)

where

P L,DC,MG
tGC

= min
(

ηtranηinv

( 2∑
m=1

∆P MG,imp
tGC,m

)
, P L,DC

tGC

)
∀tGC, (2.9)

and

P L,DC,B
tGC

= P L,DC
tGC

− P L,DC,MG
tGC

∀tGC. (2.10)

The rule-of-thumb method assumes that the DC load is primarily supplied
from the AC grid through the AC Ports of the MPC, as long as the two
microgrids have sufficient spare capacity. In case the spare capacity of the
microgrids was not sufficient, the BESS supplies the remainder of the DC
load. The main reason for prioritizing the AC grid over the BESS for supplying
the DC load is that investment in energy storage is expensive, especially for
extended duration. Keep in mind that this section does not attempt to propose
an operating method for the MPC with BESS, but rather focuses on finding
an estimated size for grid capacity bottleneck alleviation.

2.4.3.3 Dimensioning of BESS power and energy capacities

As illustrated in Section 2.4.2, the estimated power and energy capacities of
BESS are based on the net load profile of the aggregated microgrids (including
the DC load in this case). Since the aggregated microgrid net load profile has
not changed, the estimated size of the BESS remains the same. However, the
optimal size of the BESS obtained by optimization shows a slight increase,
with power capacity increasing from 0.185 p.u. to 0.190 p.u. and energy
capacity from 0.40491 p.u.h to 0.4233 p.u.h. This increase in the size is due to
the additional losses occurring in the MPC to feed the DC load, which did not
exist in the case when the DC load was not integrated in the MPC. However,
the rule-of-thumb method do not account for the power losses since it does
not contribute to a large portion of the final size.
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2.4.3.4 Dimensioning of multiport converter AC port 1

To estimate MPC AC Port 1 power capacity, its power dispatch is first esti-
mated based on a predefined operation. The operation of AC Port 1 follows
the same principle as in Section 2.4.2 but accounts additionally for the supply
of DC load:

⌢

P
MPC,out
tGC,1 = ∆P MG,def

tGC,1 + min
(

ηtranηinv min
(

ηtranηinv∆P MG,plus
tGC,2 − P L,DC

tGC
, 0
)

, ∆P MG,exp
tGC,1

)
∀tGC,

(2.11a)
⌢

P
MPC,in
tGC,1 = ∆P MG,plus

tGC,1 + min
(

∆P MG,def
tGC,2

η2
tranη2

inv
+

∆P MG,imp
tGC,1

∆P MG,imp
tGC,1 +∆P MG,imp

tGC,2

P L,DC
tGC

ηtranηinv
, ∆P MG,imp

tGC,1

)
∀tGC,

(2.11b)
⌢

P
MPC
tGC,1 =

⌢

P
MPC,out
tGC,1 −

⌢

P
MPC,in
tGC,1 ∀tGC, (2.11c)

where (2.11a) defines the output power of AC Port 1, (2.11b) defines the
input power of AC Port 1, and (2.11c) accounts for the net power. The first
term of (2.11a) corresponds to the scenarios where Microgrid 1 is deficient
in power and power is injected by AC Port 1. The second term of (2.11a)
corresponds to the scenarios where Microgrid 2 has surplus power, and if that
surplus power exceeds the DC load demand, the remaining is exported to
Microgrid 1. The first term of (2.11b) corresponds to the scenarios where
Microgrid 1 has surplus power and the power is absorbed by AC port 1.
The second term of (2.11b) corresponds to the scenarios where Microgrid 2 is
deficient in power and the power is imported from Microgrid 1. In addition to
exporting power to Microgrid 2, this term also accounts for the power needed
to supply the DC load.

Figure 2.19 (top) shows the estimated and optimal power dispatch of MPC
AC Port 1. It is clear that there is a large difference between the two power
dispatches. This is mainly because optimal dispatch may have several optimal
solutions, since the DC load can be supplied through AC Port 1 or AC Port
2 with equal penalty on the losses. The equal penalty for losses is due to
neglecting losses occurring in the cable interconnecting microgrids in the op-
timization problem. Otherwise, Microgrid 1 would have been more favorable
for supplying the DC load since it is electrically closer. However, irrespective
of which AC Port is supplying the DC load, the total dimensioning of both
AC ports should be optimal. The dimensioning incident of AC Port 1 occurs
when the aggregated community microgrid net load with the DC load demand
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reaches a peak value (see the middle subplot). This occurred on February 22,
09:00 AM, with a total power deficiency of 0.54 p.u. The estimated power
dispatch borrows all the needed power from the industrial microgrid, i.e. 0.56
p.u. (additional 0.02 p.u. to account for losses in the MPC), while the BESS
is in standby (see the bottom subplot). On the other hand, the optimal dis-
patch provides additional power support of 0.08 p.u. from the BESS, which
reduces the power needed from the industrial microgrid. This reduces the size
of AC Port 1 to 0.48. Thus, the estimated size of MPC AC Port 1 is larger
by 16.7%: ∣∣∣∣⌢

P
MPC,max
1 − P MPC,max

1

∣∣∣∣
P MPC,max

1
= 0.56 − 0.48

0.48 = 16.7%

As explained in the previous section, the overestimation of AC port 1 of
the MPC is because the rule-of-thumb method underestimates the role of
BESS. The rule-of-thumb method assumes that the BESS is always in standby
unless both microgrids have exceeded their maximum power exchange with
the upstream grid. Thus, the usage of BESS is very restricted in the rule-of-
thumb method. However, the rule-of-thumb method can be seen as a quick
method to obtain a higher limit for the MPC size.

2.4.3.5 Dimensioning of multiport converter AC port 2

The estimated dispatch of AC Port 2 follows the same principle as in Section
2.4.2 but accounts additionally for the supply of DC load:

⌢

P
MPC,out
tGC,2 = ∆P MG,def

tGC,2 + min
(

ηtranηinv min
(

ηtranηinv∆P MG,plus
tGC,1 − P L,DC

tGC
, 0
)

, ∆P MG,exp
tGC,2

)
∀tGC,

(2.12a)
⌢

P
MPC,in
tGC,2 = ∆P MG,plus

tGC,2 + min
(

∆P MG,def
tGC,1

η2
tranη2

inv
+

∆P MG,imp
tGC,2

∆P MG,imp
tGC,1 +∆P MG,imp

tGC,2

P L,DC
tGC

ηtranηinv
, ∆P MG,imp

tGC,2

)
∀tGC,

(2.12b)
⌢

P
MPC
tGC,2 =

⌢

P
MPC,out
tGC,2 −

⌢

P
MPC,in
tGC,2 ∀tGC, (2.12c)

where (2.12a) defines the output power of AC Port 2, (2.12b) defines the
input power of AC Port 2, and (2.12c) accounts for the net power. The first
term of (2.12a) corresponds to the scenarios where Microgrid 2 is deficient
in power and power is injected by AC Port 2. The second term of (2.12a)
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Figure 2.19: Optimal and estimated MPC AC Port 1 power dispatch (top); aggre-
gated net load profile of community microgrid with DC load (middle);
optimal and estimated BESS power dispatch (bottom). The zoomed
subplots show the dimensioning incident of MPC AC Port 1 occurring
on February 22, 09:00 AM.

corresponds to the scenarios where Microgrid 1 has surplus power, and if that
surplus power exceeds the DC load demand, the remaining is exported to
Microgrid 2. The first term of (2.12b) corresponds to the scenarios where
Microgrid 2 has surplus power and the power is absorbed by AC port 2.
The second term of (2.12b) corresponds to the scenarios where Microgrid 1 is
deficient in power and the power is imported from Microgrid 2. In addition to
exporting power to Microgrid 1, this term also accounts for the power needed
to supply the DC load.

Figure 2.20 (top) shows the estimated and optimal power dispatches of
MPC AC Port 2. Similar to the case of AC Port 1, the mismatch between
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the estimated and optimal power dispatch is also large. As explained earlier,
this is because there are many optimal solutions where the DC load can be
supplied from Microgrid 1 or Microgrid 2. However, irrespective of whether
the DC load is supplied from Microgrid 1 or Microgrid 2, this should not lead
to over-dimensioning of the AC ports. The dimensioning incident of AC Port
2 occurs on February 5, 10:00 AM, when the community microgrid reaches its
peak net demand (see the bottom subplot). The power capacity of AC Port
2 in this case is determined by the maximum power deficiency of Microgrid 2
0.32 p.u. The estimated power capacity of AC Port 2 matches exactly with
the optimal solution.
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Figure 2.20: Optimal and estimated MPC AC Port 2 power dispatch (top); net
load profile of community microgrids (bottom). The zoomed sub-
plots show the dimensioning incident of MPC AC Port 2 occurring
on February 5, 10:00 AM.

Figure 2.21 summarizes the rule-of-thumb method for dimensioning MPC
with integrated BESS and DC load to interconnect microgrids for mitigating
grid capacity bottleneck. The maximum size of AC Port 1 and AC Port
2 should account for the worst among the four scenarios illustrated in the
figure. The size of the BESS power and energy capacities should account for
the worst among the two illustrated scenarios. Note that the rule-of-thumb
method gives an upper bound for the size of MPC and BESS, as compared
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to the size obtained by optimization. Thus, the rule-of-thumb method can be
used to obtain a quick and rough size of the MPC and BESS.

2.4.3.6 Sensitivity analysis of BESS cost

The previous analysis considers the CAPEX of the BESS as of 2020. Al-
though BESS costs have witnessed an exponential decrease during the previ-
ous decade (2010-2019), the first half of the current decade (2020-2025) had
a more moderate decrease in costs, which is expected to continue at the same
rate according to forecasts [62]. This section analyses the impact of the re-
duction of BESS CAPEX on the resulting size of the MPC with integrated
BESS. The BESS CAPEX here refers to two cost components, the DC/DC
converter and the storage. The DC/AC converter is not considered as part
of the BESS in this context, as the BESS is integrated with the MPC. This
implies that the DC/AC converter has other functions such as integrating the
DC load and performing power rerouting.

Figure 2.22 shows the resulting size of MPC AC Port 1 and AC Port 2 in
addition to the energy and power capacities of BESS when sweeping the BESS
CAPEX from 100% to 5% of its base CAPEX. The results show that the BESS
energy capacity does not change until the BESS CAPEX is reduced to 8% of
its original CAPEX (reduction of twelve times). This shows that the size is
not very sensitive to the BESS CAPEX. To understand the reason behind
that, we first need to understand the drivers behind sizing AC Port 1 and AC
Port 2. The size of AC Port 2 does not change throughout the entire range of
BESS cost. This is because the dimensioning of AC Port 2 is determined by
the maximum power deficiency in Microgrid 2. This means that whether the
power needed to alleviate the capacity bottleneck in Microgrid 2 comes from
the BESS or from Microgrid 1, it definitely has to go through AC Port 2.

On the other hand, the dimensioning incident of AC Port 1 is due to capacity
bottleneck in Microgrid 2. This leads to power export from Microgrid 1 to
Microgrid 2 while simultaneously supplying the DC load. If the BESS takes
some of the DC load power burden or helps alleviate the capacity bottleneck
in Microgrid 2, this may reduce the required size of AC port 1. However, to
find the additional size of energy storage needed if the BESS to take some of
the power burden from AC Port 1, one should analyze the duration during
which AC Port 1 utilizes its maximum power. The results show that the
longest duration for which AC Port 1 maintains its maximum power is during
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1- Maximum power deficiency in Microgrid 1

2- Maximum power surplus in Microgrid 2 

minus the DC load demand if Microgrid 1 has 

sufficient capacity for power import 

3- Maximum power surplus in Microgrid 1

4- Maximum power deficiency in Microgrid 2 

plus the DC load demand if Microgrid 1 has 

sufficient capacity for power export

1- Maximum power deficiency in Microgrid 2

2- Maximum power surplus in Microgrid 1 

minus the DC load demand if Microgrid 2 has 

sufficient capacity for power import 

3- Maximum power surplus in Microgrid 2

4- Maximum power deficiency in Microgrid 1 

plus the DC load demand if Microgrid 2 has 

sufficient capacity for power export

1- Maximum power deficiency of 

aggregated microgrids with DC load

2- Maximum power surplus of 

aggregated microgrids with DC load

1- Maximum accumluated energy 

deficiency of aggregated microgrids 

with DC load

2- Maximum accumluated energy 

surplus of aggregated microgrids with 

DC load

Rule-of-thumb method for dimensioning of MPC 

with integrated BESS and DC load 
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Figure 2.21: Rule-of-thumb method for dimensioning of MPC with integrated
BESS and DC load to interconnect microgrids for mitigating grid
capacity bottleneck. Note that the sizing referred to here is active
power sizing.
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February 5 and for 12 continuous hours. This explains why the battery cost
has to decrease by around twelve times, before the optimization decides to
increase the investment in BESS on behalf of AC Port 1. Despite the fact
that the BESS energy capacity has increased significantly, its power capacity
remained the same. This indicates that the BESS needed for this case study
is of high energy density, i.e., high energy to power ratio.
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2.5 Summary
This chapter has investigated the interconnected microgrid by MPC as a po-
tential solution to mitigate the grid capacity bottleneck by reducing the peak
net load of two microgrids. First, the interconnected microgrids by MPC is
compared against existing solutions for peak net load reduction, namely the
separate microgrids with individual storages and the interconnected micro-
grids by B2B converter with individual storages. The simulation results using
generic load profiles show that the interconnection of microgrids can reduce
or even eliminate the need for an additional energy storage system if the two
microgrids have a low or intermediate coincidence factor. Furthermore, in-
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terconnection by MPC reduces the aggregated size of all DC/AC converters
compared to the B2B converter counterpart thanks to its integrated BESS at
the DC-link. Second, the dimensioning of the MPC with integrated BESS and
DC load is illustrated under a realistic scenario of industrial and community
microgrids. The results show that the dimensioning of an AC port of the
multiport converter should account for the following scenarios: a) maximum
power deficiency/surplus in the microgrid to which the AC port is interfaced;
b) power deficiency/surplus in the neighboring microgrid that coincides with
high/low DC load demand and available power capacity in the microgrid to
which the AC port is interfaced. In case power rerouting between the two
microgrids through the MPC is not sufficient to reduce the peak net load, an
additional investment in BESS is needed to provide temporal power support.
The dimensioning of the BESS power capacity should account for the maxi-
mum power deficiency/surplus of aggregated microgrids, and its energy capac-
ity should account for the maximum accumulated energy deficiency/surplus
of the aggregated microgrids.
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CHAPTER 3

Control of BESS to improve frequency stability of
hydro-powered microgrid during island transition

This chapter developes a frequency controller of a BESS to facilitate a frequency-
secure unplanned island transition of a hydro-powered microgrid.

3.1 Introduction
Commercial and industrial (C&I) facilities are critical loads requiring high de-
gree of electricity supply reliability and resiliency [8]–[10], and the traditional
N-1 supply reliability is not applicable. Thus, many C&I facilities have their
own local backup gas or diesel generators for island operation in case of grid
outage. However, this generation type is not environmentally friendly, and
many C&I facilities have set their own targets for reducing CO2 emissions.
One solution is to replace these fossil fuel powered generators with a BESS.
However, long outage duration requires a large storage capacity, which makes
the BESS uneconomical for C&I facility owners.

In Sweden, many C&I facilities are located close to a river where hydro
generators are installed. For instance, a paper and pulp factory is supplied
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from the same substation to which a HPP in a close-by river is connected
[63]. Another example is the ongoing Ludvika microgrid project in Sweden,
where hydro generators will power the local community in island operation if
an outage occurs in the upstream grid [64]. However, the main reason that
hydro generators do not take the main responsibility for frequency regulation
in island operation is because of their technical limitations. These limitations
include: 1) limited fast frequency control capability caused by the regulation
speed of the wicket gate and by the time delay of a long penstock [65]-[66], and
2) sustained frequency oscillations caused by the backlash in the gear when
changing the direction of the wicket gate position [67]. One solution to assist
the hydro generator for frequency regulation during island operation is to use
a fast-acting device such as a BESS [68], which is interfaced to the grid by
a voltage source inverter (VSI). Thus, how to design the frequency controller
of the BESS in coordination with hydro generators for microgrid application
becomes a relevant issue.

Several existing studies available in the literature have addressed the fre-
quency control of BESS in microgrid applications [69]–[75]. In microgrids with
only inverter-based resources, the conventional proportional-based (P-based)
droop controller is deployed for the frequency regulation of BESS in island op-
eration [69]–[71]. However, for microgrids where both synchronous generators
(SGs) and inverter-based resources participate in frequency regulation, vari-
ous droop-based frequency control strategies have been proposed for the BESS
[72]–[75]. A P-based droop control with non-linear droop constant is used in
[72] for the BESS to improve the frequency regulation of a diesel-powered mi-
crogrid during island operation. A similar non-linear droop is proposed in [73]
to improve the frequency stability of the Maui Hawaiian Island. The perfor-
mance of the controller is good for small frequency deviations but deteriorates
in case of large frequency disturbances as the droop constant increases. In [74],
BESS and thermostatically controlled loads are used to provide fast frequency
support in an islanded microgrid with a relatively slow diesel engine governor.
The BESS frequency controller is modeled as a P-based droop, while the diesel
engine is in isochronous control mode, which allows the BESS to contribute in
frequency support dynamically without depleting the storage in steady state.
Authors in [75] propose a lag compensator for the frequency controller of
BESS in a microgrid with a gas turbine. The strategy works well as the gas
turbine has a fast frequency-regulating capability, which is not the case for
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hydro turbines. Consequently, such a frequency control strategy may not be
able to fulfill the frequency nadir requirement in a hydro-powered microgrid.
However, little literature has been found on the coordinated frequency control
between BESS and hydro generators for microgrid applications.

On the other hand, for transmission system applications there exists some
literature on coordinated frequency control between BESS and hydro gener-
ators [76], [77]. A first-order high-pass filter-based frequency controller has
been developed for coordinated frequency regulation between BESS and hy-
dro generators [76]. However, the gain of the frequency controller is tuned
to be similar to the transient gain of a hydro governor, which is typically
very small and may not be sufficient for mitigating the frequency nadir in a
low inertia system such as a microgrid. Authors in [77] propose a 4th order
high-pass filter for the BESS to support hydro generators in grid frequency
regulation. The filter parameters are tuned numerically for a specific system
scenario, with no clear indication on how the control parameters should be
adjusted when the system context changes such as for microgrid applications.
Moreover, such a 4th order frequency control structure further complicates the
parameter tuning in reality, where delays in programmable logic controllers
and nonlinearities in the turbine-governor system are present.

This chapter aims at developing the frequency controller of a BESS to fa-
cilitate a frequency-secure unplanned island transition of a hydro-powered
microgrid. This chapter is structured as follows. In Section 3.2, the micro-
grid network diagram is presented and the mathematical model of the hydro
turbine-governor system and BESS controller are summarized. Then, the pro-
posed tuning of the BESS frequency controller is described in detail in Section
3.3, where the tuning strategy is summarized in Figure 3.5. In Section 3.4, the
microgrid case study is first introduced, which is followed by the small-signal
stability analysis of the proposed tuning. Section 3.5 presents the dynamic
simulation results, where the proposed control strategy is compared with ma-
jor existing strategies in the literature. Sensitivity analyses of the controller
parameters on the performance of the frequency controller during microgrid
island transition is also conducted. The proposed strategy is further validated
through a laboratory experiment in Section 3.6. Section 3.7 discusses key as-
sumptions made in the modeling and their implications. Finally, key findings
are summarized in Section 3.8.
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3.2 Microgrid model for island transition studies

3.2.1 Network diagram of hydro-powered microgrid
Figure 3.1 shows the network diagram of an actual medium-voltage (MV)
distribution system in the west coast of Sweden to be operated as a microgrid.
The paper and pulp factory is supplied from a 140/11 kV substation, to which
a HPP is also connected. To enable a secure island transition of the microgrid,
a BESS is installed at the factory bus. In the following sections, we elaborate
on the control adopted for each of the hydro and BESS systems.
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Figure 3.1: Hydro-powered microgrid equipped with a BESS to facilitate a secure
island transition of a paper and pulp facility.
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3.2.2 Hydro turbine with governor and exciter model

Figure 3.2 shows a generic Francis hydro turbine model for the provision of
frequency containment reserve (FCR). The model includes a speed governor,
an actuator of the wicket gate with ramp rate limiter and a turbine and
penstock model [78]. The automatic voltage regulator (AVR) of the hydro
generator is implemented as a standard PI controller with a static exciter
model typically used in the Nordic 32 power system model [79]. For a detailed
description of the AVR and the exciter model, the readers are referred to [79].
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Figure 3.2: Simplified model of a Francis hydro turbine and governor for the pro-
vision of frequency containment reserve.

The open-loop transfer function of the output mechanical power with re-
spect to the input frequency deviation of the hydro turbine can be expressed
as

∆Pm,H

−∆fH
=
(

Γtr,G
TGs

TGs + 1 + Γss,G
1

TGs + 1

)(
SMG

b
P H

b

)
(

1
Tys + 1

)(
−Tws + 1
0.5Tws + 1

)
,

(3.1)

where ∆fH = fH − f∗
H, and
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Γss,G = 1
RG

P H
b

SMG
b

, (3.2a)

Γtr,G = Kp,G

1 + RGKp,G

P H
b

SMG
b

, (3.2b)

TG =1 + RGKp,G

RGKi,G
. (3.2c)

In the previous equations, Γss,G is the governor steady-state frequency regu-
lation strength, Γtr,G is the governor transient frequency regulation strength,
TG is the governor time constant, P H

b is the HPP rated active power, and SMG
b

is the microgrid base power. Note that the conventional PI-based droop of
the hydro governor with the parameters, Kp,G, Ki,G and RG, is equivalent to
a high-pass filter plus low-pass filter with the parameters, Γss,G, Γtr,G and TG.
In this chapter, the former parameters are expressed in per unit with respect
to the HPP rated active power P H

b , while the latter parameters are expressed
in per unit with respect to the microgrid base power SMG

b .

3.2.3 Control of BESS

3.2.3.1 Grid-following vs. grid-forming control

Traditionally, BESS is controlled in a grid-following (GFL) mode when con-
nected to a strong grid. However, the GFL control has shown poor small-
disturbance stability under weak grid connection when using phase-locked-
loop (PLL) for grid synchronization [80]. In contrast, the grid-forming (GFM)
control typically uses active power relation for obtaining the synchronization
angle and has shown a better stability performance under weak grid or island
operation [81]. Furthermore, the use of GFM control makes it easier for the
BESS to transition between the grid-connected and island operation modes
without switching the controller for obtaining the synchronization angle, espe-
cially during an unplanned islanding event. This also mitigates the impact of
island detection delay [81], [82]. Thus, the GFM control will be implemented
in this chapter.
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3.2.3.2 Implemented grid-forming control structure

Figure 3.3 shows a standard GFM control structure of a BESS for both grid-
connected and island operation in a microgrid [83]. The active power con-
troller calculates the synchronization angle of the inverter. The PI-based
active power controller in [84] is adopted in this work. The voltage controller
uses an integrator-based droop control. A virtual impedance is implemented
to calculate the reference current, which is sent to the vector current controller
for calculating the reference voltage that the converter should output. The
proposed frequency controller will be discussed in the following subsection.
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Figure 3.3: Implemented grid forming control of BESS. The vector current con-
troller is a standard controller based on [85], and the active power
controller is based on [84].

3.2.3.3 Proposed PI-based droop for frequency control of BESS

This work proposes a PI-based droop for a frequency controller in cascade
with an active power controller. Figure 3.3 shows the corresponding control
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diagram. The open-loop transfer function of the frequency controller can be
expressed as

∆P ∗
B

−∆fB
=
(

Γtr,fc
Tfcs

Tfcs + 1 + Γss,fc
1

Tfcs + 1

)(
SMG

b
P B

b

)
, (3.3)

where ∆fB = fB − f∗
B, and

Γss,fc = 1
Rfc

P B
b

SMG
b

, (3.4a)

Γtr,fc =Kp,fc
P B

b
SMG

b
, (3.4b)

Tfc = 1
RfcKi,fc

. (3.4c)

In the previous equations, Γss,fc is the steady-state frequency regulation strength
of the BESS frequency controller, Γtr,fc is the transient regulation strength,
Tfc is the frequency controller time constant, and P B

b is the BESS rated active
power. Note that the PI-based droop of the BESS frequency controller with
the parameters, Kp,fc, Ki,fc and Rfc, is equivalent to a high-pass filter plus
low-pass filter with the parameters, Γss,fc, Γtr,fc and Tfc. In this chapter, the
former parameters are expressed in per unit with respect to the BESS rated
active power P B

b , while the latter parameters are expressed in per unit with
respect to the microgrid base power SMG

b .

3.2.4 Microgrid island detection

A communication-based island detection is used by monitoring the breaker
status of the grid in-feed line. The communication is usually based on Eth-
ernet cable or optical fiber and the communication delay is in the order of
a few milliseconds and has little impact on the controller response [86]. A
passive island detection method, e.g. based on local frequency measurement,
is typically adopted to handle communication failure [87]. The impact of
communication failure will be discussed later.
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3.3 Proposed tuning of BESS frequency controller
In the case that only the BESS regulates the microgrid frequency during island
transition, the classical P-based droop control can be adopted as described in
[69]–[71]. This will not be further discussed. This chapter focuses on cases
where the BESS is used to assist HPP in regulating the microgrid frequency
during island transition.

3.3.1 Criteria for secure island transition
The following two criteria are specified for the microgrid to achieve a secure
island transition:

• maximum instantaneous frequency deviation (∆fmax).

• maximum steady-state frequency deviation (∆fmax
ss ).

Steady state here refers to the period of time after the frequency has stabilized
and before the activation of the secondary frequency reserve to restore the
frequency to 50 Hz.

3.3.2 Steady-state power sharing between BESS and HPP
To fulfill the requirement on the maximum allowed steady-state frequency
deviation ∆fmax

ss , the minimum required frequency regulation strength of the
microgrid Γmin

ss,tot should be set according to

Γmin
ss,tot = − ∆Pdm

∆fmax
ss

− DL, (3.5)

where ∆Pdm is the dimensioning disturbance and DL is the load frequency
dependence. Both ∆Pdm and DL are in per unit with respect to microgrid
base power SMG

b . If the frequency regulation strength of the hydro turbine
Γss,G ≥ Γmin

ss,tot, there is no need for the BESS to provide steady-state frequency
reserve, i.e. Γss,fc = 0. However, if Γss,G < Γmin

ss,tot, then the BESS needs to
provide the missing frequency reserve in steady state. In summary, the BESS
regulation strength Γss,fc is

Γss,fc =
{

0, Γss,G ≥ Γmin
ss,tot

−∆Pdm
∆fmax

ss
− DL − 1

RG

P H
b

SMG
b

. Γss,G < Γmin
ss,tot

(3.6)
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In case of Γss,fc = 0, the frequency controller reduces to a high-pass filter with
a transient gain of Γtr,fc (HF-based) according to (3.3).

3.3.3 Proposed dynamic power coordination between the
BESS and HPP

As the hydro turbine-governor system has limited power ramping capability,
the BESS is deployed to provide a fast power response to fulfill the maximum
allowed instantaneous frequency deviation during an unintentional islanding
event of the microgrid.

3.3.3.1 Design of transient regulation strength of BESS

To fulfill the maximum allowed instantaneous frequency deviation (∆fmax),
the total transient regulation strength of the microgrid should be set at least
according to

Γmin
tr,tot = −∆Pdm + DL∆fmax

∆fmax . (3.7)

The total transient regulation strength of the microgrid corresponds to that of
the HPP and BESS. Figure 3.4 shows the bode diagram of the hydro-turbine-
governor system (solid blue curve) and BESS (solid green curve) according
to (3.1) and (3.3), respectively. It is clearly seen that the hydro gain decays
rapidly for frequencies above 10 rad/s. Therefore, the contribution of hydro
to transient regulation strength is neglected. Thus, the transient regulation
strength of BESS frequency controller is designed as

Γtr,fc =
{

Γmin
tr,tot, Γss,fc < Γmin

tr,tot
Γss,fc. Γss,fc ≥ Γmin

tr,tot
(3.8)

In case Γss,fc ≥ Γmin
tr,tot, the frequency controller transient gain is designed to

be equal to its steady-state gain, i.e. Γtr,fc = Γss,fc. Thus, the PI-based droop
controller reduces to a P-based droop controller according to (3.3).

3.3.3.2 Design of frequency controller time constant (Tfc)

The BESS frequency controller time constant Tfc determines, relatively, how
long will the BESS support the microgrid with the transient regulation strength.
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Thus, the time constant tuning also has a critical role in achieving a secure
island transition. The tuning of the BESS frequency controller time constant
is also divided into two cases, depending on whether the HPP has sufficient
reserve to cover the largest power imbalance.

BESS and HPP share steady-state reserve Two sub-cases are considered
under this case, depending on the frequency controller structure of the BESS
whether it is a P-based droop or a PI-based droop. The controller structure
can be found by looking at the relation between Γtr,fc and Γss,fc of the BESS
frequency controller. According to (3.6) and (3.8) for the BESS frequency
controller, it is not difficult to find that

Γtr,fc = Γss,fc, 1
RG

≤ |∆Pdm|
(

1
|∆fmax

ss | − 1
|∆fmax|

)
SMG

b
P H

b
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(

1
|∆fmax

ss | − 1
|∆fmax|

)
SMG

b
P H

b
< 1

RG
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(

| ∆Pdm
∆fmax

ss
|−DL

)
SMG

b
P H

b

The design of the BESS frequency controller time constant corresponding to
these two cases will be illustrated in the following sections.
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This case arises when the HPP has a very large droop constant RG and thus
provides a very small amount of reserve in steady state, whereas BESS needs
to provide a rather high amount of reserve in steady state. As in this case,
Γtr,fc = Γss,fc, the controller reduces to a P-based droop, and the time constant
Tfc becomes irrelevant.
ii) |∆Pdm|

(
1

|∆fmax
ss | − 1

|∆fmax|

)
SMG

b
P H

b
< 1

RG
<
(

| ∆Pdm
∆fmax

ss
|−DL

)
SMG

b
P H

b
This case arises when the HPP has a relatively small droop that provides a
high amount of reserve in steady state, whereas the BESS provides a relatively
small amount of reserve in steady state. In this case, the BESS has a higher
regulation strength during transients than in steady state, and tuning the
time constant Tfc is crucial for meeting the frequency quality requirements.
The criteria used for tuning the time constant Tfc is that the total power from
the HPP and BESS should be monotonically increasing when applying a step
change in the reference frequency, i.e.

d

dt
∆Ptot(t) ≥ 0, (3.9)

where ∆Ptot(t) = ∆Pm,H(t) P H
b

SMG
b

+ ∆P ∗
B(t) P B

b
SMG

b
. ∆Pm,H(t) and ∆P ∗

B(t) are
defined as the unit step responses of the hydro governor (according to (3.1))
and BESS frequency controller (according to (3.3)), respectively. It is not
difficult to find out that

∆Pm,H(t) =
(

−∆ΓGe
− t

TG + Γss,G

)(SMG
b

P H
b

)
, (3.10a)

∆P ∗
B(t) =

(
∆Γfce

− t
Tfc + Γss,fc

)(SMG
b
P B

b

)
, (3.10b)

where ∆ΓG = Γss,G−Γtr,G and ∆Γfc = Γtr,fc−Γss,fc. Since the hydro governor
bandwidth is at a much lower frequency as compared to penstock and actuator
dynamics (see Figure 3.4), the dynamics of the subsequent ones are neglected
when obtaining (3.10a). The total change in power is the summation of (3.10a)
and (3.10b), expressed with respect to microgrid base power, i.e

∆Ptot(t) = ∆Γfce
− t

Tfc − ∆ΓGe
− t

TG + Γss,tot, (3.11)

where Γss,tot = Γss,G + Γss,fc. The first-order Taylor series expansion of (3.11)
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gives

∆Ptot(t) ≈ ∆Ptot(t = 0) + d∆Ptot(t)
dt

|
t=0

t

= ∆Γfc(1 − 1
Tfc

t) − ∆ΓG(1 − 1
TG

t) + Γss,tot.

(3.12)

Applying the condition in (3.9) to (3.12), the minimum time constant of the
BESS frequency controller obtained is

Tfc = ∆Γfc

∆ΓG
TG = Γtr,fc − Γss,fc

Γss,G − Γtr,G
TG. (3.13)

By substituting (3.2), (3.6) and (3.8) in (3.13), the time constant becomes

Tfc =
[
1 − RG∆Pdm

(
1

∆fmax − 1
∆fmax

ss

)
SMG

b
P H

b

]
(1 + RGKp,G)2

RGKi,G
. (3.14)

Only the HPP provides steady-state power This case arises when the HPP
provides the total reserve in steady state, whereas BESS provides no reserve
in steady state (Γss,fc = 0). Thus, the BESS frequency controller reduces to
a high-pass filter (see (3.3)). This case is applicable when the hydro turbine
droop constant is given by 1

RG
≥
(

| ∆Pdm
∆fmax

ss
|−DL

)(
SMG

b
P H

b

)
(see Section 3.3.2).

By substituting (3.2), (3.6) and (3.8) in (3.13), the time constant becomes

Tfc = −∆Pdm + DL∆fmax

∆fmax
(1 + RGKp,G)2

Ki,G

SMG
b

P H
b

. (3.15)

Figure 3.5 summarizes all the scenarios and the corresponding tuning of the
BESS frequency controller proposed in this section.

3.4 Microgrid case study and frequency stability
analysis

3.4.1 Description of hydro-powered microgrid
The dimensioning disturbance for secure island transition of the microgrid
depends on the maximum power import from the main grid (PG in Figure
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Figure 3.5: Flow chart of the proposed BESS frequency controller design and tun-
ing.

3.1). Figure 3.6 shows the time duration curve of the import power PG, which
is measured in 2018 at a substation in the west coast of Sweden. The mea-
surement data has an hourly resolution. The negative value indicates power
export to the main grid. The imported power is below 10.3 MWh/h for 98%
of the year, which is considered to be the dimensioning disturbance ∆Pdm
for the unplanned island transition of the microgrid [88]. Even though the
maximum export power is also relatively high, it can be handled by automat-
ically switching on the factory electric boiler once an over-frequency event is
detected. Thus, only the power import scenario is considered for the dimen-
sioning disturbance of the microgrid.

Table 3.1 summarizes the dimensioning disturbance, frequency performance
criteria, load and hydro turbine-governor parameters (see Figure 3.2) for dy-
namic frequency studies of the industrial microgrid.

For secure island transition, the minimum allowed frequency nadir is set to
49 Hz, i.e. |∆fmax|= 0.02 p.u. (1 Hz), whereas the maximum steady-state fre-
quency deviation is |∆fmax

ss | = 0.01 p.u. (0.5 Hz). These settings are adopted
from the requirements in the Nordic Synchronous Area [89]. The effective-
ness of BESS controller tuning under various frequency security constraints
is illustrated in Section 3.5.2.2. In this chapter, the microgrid base power is
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Figure 3.6: Time duration curve of the measured active power exchange between
the upstream grid and the microgrid in 2018, where positive values
indicate import to microgrid. The dimensioning disturbance of 10.3
MWh/h corresponds to 98 percentile of the curve.

chosen to be equal to the HPP rated active power, i.e. SMG
b = P H

b = 46.3
MVA.

3.4.2 Parameter tuning of BESS frequency controller
Figure 3.7 (top) shows the resulting tuning of the steady-state gain Γss,fc, the
transient gain Γtr,fc and the time constant Tfc of the proposed PI-based droop
frequency controller for the BESS. The top figure is plotted according to (3.6),
(3.8), (3.14) and (3.15) as the hydro governor droop constant RG increases
from 1% to 10%. First, when the hydro governor droop increases from 1%
to 4.5%, the hydro generator supplies the load fully in steady state during
island operation, and thus the steady-state gain of BESS Γss,fc = 0. The
transient gain of the BESS Γtr,fc is constant and equal to 11.1 p.u., which is
mainly determined by the dimensioning disturbance and the frequency nadir
requirement according to (3.8). The time constant Tfc slightly increases as the
hydro governor droop increases up to 4.5% according to (3.15). Second, as the
hydro governor droop increases from 4.5% to 9%, the BESS starts to provide
more and more steady-state reserve with Γss,fc increasing from 0 to 11.1 p.u.
according to (3.6). The transient gain Γtr,fc remains unchanged, whereas the
time constant Tfc starts to decrease as BESS increases its steady-state power
sharing. Third, as the hydro governor droop constant increases above 9%,
the BESS increases its steady-state power sharing such that the steady-state
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Table 3.1: Microgrid dimensioning disturbance, frequency performance criteria
[5], load and hydro turbine-governor parameters [78], [90].
Design criteria Hydro turbine

Parameter Value Base Parameter Value Base
|∆fmax| 0.02 p.u. fb Ty 0.2 s -
|∆fmax

ss | 0.01 p.u. fb Tw 1.6 s -
∆Pdm 0.22 p.u. SMG

b HH 4.5 s SH
b

DL 0 p.u. SMG
b /fb Base values

Hydro governor Parameter Value -
Parameter Value Base fb 50 Hz -

RG 0.05 p.u. fb/P H
b SH

b 54.5 MVA -
Kp,G 1.0 p.u. P H

b /fb P H
b 46.3 MW -

Ki,G 0.33 rad/s P H
b /fb SMG

b 46.3 MVA -

gain becomes higher than the minimum threshold for the transient gain. In
this case, the transient gain of the BESS Γtr,fc is set equal to its steady-
state gain Γss,fc, and the time constant is equal to zero. In the following
dynamic analysis, a hydro governor droop constant of 5% is considered. The
corresponding BESS frequency controller tuning is illustrated with the green
dotted line in Figure 3.7. Table 3.2 shows the parameters for the BESS GFM
control (see Figure 3.3), whereas Table 3.3 shows the selected tuning for the
BESS frequency controller and hydro governor.

3.4.3 Microgrid small-disturbance stability
To analyze how the proposed frequency controller of the BESS affects the
small-disturbance stability of the microgrid during island operation, the re-
sponse of the microgrid frequency ∆fMG is evaluated when subject to an
imbalance in active power ∆PL, i.e. ∆fMG(s)

∆PL(s) . The microgrid frequency is
calculated following the concept of frequency of center of inertia as described
in [91]. The microgrid is linearized with the aid of Simulink Model Linearizer.
The initial operating point considered for the linearization is illustrated in
Table 3.4 (inside parenthesis). In this study, the factory is modeled as a
constant power load, which is the worst case scenario in terms of stability.
Figure 3.8 (top) shows the zero-pole map of the closed-loop transfer function
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Figure 3.7: BESS frequency controller tuning (top), percentage of power sharing
between HPP and BESS in steady state (middle) and steady-state fre-
quency deviation (bottom) at different hydro governor droop constants.
The three different regions 1 i, 1 ii and 2, are illustrated in Figure 3.5.
The green dashed line corresponds to the tuning selected for dynamic
analysis.

∆fMG(s)
∆PL(s) when the BESS is not equipped with a frequency controller. The

dominant complex poles have an oscillation frequency of 0.174 rad/s with a
damping ratio of 0.1. The bottom plot shows the movement of these two
complex poles when the BESS is equipped with the frequency controller while
sweeping different values of the transient gain Γtr,fc and time constant Tfc of
the controller. The steady-state gain Γss,fc is set to zero in this analysis, but
the impact of the steady-state gain on the small signal stability is illustrated
later. When the transient gain is increased from 0 to 11.1 p.u. (blue color)
or the time constant is increased from 0 to 29.4 s (red color), the damping
ratio of the two complex poles increases from 0.1 to 0.7. This indicates that
a BESS frequency controller with a larger transient gain and time constant
improves the damping of the microgrid frequency in island operation. The
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Table 3.2: BESS grid forming control parameters.
Virtual impedance Frequency controller

Parameter Value Base Parameter Value Base
RV 0.075 p.u. ZB

b Kp,fc 49.3 p.u. P B
b /fb

LV 0.15 p.u. LB
b Ki,fc 0.337 rad/s P B

b /fb
Voltage controller Rfc 0.1 p.u. fb/P B

b
Parameter Value Base Base values

ZT 0.06 p.u. ZB
b Parameter Value -

Ki,vc 52.36 rad/s - fb 50 Hz -
Active power controller ωb 2π(fb) rad/s -

Parameter Value Base Vb 400 V -
Kp,pc 0.011 p.u. fb/P B

b SB
b 11 MVA -

Ki,pc 0.35 rad/s fb/P B
b P B

b 10.5 MW -
Ka 0.022 p.u. fb/P B

b ZB
b 0.0145 Ω -

αpc 62.8 rad/s - LB
b 46.3 µH -

Table 3.3: Selected parameters for BESS frequency controller and hydro governor.
All values are in per unit with respect to microgrid base power, i.e.
SMG

b = P H
b = 46.3 MVA.

Γss,fc 2.2 p.u. Γtr,fc 11.1 p.u. Tfc 29.4 s
Γss,G 20 p.u. Γtr,G 0.95 p.u. TG 63 s

sensitivity to steady-state gain has also been tested by sweeping Γss,fc from 0
to 2.2 p.u., which results in increasing the damping ratio of the complex poles
further from 0.7 to 0.76 (result is not shown). It is worth mentioning that
the aforementioned tests have also been done with different operating points
of the BESS, i.e. P ∗

B,0 = 0 MW and P ∗
B,0 = 10 MW. The results are very

similar, and therefore not shown. For the following dynamic simulation, the
steady-state gain Γss,fc = 2.2 p.u., the transient gain Γtr,fc = 11.1 p.u. and
the time constant Tfc = 29.4 s are used for the BESS frequency controller as
listed in Table 3.3.
Using the same control parameters as in Table 3.3, the bode diagram of the
open loop transfer function ∆fB

∆f∗
B

is shown in Figure 3.9. The loop is open
by removing the feedback signal ∆fB of the frequency controller. There are
two crossover frequencies: 1) at 0.033 rad/s (0.0053 Hz) with a corresponding
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phase margin of 83◦, 2) at 1 rad/s (0.159 Hz) with a corresponding phase
margin of -85◦. The system with the added BESS frequency controller is
stable with relatively high phase margins between these two crossover fre-
quencies. The dip in the bode magnitude plot at the frequency 4 rad/s (0.64
Hz) corresponds to the electro-mechanical oscillations between the BESS and
the HPP.

Table 3.4: Steady-state power flow of the microgrid in Figure 3.1 before (outside
parenthesis) and after the disturbance (inside parenthesis). The post-
disturbance power flow corresponds to the base case scenario.
Active power (MW) Reactive power (MVAr) Voltage (p.u.)

Grid PG = 10.3 (0) QG = 10.5 (0) Vpcc = 1 (0.9815)
HPP PH = 8.1 (17.4) QH = 0.07 (8.7) VH = 1 (1)
BESS PB = 0 (1) QB = 1.24 VL = 0.993 (0.979)

Factory PL = 18.4 (18.4) QL = 10.8 (10.8) VL = 0.993 (0.979)

3.5 Microgrid dynamic simulation results

The dynamic model of the microgrid shown in Figure 3.1 is implemented
in Matlab/Simulink using phasor simulation. The factory is modeled as a
constant power load with no voltage or frequency dependency. As both the
HPP and the factory are located very close to the substation, no MV cables
are modeled in the base case. The impact of the distance between the HPP
and the factory will be discussed in Section 3.7. Table 3.4 shows the steady-
state voltage and power flow before (outside parentheses) and after (inside
parentheses) the islanding event of the microgrid according to the base case
scenario. It can be seen from the power flow that the microgrid imports 10.3
MW and 10.5 MVAr from the main grid right before the islanding event. The
default parameters of the HPP and BESS are summarized in Table 3.1, Table
3.2 and Table 3.3, if not otherwise stated.
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Figure 3.8: Zero-pole map of the closed loop transfer function between the fac-
tory active power demand and the frequency of centre of inertia of
the microgrid in island operation when BESS frequency controller is
disabled (top); corresponding root loci of the dominant pair of poles
when changing BESS frequency controller parameters (bottom).

3.5.1 Comparison with existing coordinated frequency
controllers between BESS and HPP

3.5.1.1 PI-based droop vs. P-based droop

Figure 3.10 shows the microgrid frequency (upper), active power output from
the hydro generator PH (middle) and the BESS PB (bottom) during an island-
ing event, where the frequency controller of the BESS uses either the P-based
or the PI-based droop control. The islanding event occurs at t = 5 s, before
which the microgrid was importing 10.3 MW of active power from the main
grid. For the P-based droop, two different settings of the proportional gain are
shown, where one sets the proportional gain Kp,fc to the desired steady-state
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regulation strength Γss,fc =2.2 p.u (low gain), and the other one sets Kp,fc to
the desired transient regulation strength Γtr,fc =11.1 p.u. (high gain). The
former tuning leads to a very low frequency nadir of 46.6 Hz, while the latter
one requires more active power and energy from the BESS in steady state as
shown in the bottom plot of the figure. As compared to the P-based droop, the
PI-based droop has an additional degree of freedom, where the transient and
steady-state gains can be set independently. Thus, the requirements for both
the frequency nadir and the steady-state frequency can be fulfilled without
unnecessarily consuming the energy storage. The secondary frequency control
by the hydro turbine is not implemented here, which will bring the microgrid
frequency back to 50 Hz and release the fast frequency reserve supplied by the
BESS.

3.5.1.2 Comparison with virtual power plant with 4th order frequency
controller

In [77], a virtual power plant composed of a hydro turbine and a BESS is
proposed to ride through frequency disturbances in the Nordic synchronous
area. The derived frequency controller of the BESS is a 4th order controller,
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Figure 3.10: Impact analysis of BESS frequency controller structure: frequency of
center of inertia (top), hydro generator active power PH (middle) and
BESS active power PB (bottom).

which is modelled here for comparison with our PI-based droop controller for
microgrid application. The tuning of the 4th order frequency controller in [77]
is made specific to a grid condition through trial and error, with 0.07 p.u. of
power disturbance, 0.98 p.u. of load frequency dependence, and an inertia
constant of 4.58 s. Therefore, the same per-unit values are also used here
in the microgrid comparison (refer to Table 3.1 for base values). Actuator
and water time constants are kept the same as in Table 3.1. Three cases are
evaluated for both controllers:

• Case 1: HH = 4.58 s, DL = 0.98 p.u., and 0 s controller time delay in
the hydro turbine-governor system;

• Case 2: HH = 1.5 s, DL = 0 p.u., and 0 s controller time delay in the
hydro turbine-governor system;

• Case 3: HH = 1.5 s, DL = 0 p.u., and 1 s controller time delay in the
hydro turbine-governor system.
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Figure 3.11 shows the frequency response when disconnecting the grid at
t = 20 s while importing 0.07 p.u. (3.2 MW), with the BESS frequency
controller and hydro governor implemented and tuned according to [77] (top),
or according to our proposed BESS frequency controller (bottom). Both BESS
frequency control strategies manage to limit the frequency nadir to 49 Hz in
Case 1. In fact, the 4th order frequency controller drives the frequency to
steady state faster than the PI-based droop controller, which indicates that
the 4th order controller has a relatively faster integral action. However, in
Case 2, where the inertia constant of the HPP is reduced from 4.58 s to 1.5 s
and the load frequency dependence from 0.98 p.u. to 0 p.u., the control strat-
egy of [77] becomes ineffective in limiting the frequency nadir to 49 Hz. This is
because the RoCoF is relatively higher in this case (-0.32 Hz/s), which causes
the microgrid frequency to drop faster, and the hydro turbine to reach its max-
imum ramp rate limit. As a result, frequency oscillations are observed. The
frequency oscillations may be even amplified when the hydro turbine-governor
system has a time delay of 1 s as shown in Case 3. On the other hand, by
tuning the BESS frequency controller according to our method, the frequency
nadir barely drops below 49 Hz and no oscillations are observed even under
low-inertia conditions and with a 1 s delay. Moreover, the proposed BESS
frequency controller is of 1th order, which makes it easier to tune as compared
to the 4th order controller in [77].

3.5.2 Sensitivity analysis on the tuning of the proposed
PI-based droop controller

3.5.2.1 Impact of controller time constant

Figure 3.12 shows the impact of BESS frequency controller time constant tun-
ing on the frequency response. The base value of the controller time constant
is 29.4 s (see Table 3.3). With a shorter controller time constant of 5 s, BESS
reduces its frequency reserve much quicker than the hydro turbine can increase
its FCR. This leads to a poor frequency response with a frequency nadir of
48.34 Hz, which is below the requirement of 49 Hz. On the other hand, a
longer controller time constant of 70 s will lead to a longer decay time of
BESS frequency reserve, and thus, more energy consumption.
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Figure 3.11: Frequency of center of inertia when the microgrid is disconnected from
the regional grid at t=20 s while importing 0.07 p.u. (3.2 MW) of
active power. The subplots correspond to hydro governor and BESS
frequency controller design according to [77] (top), or according to our
proposed BESS frequency controller design (bottom). The sensitivity
of the two strategies to the inertia constant of the HPP, load frequency
dependence, and communication delay is displayed.

3.5.2.2 Impact of performance criteria on frequency nadir

Figure 3.13 shows the corresponding results when the performance criteria of
the minimum allowed frequency nadir is reduced from 49 Hz to 48.5 Hz and
to 48 Hz. As the minimum allowed frequency nadir is reduced from 49 Hz
to 48.5 Hz, the hydro turbine increases its FCR more quickly due to a larger
frequency error signal. This shortens the frequency support duration of the
BESS, allowing it to ramp down its power faster. Thus, less energy is required
from the BESS. However, by further reducing the minimum allowed frequency
nadir to 48 Hz, the reduced energy requirement of the BESS is no longer as
significant. This is because the hydro turbine has reached its maximum ramp
rate limit. Moreover, the maximum active power of the BESS is reduced
slightly when relaxing the frequency nadir requirements. This is because of
the longer time to reach the frequency nadir, which allows more time for the
hydro turbine to increase its FCR.
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Figure 3.12: Impact analysis of BESS frequency controller time constant: fre-
quency of center of inertia (top), hydro generator active power PH
(middle) and BESS active power PB (bottom).

3.6 Experimental validation

3.6.1 Laboratory setup

The proposed PI-based droop frequency controller and its tuning for the BESS
is tested using a kW scale 400 V laboratory setup. Figure 3.14 shows the
network diagram of the lab setup including ratings of each component, whereas
Figure 3.15 shows a photo of the lab setup. The BESS is emulated using
a 4-quadrant 30 kVA Regatron ACS power amplifier, which is essentially a
controllable voltage source representing the behavior of a VSI in the BESS.
The controller of the BESS described in Figure 3.3 is implemented in dSPACE
MicroLabBox that sends three-phase reference voltage signals to the amplifier.
The amplifier is connected in parallel with the industrial load represented by
a 30 kW induction motor. Tap-changing transformer is unavailable in the lab.
Instead, switchable shunt capacitor banks are used to regulate the terminal
voltage of the induction motor to be around 1 p.u. before the islanding event.
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Figure 3.13: Impact analysis of maximum allowed frequency deviation: frequency
of center of inertia (top), hydro generator active power PH (middle)
and BESS active power PB (bottom).

The transformer impedance of the industry and the filter impedance of the
BESS are both represented by a series inductor with an impedance of 0.05 +
j0.95 Ω. The hydro generator is represented by a 75 kVA synchronous machine
driven by a dc motor (turbine) including a flywheel to replicate the inertia of
a hydro turbine. The hydro turbine-governor model described in Figure 3.2
and the generator excitation control are implemented in dSPACE 1103. The
entire microgrid setup is connected to the local 400 V distribution grid.

3.6.2 Experimental results and analyses
Three tuning strategies of the BESS frequency controller are tested:

1. Proposed PI-based droop (Γss,fc = 2.2 p.u., Γtr,fc = 11.1 p.u., Tfc = 29.4
s)

2. P-based droop with high gain (Γss,fc = Γtr,fc = 11.1 p.u.)

3. P-based droop with low gain (Γss,fc = Γtr,fc = 2.2 p.u.)
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Figure 3.14: Network diagram of laboratory setup: Paper and pulp factory replica
(green), hydro turbine replica (blue) and local power grid (red).

The pre-disturbance power flow of the three cases resemble each other and
are summarized in Table 3.5. Figure 3.16 shows the microgrid frequency
response, the PCC voltage angle and active power output from the SG and the
VSI (power amplifier) when an unintentional islanding occurs. Right before
the islanding event, the microgrid imports 14.4 kW and 1 kVAr from the local
grid. In all the three cases, once the grid is disconnected, an angle jump of
around 4 degrees is experienced at the PCC as shown in the top middle plot
(the angle is measured with respect to the rotor flux of the SG). Since both the
SG and the GFM VSI have a stiff back electromotive force (EMF) angle, they
will both experience a sudden increase in the active power at their terminal,
as shown in the bottom middle and bottom plots, respectively. As the SG
is electrically closer to the disturbance, it experiences a larger active power
disturbance at its terminal as compared to the VSI. However, due to the fast
frequency response of the VSI, the active power output from the VSI ramps up
quickly to limit the frequency drop within the microgrid whereas the turbine-
governor system of the SG slowly ramps up its mechanical power. In the case
where the BESS frequency controller uses the P-based droop with low gain,
the frequency nadir went down to 47.6 Hz, where the protection would shut
down the whole microgrid in reality. The frequency nadir is limited to 49.1
Hz if the proportional gain of the P-based droop is increased from 2.2 p.u.
to 11.1 p.u. However, this results in a relatively high energy storage demand
from the VSI as shown in the bottom middle plot of the figure. This may
become an issue in reality when the storage capacity is very limited and easily
depleted. On the other hand, the proposed PI-based droop is able to fulfill
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Induction motor

Synchronous 

generator

4-quadrant power 

amplifier

Figure 3.15: Photo of laboratory setup.

the requirement for the frequency nadir while using as low energy storage
as possible. This is achieved by tuning the steady-state gain of the BESS
frequency controller to be relatively smaller than the transient gain, with a
time constant tuned considering the regulating speed of the hydro turbine-
governor system as described in Section 3.3.3.2. Both the transient gain and
the time constant play an important role in limiting the frequency nadir to a
desired value.

Table 3.5: Pre-disturbance power flow of laboratory test (see Figure 3.14).
Active power Reactive power

Grid PG = 14.4 kW QG = 1 kVAr
Synchronous generator PSG = 4 kW QSG = -1.2 kVAr

Power amplifier PVSI = 0 kW QVSI = 0 kVAr
Induction motor & shunt capacitor PM = 18.2 kW QM = -1.9 kVAr
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Figure 3.16: Laboratory test comparing the performance of P-based droop and
PI-based droop when the grid breaker is opened at t = 10 s: syn-
chronous generator frequency (top), PCC voltage angle with respect
to rotor flux of the synchronous generator (top middle), synchronous
generator active power (bottom middle) and voltage source inverter
active power (bottom).

Figure 3.17 (top) shows the VSI terminal voltage (VM in Figure 3.14) during
island transition. In all three cases, the voltage dips to 0.996 p.u. right after
the disturbance. This causes the VSI reactive power to rise immediately since
it is controlled in GFM control model. The voltage controller then takes action
and regulates the terminal voltage to 1 p.u. In the case of PI-based droop and
P-based droop with high gain, the reactive power needed by the VSI is very
little, 0.7 kVAr and 1.1 kVAr, respectively, as shown in the middle subplot.
This is because both the VSI and the SG are supplying the induction motor
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through a relatively small impedance with high X/R ratio, i.e. 0.05 + j0.95 Ω
(0.0094 + j0.18 p.u. under 30 kVA and 400 V base). In the case of a P-based
droop with low gain, the reactive power needed is much larger (4.3 kVAr).
This is because of the low frequency nadir in this case (see Figure 3.16 top),
which leads to a reduction in the back EMF of the induction motor and thus
larger reactive power demand. In both cases where the frequency nadir is
fulfilled, the PI-based droop control has a similar maximum current as the
P-based droop control. In other words, the current rating of the VSI is not
increased with the proposed PI-based droop as compared to the traditional
P-based droop.
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Figure 3.17: Laboratory test comparing the performance of P-based droop and PI-
based droop when the grid breaker is opened at t = 10 s: induction
motor terminal voltage (top), voltage source inverter reactive power
(middle) and voltage source inverter rms current (bottom).
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3.7 Further Discussion
The maximum RoCoF is not considered as a dimensioning criterion in this
work. However, in a microgrid with very low synchronous inertia, synthetic
inertia can be provided by the BESS to limit the RoCoF in case of a large
power imbalance. The synthetic inertia can be implemented by adjusting the
bandwidth of the active power control loop of the BESS [84] or added as an
outer loop together with the frequency controller [92].

If the grid-tie breaker (CB in Figure 3.1) signal of the microgrid should be
lost, local measurement signals such as frequency can be used as a backup
for island detection. One common passive island detection method is to use
frequency deviation as a criterion [87]. If the threshold for the frequency-
based island detection method is set to 49 Hz, then the frequency nadir may
drop slightly below 49 Hz before the BESS can ramp up its power to bring
the frequency back to its acceptable limit.

There is no significant power oscillations observed in the cases analyzed,
even when the distance between the HPP and BESS is increased to 30 km.
One reason is that the power rating of the BESS is about 5 times smaller than
the hydro generator. Another reason is that the BESS is typically designed to
provide a large damping power [93], [94]. However, power oscillation may start
to appear if the two power sources of comparable sizes are connected through
a long cable and that the BESS provides little or no damping as illustrated in
[95]. Such a power oscillation can be attenuated with a proper tuning of the
active power controller of the BESS.

3.8 Summary
This chapter has developed a simple yet effective frequency control strategy
for the BESS to facilitate a secure island transition of a hydro-powered mi-
crogrid. The proposed frequency controller uses a PI-based droop, whereas
the tuning strategy of the controller accounts for the limitations in the power
response of a hydro generator and the desired frequency performance crite-
ria set by the microgrid operator, without over-dimensioning the size of the
storage capacity. The effectiveness of the proposed frequency control strategy
is demonstrated both in simulation and laboratory tests. The storage capac-
ity requirement of the BESS depends mainly on the steady-state droop and
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regulating speed of the hydro turbine-governor system, whereas the power ca-
pacity depends mainly on dimensioning disturbance of the microgrid, i.e the
maximum import/export power of the microgrid in this case. The storage ca-
pacity may be further reduced if the frequency nadir requirement is relaxed,
provided the maximum ramp rate limit of the hydro turbine is not reached.
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CHAPTER 4

Updated sizing of BESS in single microgrid to mitigate
grid capacity bottleneck and improve frequency stability

during island transition

This chapter combines the work done in Chapter 2 and Chapter 3 to provide
an updated BESS size to simultaneously mitigate the grid capacity bottleneck
and provide a microgrid with a frequency-secure unplanned island transition
in addition to island capability.

Nomenclature
Indices
tGC index of time for grid-connected operation in [h]

tIO index of time for island operation in [h]

tIT index of time for island transition in [h]

y index of year in [yr]

Parameters
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Time-related parameters
∆tGC, ∆tIO time interval of time index tGC, tIO in [h]

TGC, TIO, TIT final time of time index tGC, tIO, tIT in [h]
P hy

tGC
hydro power plant power in [p.u.]

P rn
tGC

other converter-interfaced renewable generation power in [p.u.]

P L,AC,ncrit
tGC

non-critical AC load power in [p.u.]

P L,DC,ncrit
tGC

non-critical DC load power in [p.u.]
Technical-related parameters

ηcon, ηinv, ηtran efficiency of DC/DC converter, DC/AC converter, transformer
ηdis, ηch battery discharge and charge efficiencies

SOCmin,GC minimum battery SOC level in grid-connected operation
SOCmax,GC maximum battery SOC level in grid-connected operation
SOCmin,IO minimum battery SOC level in island operation
SOCmax,IO maximum battery SOC level in island operation

N project duration in [yr]
P MG,max microgrid power subscription in [p.u.]

P hy,min hydro power plant minimum power in [p.u.]
P hy,max hydro power plant maximum power in [p.u.]

P L,AC,crit critical AC load power in [p.u.]
P L,DC,crit critical DC load power in [p.u.]

Financial-related parameters
Cel electricity spot market price in [kEUR/MWh]

CI,B battery investment cost in [kEUR/MWh]
CI,con DC/DC converter investment cost in [kEUR/MW]
CI,inv DC/AC converter investment cost in [kEUR/MW]

CI,tran transformer investment cost in [kEUR/MVA]
COM,fix,B battery fixed OPEX in [kEUR/MWh/year]

COM,fix,con DC/DC converter fixed OPEX in [kEUR/MW/year]
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COM,fix,inv DC/AC converter fixed OPEX in [kEUR/MW/year]

COM,fix,tran transformer fixed OPEX in [kEUR/MVA/year]

COM,var,B battery variable OPEX in [kEUR/MWh]

COM,var,con DC/DC converter variable OPEX in [kEUR/MWh]

COM,var,inv DC/AC converter variable OPEX in [kEUR/MWh]

r discount rate in [%]

KDF discount factor

Variables
EB,max BESS maximum energy storage in [p.u.h]

P B,max BESS maximum power in [p.u.]

P BL,max BESS and DC load shared DC/AC converter maximum power in
[p.u.]

P B
tGC

BESS power in grid-connected mode in [p.u.]

P B
tIO

BESS power in island-operation mode in [p.u.]

P B
tIT

BESS power in island-transition mode in [p.u.]

P B,dis
tGC

BESS discharge power in grid-connected mode in [p.u.]

P B,ch
tGC

BESS charge power in grid-connected mode in [p.u.]

P B,dis
tIO

BESS discharge power in island-operation mode in [p.u.]

P B,ch
tIO

BESS charge power in island-operation mode in [p.u.]

P BL
tGC

BESS and DC load shared DC/AC converter power in grid-connected
mode in [p.u.]

P BL
tIO

BESS and DC load shared DC/AC converter power in island-operation
mode in [p.u.]

P BL
tIT

BESS and DC load shared DC/AC converter power in island tran-
sition mode in [p.u.]

P BL,in
tGC

BESS and DC load shared DC/AC converter input power in grid-
connected mode in [p.u.]

P BL,out
tGC

BESS and DC load shared DC/AC converter output power in grid-
connected mode in [p.u.]
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P BL,in
tIO

BESS and DC load shared DC/AC converter input power in island-
operation mode in [p.u.]

P BL,out
tIO

BESS and DC load shared DC/AC converter output power in
island-operation mode in [p.u.]

P BL,in
tIT

BESS and DC load shared DC/AC converter input power in island-
transition mode in [p.u.]

P BL,out
tIT

BESS and DC load shared DC/AC converter output power in
island-transition mode in [p.u.]

P BL,loss
tGC

BESS and DC load shared DC/AC converter power losses in grid-
connected mode in [p.u.]

P BL,loss
tIO

BESS and DC load shared DC/AC converter power losses in island-
operation mode in [p.u.]

P BL,loss
tIT

BESS and DC load shared DC/AC converter power losses in island-
transition mode in [p.u.]

P MG
tGC

microgrid power import in [p.u.]
EB,init BESS initial energy storage level in [p.u.h]

eB
tGC

BESS energy storage level in grid-connected mode in [p.u.h]
eB

tIO
BESS energy storage level in island-operation mode in [p.u.h]

P L,AC,ncrit
tIO

non-critical AC load power in island-operation mode in [p.u.]

P L,AC,ncrit
tIT

non-critical AC load power in island-transition mode in [p.u.]

P L,DC,ncrit
tIO

non-critical DC load power in island-operation mode in [p.u.]

P L,DC,ncrit
tIT

non-critical DC load power in island-transition mode in [p.u.]

P hy
tIO

hydro power plant power in island-operation mode in [p.u.]
P rn

tIO
other converter-interfaced renewable generation power in island-
operation mode in [p.u.]

εrn
tIO

percentage of remaining converter-interfaced renewable generation
after curtailment in island-operation mode

εL,AC,ncrit
tIO

percentage of remaining non-critical AC load after load shedding
in island-operation mode

εL,AC,ncrit
tIT

percentage of remaining non-critical AC load after load shedding
in island-transition mode
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εL,DC,ncrit
tIO

percentage of remaining non-critical DC load after load shedding
in island-operation mode

εL,DC,ncrit
tIT

percentage of remaining non-critical DC load after load shedding
in island-transition mode

CCAPEX CAPEX of investment in BESS and DC/AC converter shared by
BESS and DC load in [kEUR]

COPEX total OPEX of BESS and DC/AC converter shared by BESS and
DC load in [kEUR]

COPEX,fix fixed OPEX of BESS and DC/AC converter shared by BESS and
DC load in [kEUR]

COPEX,var variable OPEX of BESS and DC/AC converter shared by BESS
and DC load in [kEUR]

Closs,GC cost of losses of BESS and DC/AC converter shared by BESS and
DC load in grid-connected mode in [kEUR]

Closs,IO cost of losses of BESS and DC/AC converter shared by BESS and
DC load in island-operation mode in [kEUR]

Closs,IT cost of losses of BESS and DC/AC converter shared by BESS and
DC load in island-transition mode in [kEUR]

4.1 Introduction
This chapter aims at finding an updated BESS size to provide the following
functions:

• Alleviation of grid capacity bottleneck,

• Island capability for certain amount of hours (power balance),

• Frequency-secure island transition.

This chapter extends the optimization problem developed in Chapter 2 to
account for the additional functions of the frequency-secure island transition
and the island capability. The constraints for achieving a frequency secure
island transition are based on the dynamic simulation analysis in Chapter 3.
Whereas, the constraints for achieving island capability are based on power
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balance equations and do not account for microgrid power quality or stability.
To not limit the conclusions of the size of the BESS to a specific study case,
this chapter uses a generic microgrid model based on sinusoidal variations
of production and consumption. The sensitivity of the BESS size to several
factors is analyzed, including the coincidence factor between local production
and consumption, the percentages of local critical demand and converter-
interfaced renewable generation, and the design criterion on island duration.

4.2 Optimization problem description
This section describes the optimization problem qualitatively, while the de-
tailed mathematical formulation is included in Appendix B.

4.2.1 Network diagram of generic microgrid

Figure 4.1 shows the network diagram of a generic microgrid consisting of
a HPP, other renewable generation, and AC and DC loads. The microgrid
operator is planning to invest in a BESS co-located with a DC load, which is
highlighted in colors, to achieve the following functions:

• Alleviation of grid capacity bottleneck,

• Island operation capability,

• Successful island transition capability.

Chapter 2 has investigated the sizing of BESS and other interconnection
technologies to alleviate grid capacity bottleneck. However, this chapter is
limited to single microgrid, and the corresponding sizing of BESS to not only
alleviate grid capacity bottleneck, but also to provide island capability with
successful island transition. The sizing problem of BESS is formulated as an
optimization problem where the aim is to find the cost-optimal size of BESS
needed to fulfill the aforementioned functions. The optimization problem is
presented in the following sections.
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Figure 4.1: Network diagram of generic microgrid with BESS.

4.2.2 Objective function for minimization of investment and
operational costs

The objective function minimizes the total cost of the investment and opera-
tion of BESS evaluated over the life time of the project. The minimized costs
include:

• CAPEX: CAPEX of battery, DC/DC converter, DC/AC converter, and
transformer,

• OPEX: OPEX of battery, DC/DC converter, DC/AC converter, and
transformer,

• Losses cost: Cost of losses in battery, DC/DC converter, DC/AC con-
verter, and transformer.

The assumptions made when formulating the objective function are as fol-
lows:

97



Chapter 4 Updated sizing of BESS in single microgrid to mitigate grid
capacity bottleneck and improve frequency stability during island transition

• The cost of losses is treated as an independent parameter from the
OPEX, although in some of the references the cost of losses is part
of the variable OPEX,

• The OPEX is only accounted for in grid-connected mode since islanding
does not occur very often,

• Cost of losses for battery, DC/DC and DC/AC converters, and trans-
former are accounted for in island mode. However, only the cost of losses
for DC/AC converter and transformer are accounted for in island tran-
sition. This is because the battery and DC/DC converter losses affect
the size of the BESS energy capacity, whereas the DC/AC converter and
transformer losses affect the size of the BESS power capacity. Since the
island transition is a short transient, the optimization problem neglects
the requirement on BESS energy,

• The OPEX and the cost of losses account for the entire project lifetime
of 20 years. This is accounted for by assuming that the net load profile
of the microgrid is the same every day for the entire 20 years,

• Services that bring revenue stream such as energy arbitrage and fre-
quency ancillary services are not included in this formulation.

4.2.3 Constraints for mitigation of grid capacity bottleneck
The constraints for the alleviation of grid capacity bottleneck include:

• Maximum power import and export between the microgrid and the up-
stream distribution grid,

• Maximum power capacity of BESS and DC/AC converter,

• Maximum and minimum energy capacity of BESS,

• Energy level of BESS,

• DC-link power balance of integrated BESS and DC load.

Whenever BESS is mentioned in this chapter, it refers to the battery and
its DC/DC converter. The DC/AC converter is considered separate from the
BESS since it is shared between the BESS and the DC load.

The assumptions made when formulating the constraints include:
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• The maximum power exchange between the microgrid and the upstream
distribution grid is treated as a hard constraint instead of imposing a
penalty in the objective function for exceeding the power subscription,

• Both critical and non-critical demands must be fulfilled even during a
grid capacity bottleneck,

• The HPP does not participate in the alleviation of grid capacity bottle-
neck,

• BESS SOC level is constrained between 20% and 80%,

• The model used here is a power balance model where voltage drops are
neglected, i.e. voltage is 1 p.u.,

• The power losses through battery, DC/DC and DC/AC converters, and
transformer are assumed to have a linear relationship with the power
flow through the respective element.

4.2.4 Constraints for island operation capability
The constraints for island operation capability include:

• AC power balance without access to the upstream distribution grid,

• Maximum power capacity of BESS and DC/AC converter,

• Maximum and minimum energy capacity of BESS,

• Energy level of BESS,

• DC-link power balance of integrated BESS and DC load.

• Maximum and minimum power capacity of HPP,

• Power balancing by curtailment of converter-interfaced renewable gen-
eration,

• Power balancing by AC and DC non-critical load shedding.

The assumptions made in this formulation include:
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• Island operation capability is imposed as a constraint instead of imposing
penalty on power interruption in the objective function,

• Islanding can occur at any hour of the year with equal likelihood,

• Only the critical load must be fulfilled during island operation,

• No penalty is imposed in the objective function on the curtailment
of converter-interfaced renewable generation and the shedding of non-
critical load,

• HPP provides flexibility to the microgrid in island operation within its
thermal limit,

• BESS SOC level is constrained between 0% and 100%,

• The model used here is a power balance model where voltage drops are
neglected, i.e., voltage is 1 p.u.,

• The power losses through battery, DC/DC and DC/AC converters, and
transformer are assumed to have a linear relationship with the power
flow through the respective element.

4.2.5 Constraints for successful island transition capability
The constraints for successful island transition capability are based on the
dynamic analysis in Chapter 3 and include:

• Dynamic AC power balance. Dynamic power balance here means to be
able to limit the maximum instantaneous frequency deviation through
activation of fast resources,

• Maximum power capacity of BESS and DC/AC converter,

• Dynamic DC power balance of integrated BESS and DC load,

• Dynamic AC and DC non-critical load shedding,

The assumptions made in this formulation include:

• Successful island transition capability is imposed as a constraint instead
of imposing penalty on unsuccessful island transition,
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• Islanding can occur at any hour of the year with equal likelihood,

• Fast frequency regulation is only achieved through fast flexible resources
including BESS and non-critical load shedding,

• HPP and other converter-interfaced renewable generation are not fast
enough to contribute in fast frequency regulation. Therefore, it is as-
sumed that they maintain a constant power during island transition,

• BESS energy requirement needed for achieving a successful island tran-
sition is neglected,

• Voltage security constraints are neglected,

• The power losses through DC/AC converter and transformer are as-
sumed to have a linear relationship with the power flow through the
respective element.

4.2.6 Summary of microgrid flexibility resources in different
operation modes

Table 4.1 summarizes the flexibility resources of the microgrid and their role
in different microgrid operation modes. The BESS provides flexibility in all
microgrid modes, including capacity bottleneck alleviation in grid-connected
mode, fast frequency regulation during unplanned islanding, and power bal-
ance in the island operation mode. Hydro and other renewable generation
are set to not provide capacity bottleneck alleviation as this is the current
practice. The analysis in Chapter 3 demonstrated that the hydro turbine-
governor system is not fast enough to mitigate frequency deviation during
the island transition. Thus, its contribution is neglected in the optimiza-
tion problem. Additional dynamic analysis is needed to assess the ability of
converter-interfaced renewable generation to provide fast frequency regulation
through curtailment of power. However, the analysis in this chapter neglects
its contribution as well. Hydro and other renewable generation are set to pro-
vide power balance to the microgrid in island operation mode. This includes
up- and down-regulation by hydro generation and down-regulation by other
non-dispatchable renewable generation through curtailment. The non-critical
demand is set to support the microgrid during island transition by providing
under-frequency load shedding in case of excessive demand. Additionally, the
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non-critical load contributes in balancing the microgrid in island operation
mode through load shedding.

The merit order for the activation of flexibility resources is determined by
the optimization problem such that the total operational and investment costs
are reduced. Keep in mind that the hydro and other renewable generation in
addition to non-critical load are existing infrastructure and do not require
additional investment. Thus, the optimization problem will first attempt to
fulfill the different functions using the existing infrastructure without reliance
on BESS. If that is not possible, then additional investment in BESS is needed.

Table 4.1: Summary of microgrid flexible resources and their role in different mi-
crogrid modes.

Hydro gen-
eration

Other re-
newable
generation

Non-critical
load BESS

Grid capacity bottle-
neck alleviation ✓

Power balance in is-
land mode ✓ ✓ ✓ ✓

Fast frequency regu-
lation for secure is-
land transition

✓ ✓

4.3 Sensitivity analysis of BESS size to various
microgrid parameters

4.3.1 Base case scenario
Figure 4.2 shows the optimal power dispatch of the microgrid, including AC
and DC loads, hydro and other renewable generators, and BESS, in three
operational modes: grid connected mode (blue), island mode (red), and island
transition mode (green). Note that the optimization problem uses generic
sinusoidal profiles for generation and consumption. This serves the purpose
of not limiting the conclusions on the size of BESS to a particular case study.
In addition, the sensitivity of the BESS size to several microgrid parameters
is illustrated in the subsequent sections.

During grid-connected mode, AC and DC daily load variations are modeled
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as sinusoidal variations with peak hour at 11:00 AM. The share of AC and
DC loads with respect to the total load is 90% and 10%, respectively. Hydro
and other renewable generation are also modeled to have sinusoidal variations
with peak production at 05:00 PM. The share of hydro and other renewable
generation with respect to total generation is 30% and 70%, respectively.
The net load profile of the microgrid, i.e., the total load including both AC
and DC loads minus the total generation including both hydro and other
renewable generation, exceeds the microgrid power subscription for power
import between 06:00 AM and 10:00 AM. Therefore, BESS discharges during
these hours to limit the peak net load. BESS also needs to charge during
off-peak hours to be ready for the grid capacity bottleneck. The optimization
chooses to charge the BESS between 01:00 AM and 04:00 AM in this case.

The corresponding power dispatch during the island mode is shown in red.
The power dispatch is obtained so that the microgrid can sustain 3 hours
of island operation, if islanding occurs at any hour of the day and with the
minimum storage requirement. Despite that the island duration is only 3
hours, the generation and consumption profiles appear as continuous profiles.
However, the requirement of 3 hours is reflected in the size of the BESS
energy capacity, as shown in the BESS energy plot. Each curve in this graph
corresponds to an islanding incident where the initial BESS energy level is
equal to the energy level in grid connected mode, and the subsequent energy
level during the following three hours is a function of the BESS power profile
in island operation mode. If the energy level is constant, this means that
the microgrid is balanced in island operation mode without the need for a
BESS. It can be seen that during island operation, the non-critical AC and
DC loads are shed and only the critical loads are supplied. Note that the
critical load is modeled to have a constant load profile with respect to time.
The corresponding power demand of the critical load is equal to 50% of the
maximum total critical and non-critical loads. The HPP ramps down its
power generation to minimum value of zero between 03:00 PM and 08:00
PM due to excessive converter-interfaced renewable generation. Note that
the HPP is not shut down in this case, but is running as a spinning reserve.
Converter-interfaced renewable generation is also slightly curtailed between
04:00 PM and 07:00 PM. When the time is between 10:00 PM in the night and
01:00 PM in the afternoon the next day (days are identical), hydro generation
ramps up its power to maximum production. This is to compensate for the
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lack of renewable production. However, despite hydro operating at maximum
production, this was not sufficient to meet the critical demand. Therefore,
BESS is discharged to account for the power deficiency between 12:00 AM
at midnight and 10:00 AM in the next morning. The dimensioning incident
for the BESS energy capacity is when islanding occurs at 05:00 AM, i.e.,
when local renewable production is minimum. The BESS energy plot shows
that energy storage is completely depleted at the end of the three-hour island
duration if islanding starts at 05:00 AM.

The dynamic power during the island transition is represented by the green
arrows. The dynamic power here means the maximum power deviation dur-
ing island transition needed to limit the maximum instantaneous frequency
deviation. A power decrease/increase during the island transition is repre-
sented by an arrow pointing down/up. The results cover islanding scenarios
that occur at any hour of the day with 24 different possibilities. During the
island transition, hydro and other renewable generation cannot change their
power set point quickly enough to stabilize the microgrid. Therefore, they
resume the same power as in the grid-connected mode. If islanding occurs
during morning hours when there is a lack of local generation, the microgrid
is stabilized through load shedding and BESS discharge. On the other hand,
if islanding occurs in the afternoon when there is more local production, less
load shedding is needed, and the BESS power needed for stabilization is much
lesser. The energy needed from the BESS to achieve a successful island tran-
sition is negligible, since it is a short transient. The dimensioning incident of
the BESS power capacity is when islanding occurs at 05:00 AM, i.e., the hour
at which total production from hydro and other renewables is minimum. The
corresponding size of the BESS power capacity in this case is equivalent to
the total critical AC and DC demand.

In summary, the size of the BESS power capacity is dictated by the function
of successful island transition, and the size of its energy capacity is dictated by
the functions of island capability and alleviation of grid capacity bottleneck.
The dimensioning incident for the BESS power capacity is when islanding
occurs at 05:00 AM, i.e., the hour at which local production is minimum.
Note that since alleviation of grid capacity bottleneck, island capability, and
successful island transition, are functions that do not occur simultaneously,
the BESS power capacity can be shared among them. Thus, the size of BESS
power capacity is the maximum capacity among the three functions. However,
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4.3 Sensitivity analysis of BESS size to various microgrid parameters

this rule does not necessarily apply to the size of BESS energy capacity. This
is because the initial SOC level before islanding plays a big role in whether
or not the BESS will be able to fulfill the 3 hours island requirement. The
initial SOC level before islanding also depends on whether islanding occurs
after a capacity bottleneck in the grid when the BESS is depleted or during
normal operation when the BESS is charged. Another factor that plays a role
in fulfilling the island capability requirement is the available local resources at
the time of islanding. The worst-case scenario is where islanding occurs after
a grid capacity bottleneck and where the available local converter-interfaced
renewable generation is minimum. In that case, the size of BESS energy
capacity must account for the summation of energy needed to alleviate the
grid capacity bottleneck and that needed for the island capability. However,
in this simulation, it was fortunate that the hour at which local converter-
interfaced renewable generation is minimum is at 05:00 AM, i.e., just before
the beginning of a capacity bottleneck. Thus, the BESS was fully charged at
80%. Therefore, the needed BESS energy capacity was less than the sum of the
individual energy capacities needed to alleviate the grid capacity bottleneck
and provide island capability.

4.3.2 Impact of coincidence factor between production and
consumption

The base case scenario assumes that the production and consumption pro-
files have a daily sinusoidal variations with peak production at 05:00 PM and
peak consumption at 11:00 AM, respectively. The coincidence factor between
the production and consumption is said to be intermediate in this case. This
section investigates different coincidence factors between production and con-
sumption:

• Low coincidence factor: when production has peak hour at 11:00 PM
and consumption at 11:00 AM,

• Intermediate coincidence factor 1 (base case): when production has peak
hour at 05:00 PM and consumption at 11:00 AM,

• Intermediate coincidence factor 2: when production has peak hour at
05:00 AM and consumption at 11:00 AM,
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Figure 4.2: Microgrid optimal power dispatch under three operational modes: grid
connected, islanded and island transition modes.

• High coincidence factor: when both production and consumption have
peak hour at 11:00 AM.

Figure 4.3 shows the impact of the coincidence factor on the cost-optimal
size of BESS and DC/AC converter power capacities, P B,max and P BL,max, re-
spectively. The figure also shows the size needed to deliver different functions:
capacity bottleneck alleviation (blue); island capability (red); successful island
transition (green); all previous functions (cyan). The power capacity needed
for capacity bottleneck alleviation increases with lesser coincidence factors be-
tween production and consumption. However, the power capacity needed for
the island capability and successful island transition are independent of the
coincidence factor. This is because of the way critical demand is modeled.
While the non-critical demand varies throughout the day, the critical demand
is modeled to have a constant load profile with respect to time. Keep in mind
that during an island contingency, it is only the critical demand that must be
fulfilled. It is evident that the successful island transition function requires
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4.3 Sensitivity analysis of BESS size to various microgrid parameters

larger size than the function of island capability. This stems from the fact that
successful island transition requires fast acting resources which are available
in the BESS and not in the hydro and other renewable generation. The power
capacity needed to provide all the functions is equal to the size for providing a
successful island transition. This is because all three functions occur at differ-
ent time instants, making it possible to share the converter capacity without
having to oversize the converter.

Figure 4.4 shows the cost-optimal size of BESS energy capacity correspond-
ing to different coincidence factors. The size presented is for BESS that de-
livers the following functions: capacity bottleneck alleviation (blue), island
capability (red), and both functions simultaneously (green). The successful
island transition function is not considered here since it is a short dynamic
that requires a negligible amount of energy.

The BESS energy capacity needed for capacity bottleneck alleviation in-
creases as coincidence factor reduces between production and consumption.
However, the BESS energy capacity needed for island capability is completely
independent of the coincidence factor. This is because, as mentioned earlier,
the critical load is modeled such that it remains constant over time.

The total energy storage needed for delivering both functions should in
principle be at least equal to the maximum of the two functions. For high
coincidence factor, the microgrid do not experience a capacity bottleneck;
thus, the final size for delivering both functions is only dictated by the island
capability. For low coincidence factor, the capacity bottleneck alleviation
requires more than twice the energy needed for island capability. However,
when delivering both functions simultaneously, the needed size of the BESS
energy capacity is only equivalent to the size needed for alleviating the grid
capacity bottleneck. This is mainly because the allowed SOC range of the
BESS during grid-connected mode is 20%-80% (40% of energy capacity is not
used) compared to 0%-100% in the island mode. Therefore, even if islanding
occurs when BESS is at minimum SOC level, there is still 20% unused energy
capacity that can be utilized in island operation.

Despite that intermediate coincidence factor 1 and 2 (Intermediate 1 and
Intermediate 2) have identical storage size for delivering each individual func-
tion, the final storage size to deliver both functions is different. Intermediate
1 requires a storage capacity of 1.35724 p.u.h compared to 1.60254 p.u.h for
Intermediate 2. The main factor in this difference is the BESS initial SOC
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Figure 4.3: Sensitivity of the size of BESS and DC/AC converter power capacities
to the coincidence factor between local production and consumption
when the BESS is delivering different functions. P B,max and P BL,max

refer to BESS and DC/AC converter power capacities, respectively.
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4.3 Sensitivity analysis of BESS size to various microgrid parameters

level before islanding. It was found from the optimization that the dimen-
sioning incident for island capability is when islanding occur with minimum
local production. For Intermediate 1, this is at 05:00 AM, just before capacity
bottleneck occurs, while for Intermediate 2, this is at 05:00 PM, just after ca-
pacity bottleneck occurs. Therefore, in the case of Intermediate 1, the BESS
was fully charged at 80% before islanding, since it was ready to support the
microgrid before the occurrence of the capacity bottleneck. However, in the
case of Intermediate 2, the initial SOC level before islanding was 65%, since
the BESS has already been partially discharged during the capacity bottle-
neck. This explains the higher storage capacity in the latter case. Note that in
the case of Intermediate 2, the BESS energy capacity needed to deliver both
functions is higher than the sum of the individual functions. This is due to
the constraint that the BESS SOC level have to be less than or equal to 80%
during grid connected mode.

In summary, it is not straightforward to obtain a general rule of thumb for
sizing BESS energy capacity to mitigate grid capacity bottleneck and provide
island capability. To be on the safe side, the microgrid operator can dimension
the energy capacity to be the sum of the energy capacities needed to provide
each function individually and also account for 40% unused energy storage due
to SOC constraints. However, this is not an optimal cost design. Instead, if
there is clear information about the correlation between the time at which grid
capacity bottleneck occurs and the likelihood of an island contingency, then
this may guide the design of a more cost-optimal energy storage capacity.
In addition to that, the correlation between the local peak production and
consumption is a very critical input in the sizing of the BESS energy capacity.

4.3.3 Impact of percentages of local critical demand and
converter-interfaced renewable generation

In the base case, the percentage of critical load to maximum total critical and
non-critical load was fixed at 50% and the percentage of converter-interfaced
renewable generation to total local renewable generation (both hydro and
converter-interfaced) was fixed at 70%. Figure 4.5 shows the sensitivity of
the size of BESS energy capacity when sweeping the percentage of critical
load from 0% to 50% and the percentage of converter-interfaced renewable
generation from 0% to 100%. The size of the BESS energy capacity obtained
here is the one in which the BESS provides capacity bottleneck alleviation
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Figure 4.4: Sensitivity of the size of BESS storage capacity to the coincidence
factor between local production and consumption when the BESS is
delivering different functions.

and island capability. Note that the requirement for island duration capability
remains 3 hours as in the base case scenario. Additionally, keep in mind that
the energy needed to achieve a successful island transition is neglected in the
formulation of the optimization problem. The blue surface means that the
energy storage capacity is dictated solely by the function of alleviation of the
capacity bottleneck with no additional size needed for island capability. The
red surface means that additional storage capacity is needed to meet the island
capability requirement.

It can be seen that if the percentages of critical load and converter-interfaced
renewable generation are less than a certain threshold, then the BESS energy
capacity is constant and is solely determined by the requirement for capacity
bottleneck alleviation. The size is constant because both critical and non-
critical demands have to be fulfilled during a capacity bottleneck. Further-
more, both converter-interfaced renewable generation and hydro generation
are assumed to be non-flexible in grid-connected mode. Thus, the percent-
ages of critical demand and converter-interfaced renewable generation do not
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play a role in the BESS energy capacity needed to alleviate capacity bottle-
necks.

When the percentages of critical demand and converter-interfaced renew-
able generation exceed a certain threshold, additional BESS energy capacity is
needed to meet the island capability requirement. This is because increasing
the percentage of converter-interfaced renewable generation comes at the cost
of less flexible hydro generation. Consequently, a larger BESS storage capac-
ity is needed to balance the microgrid in island operation. The requirement
of the BESS storage capacity may increase further due to the larger percent-
age of critical demand that must be fulfilled in the island operation mode.
The largest storage size is at the highest percentages of critical demand and
converter-interfaced renewable generation, i.e. 50% and 100%, respectively.
The corresponding storage size is 7 times the size needed to alleviate the
capacity bottleneck!

Figure 4.5: Sensitivity of the size of BESS energy capacity to the percentages of
critical demand and converter-interfaced renewable generation when
BESS is providing capacity bottleneck alleviation and island capability.
The color code is as follows: island capability do not add additional
requirement on the BESS energy capacity (blue): island capability
adds additional requirement on the BESS energy capacity (red).
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Figure 4.6 shows the size of the power capacity of the BESS and DC/AC
converter when sweeping the percentage of critical demand from 0% to 50%
and the percentage of converter-interfaced renewable generation from 0% to
100%. The obtained size is when the BESS delivers the following functions:
alleviation of capacity bottleneck, island capability, and successful island tran-
sition. The color code indicates the dimensioning function for the BESS power
capacity: alleviation of capacity bottleneck (blue); successful island transition
(green). Note that the island capability function is not dimensioning in the
entire range of percentages of critical demand and converter-interfaced re-
newable generation. Instead, the size is predominantly determined by the
successful island transition function. This is because power imbalance during
island operation can be mitigated through slow resources such as hydro gener-
ators, whereas a successful island transition exclusively requires a fast acting
recourse such as BESS. Although successful island transition is the main func-
tion for the size of BESS power capacity, the alleviation of capacity bottleneck
becomes the dimensioning incident at percentages of critical demand below
5%. This is because with lesser critical demand, there is a larger percentage
of non-critical demand that can be used for stabilizing the microgrid dur-
ing island transition through under-frequency load shedding. This helps in
achieving a successful island transition with lesser power support from the
BESS. If the percentage of critical demand is greater than 5% in this case, the
BESS power capacity is determined by the successful island transition. The
power capacity of the BESS then increases proportionally to the percentage
of critical demand.

The size of DC/AC converter is still determined by successful island transi-
tion even at low percentage of critical demand. This is because the size of the
DC/AC converter is driven by island contingency when there is excessive lo-
cal generation, which requires the BESS and DC load to absorb the excessive
power to avoid over-frequency situation. If the percentage of critical demand
exceeds 15%, the size of the DC/AC converter is driven by island contingency
when there is excessive demand, which requires the BESS to inject power
to avoid under-frequency. The size of the DC/AC converter then increases
proportionally to the critical demand for percentages above 15%.

It should be noted that the percentage of converter-interfaced renewable
generation does not play a role in the size of the power capacity of the BESS
and the DC/AC converter. This is because whether the local generation comes
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4.3 Sensitivity analysis of BESS size to various microgrid parameters

from hydro or other renewable generation, both are considered slow resources
that cannot stabilize the microgrid during an island transition.

Figure 4.6: Sensitivity of the size of BESS and DC/AC converter power capacities
to the percentages of critical demand and converter-interfaced renew-
able generation when BESS is providing capacity bottleneck allevia-
tion, island capability, and successful island transition. The color code
indicates the dimensioning function: alleviation of capacity bottleneck
(blue), successful island transition (green).

4.3.4 Impact of design criteria on island duration

Figure 4.7 shows the size of the energy storage capacity if the design criterion
on the island duration is 3 or 6 hours. The blue surface indicates that the
BESS energy capacity is determined solely by the requirement for alleviation
of the capacity bottleneck. Whereas the red surface indicates that additional
size is needed for island capability. The figure shows that above a certain
threshold of the percentages of critical demand and converter-interfaced re-
newable generation, additional energy storage capacity is needed to meet the
island capability requirement. It is evident that this threshold is independent
of the duration for island operation. However, once the threshold is exceeded,
the energy storage capacity almost doubles.
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Figure 4.7: Sensitivity of the size of BESS energy capacity to the percentages of
critical demand and converter-interfaced renewable generation corre-
sponding to an island duration of 3 hours and 6 hours. The size pre-
sented here is when BESS is providing capacity bottleneck alleviation
and island capability. The color code is as follows: island capability do
not add additional requirement on the BESS energy capacity (blue):
island capability adds additional requirement on the BESS energy ca-
pacity (red).

4.4 Summary

This chapter has investigated the size of the BESS power and energy capac-
ities needed for the microgrid to provide three functions: island capability,
frequency-secure island transition due to unplanned islanding, and alleviation
of the grid capacity bottleneck. The analysis shows that the BESS power
capacity can be shared among the different functions since they occur dur-
ing different microgrid operation modes. Furthermore, the maximum power
capacity of the BESS is dictated by the function of frequency-secure island
transition. This is because unlike the other two functions that can be provided
by slower acting flexibility resources, the frequency-secure island transition re-
quires a fast acting flexibility resources which is available in the BESS.

On the other hand, the size of the BESS energy capacity is not dependent
on the function of secure island transition, since it is a short transient. The
other two functions for alleviating the grid capacity bottleneck and the island
capability are critical in sizing the BESS energy capacity. The size needed
to fulfill the former is mainly determined by the coincidence factor between
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local production and consumption, where a weaker correlation between the
two may lead to the need for a larger storage capacity. The size needed to
fulfill the latter one is dependent on the percentages of local critical demand
and non-dispatchable renewable generation, where a larger percentage of the
two requires a larger BESS storage capacity to balance the microgrid in island
operation mode.

Unlike the power capacity of the BESS that is shared by all three functions,
its energy capacity may need to account for the sum of the individual energy
capacities to fulfill the different functions. However, additional future work is
needed to understand how the energy storage can be co-optimized to reduce
peak net load and provide island capability taking into account the correlation
between a grid capacity bottleneck and a grid outage.
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CHAPTER 5

Sizing and control of B2B converter in interconnected
microgrids to mitigate grid capacity bottleneck and
improve frequency stability during island transition

This chapter expands on the work done in Chapter 3 by extending the island
contingency analysis to focus on interconnected microgrids instead of a single
microgrid.

5.1 Introduction
This chapter investigates the size of a B2B converter and its control for inter-
connection of microgrids to provide the following functions:

• Peak net load reduction,

• Island operation with secure island transition,

• Voltage regulation.

This chapter does not account for BESS and instead rely on power re-routing
between the two microgrids to fulfill the aforementioned functions. Industrial
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and community microgrids are used as a case study for the analysis. First, the
MW capacity of the B2B converter is determined to mitigate the grid capacity
bottleneck by peak net load reduction of the industrial microgrid. Second, the
MVAr capacity of the B2B converter is determined to account for the require-
ments of the grid code on voltage regulation. Third, this chapter investigates
whether an additional MW capacity of the B2B converter is needed to fa-
cilitate a frequency-secure island transition of the industrial microgrid. The
analysis uses simple equations for dynamic power balance of the microgrid
during island transition which accounts for fast acting resources such as the
B2B converter and under frequency load shedding. The analysis also illus-
trates the relation between the MW capacity of the B2B converter and the
percentage of time of the year that a frequency-secure island transition can
be secured. Finally, a dynamic simulation analysis is performed to verify the
implemented size of the B2B converter in fulfilling a frequency-secure island
transition. The control of the B2B converter utilizes the same frequency con-
troller implemented in Chapter 3 for a frequency-secure island transition of a
hydro-powered microgrid using BESS.

5.2 Steady State Sizing of Back-to-Back
Converter for Interconnecting Microgrids

5.2.1 Network Diagram of Interconnected Microgrid

Figure 5.1 shows the network diagram of two real-life MV distribution systems
in Sweden for microgrid studies. A paper and pulp factory is supplied from
a 140/11 kV substation, to which a HPP is also connected. The factory is
undergoing an expansion which will increase its peak load from 20 MW to 31
MW. However, the regional system operator could not increase the peak net
load supplying the industrial microgrid because of the bottleneck in the 140 kV
grid. On the other hand, there is spare grid capacity from a nearby community
microgrid. Thus, a B2B converter is considered as one feasible solution to
supply the increased load at the factory from the community microgrid.
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Figure 5.1: Network diagram of interconnected microgrids via B2B converter.

5.2.2 Steady-State Analysis for Sizing of Back-to-Back
Converter

In this section, the sizing of the B2B converter is determined for the provision
of the following functions:

• Peak net load reduction at industrial microgrid,

• Voltage regulation at both terminals of the B2B converter,

• Island operation with secure island transition of industrial microgrid.

Note that steady-state analysis utilizes simple power balance equations,
and optimization is not required as in Chapters 2 and 4. This is because the
problem in this chapter is simpler and does not account for BESS in either of
the microgrids.

5.2.2.1 Peak Net Load Reduction

Figure 5.2 (left) shows the time duration curve of the industrial microgrid net
load PIMG (see Figure 5.1) without (blue) or with (red) the B2B converter.

119



Chapter 5 Sizing and control of B2B converter in interconnected microgrids
to mitigate grid capacity bottleneck and improve frequency stability during
island transition

The B2B converter assists in mitigating the bottleneck in the regional grid by
importing power from a nearby community microgrid, which helps in reducing
the maximum import from 24.3 MW to 14.3 MW. This has led to an increase
in the peak net load of the community microgrid PCMG from 10.2 MW to
14.7 MW, as shown in Figure 5.2 (right). The required capacity of the B2B
converter to relieve the bottleneck in the industrial microgrid is 10 MW, as
shown in the time series of B2B converter Port A (see Figure 5.3). During
normal operation (no congestion), the B2B converter is utilized to maximize
the energy exchange between the two microgrids.
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Figure 5.2: Time duration curve of industrial microgrid net load PIMG (left) and
community microgrid net load PCMG (right).
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Figure 5.3: B2B converter Port A time series during 2018 with hourly resolution.
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Microgrids

5.2.2.2 Voltage Regulation at the Converter Terminal

The B2B converter should maintain the voltage at its terminals in the range of
0.9 p.u.-1.1 p.u. during normal operation [96]. In this chapter, both ports of
the B2B converter are designed with a power factor (PF) of 0.95 (3.3 MVAr)
for voltage regulation [97].

5.2.2.3 Island Operation with Secure Island Transition

Requirement for Secure Island Transition A secure island transition of an
unplanned islanding event is achieved if the following conditions are met:
1) Steady-state frequency is maintained within [49.5, 50.5] Hz in the post-
islanding condition; 2) Dynamic frequency variation should be within [49, 51]
Hz during disturbances including island transition.

Assessment of Reserve for Frequency Containment The dimensioning dis-
turbance for island transition depends on the maximum power exchange of the
industrial microgrid with the regional grid, which is 14.3 MW (import) and
16.7 MW (export) according to Figure 5.2 (left). The frequency is stabilized
during an unplanned island transition by fast active power support provided
by the B2B converter and the flexible load of the factory. Thereafter, the HPP
active power reserve replaces the fast reserve of the converter and the factory
in steady state. The up- and down-regulation reserves of B2B converter Port
A are defined, respectively, as

P up
B2B,A(t) =P max

B2B,A − PB2B,A(t), (5.1a)

P dn
B2B,A(t) =P max

B2B,A + PB2B,A(t), (5.1b)

where PB2B,A(t) is the active power output from B2B converter Port A at hour
t and P max

B2B,A is its maximum active power. Furthermore, the up- and down-
regulation reserves of the factory load flexibility are defined, respectively, as

P up
fac(t) =KflexPfac(t), (5.2a)

P dn
fac(t) =Kflex(P max

fac − Pfac(t)), (5.2b)

where Pfac(t) is the factory load at hour t and P max
fac is its maximum active
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power. To fulfill the requirement on dynamic frequency variation during island
transition, the up- and down-regulation reserves of the converter should be

P up
B2B,A(t) ≥PIMG(t) − P up

fac(t), (5.3a)

P dn
B2B,A(t) ≥ −

(
PIMG(t) + P dn

fac(t)
)

, (5.3b)

Define the variable ∆PSIT(t) as

∆PSIT(t) =



P up
B2B,A(t) − [PIMG(t) − P up

fac(t)] ,

PIMG(t) > 0
P dn

B2B,A(t) +
[
PIMG(t) + P dn

fac(t)
]

,

PIMG(t) < 0
0. PIMG(t) = 0

(5.4)

If ∆PSIT(t) ≥ 0 at a certain hour, the converter has sufficient up- or down-
regulating reserve to balance the load during an island transition, otherwise
not. Figure 5.4 shows the time duration curve of ∆PSIT(t) for three different
values of Kflex. When an unplanned islanding event occurs, the dynamic
frequency requirement can only be fulfilled for 51% of a year in case of no
flexible load, but increased to 79.7% (97%) of a year when 20% (35%) of
the load is flexible. Alternatively, if Kflex = 0%, one needs to increase the
converter size from 10 MW to 19.6 MW to achieve a reliability of 97%. This
analysis shows that the B2B converter need not to be oversized if there is
sufficient flexible load. Moreover, the value stacking of the peak net load
reduction service and the secure island transition service results in a better
utilization of the B2B converter.
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Figure 5.4: Time duration curve of ∆PSIT for different flexibility of the factory.

5.3 Controller Design of Back-to-Back Converter
for Secure Island Transition of Industrial
Microgrid

5.3.1 Model and Control of Hydro Turbine

The hydro turbine is modeled as a Francis turbine equipped with a PI-based
droop governor as shown in Figure 5.5 [78]. The corresponding controller
parameters are listed in Table 1.
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Figure 5.5: Generic hydro Francis turbine model and governor.
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5.3.2 Model and Control of Back-to-Back Converter

5.3.2.1 Control Diagram of Back-to-Back Converter

Figure 5.6 shows the control diagram of the B2B converter that interconnects
the two microgrids. Port A of the converter is controlled in the GFM mode,
where the voltage and power control loop and the inner vector current con-
troller are implemented according to the controller design described in [84].
Port B of the converter is controlled in the GFL mode with the controller
design described in detail in [98]. Port B of the converter also controls the dc
link voltage. For dynamic simulation, the average model of the B2B converter
is implemented instead of the switching model.
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Figure 5.6: Control diagram of back-to-back converter.

5.3.2.2 Frequency Controller Structure and Tuning

To ensure frequency support during island transition, B2B converter Port A
has a frequency controller in its outer loop. The frequency controller of Port
A is modeled as a high pass filter as shown inside the dotted box of Figure 5.6.
The tuning strategy considers the dynamic response of the hydro governor to
meet frequency quality requirements according to [99], where the high pass
filter gain KFC and the time constant TFC are tuned as

KFC = ∆Pdm − Dfac∆fmax

∆fmax
1

P max
B2B,A

, (5.5)
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TFC = ∆Pdm − Dfac∆fmax

∆fmax
(1 + RGKp,G)2

Ki,G

1
P max

hy
, (5.6)

where ∆Pdm is the dimensioning disturbance, Dfac is the factory load fre-
quency dependence, ∆fmax is the maximum allowed frequency deviation in
Hz, Kp,G, Ki,G and RG are hydro governor parameters (see Figure 5.5). In
the aforementioned equation, the dimensioning disturbance is defined as

∆Pdm = max{(PIMG(t) − P up
fac(t)), −(PIMG(t) + P dn

fac(t)).} (5.7)

Table 1 lists the B2B converter parameters.

Table 5.1: Industrial microgrid parameters.
Hydro parameters B2B converter parameters

Parameter Value Base Parameter Value Base
Smax

hy 54.5 MVA - P max
B2B,A, P max

B2B,B 10 MW -
P max

hy 46.3 MW - Qmax
B2B,A, Qmax

B2B,B 3.3 MVAr -
fb 50 Hz - KFC 49.1 p.u. P max

B2B,A/fb
Kp,G 1 p.u. P max

hy /fb TFC 35 s -
Ki,G 0.33 rad/s P max

hy /fb System parameters
RG 0.05 p.u. fb/P max

hy Parameter Value Base
Ty 0.2 s - ∆Pdm 9.81 MW -
Tw 1.6 s - Dfac 0 MW/Hz -
Hhy 4.5 s Smax

hy |∆fmax| 1 Hz -
- - - Kflex 35% -

5.3.3 Frequency-Based Load Shedding
The frequency regulation reserve of the B2B converter may not be sufficient
to balance the load during island transition. Thus, a load shedding scheme
based on frequency deviation is adopted as follows: 1) disconnect one-third
of the flexible load at 49.5 Hz; 2) disconnect another one-third at 49.3 Hz, 3)
disconnect another one-third at 49.1 Hz.

5.4 Simulation Results
The microgrid in Figure 5.1 is modeled in Matlab/Simulink using phasor sim-
ulations. Two scenarios are considered for the dynamic simulations with cor-
responding pre-disturbance power flow summarized in Table 5.2, where B2B
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converter Port A is lightly loaded prior to island transition in Scenario 1, but
heavily loaded in Scenario 2.

Table 5.2: Pre-disturbance power flow of the industrial microgrid.
PIMG Phy,e PB2B,A Pfac P up

fac
Scenario 1 14.3 MW 13.0 MW 1.0 MW 28.3 MW 10.0 MW
Scenario 2 14.3 MW 6.7 MW 8.0 MW 29.0 MW 10.2 MW

5.4.1 Scenario 1: Lightly Loaded Back-to-Back Converter
Figure 5.7 shows the time-domain simulation results when the industrial mi-
crogrid is islanded at t = 5 s while importing 14.3 MW. The initial rate-of-
change-of-frequency (RoCoF) is 1.23 Hz/s, and the frequency nadir is reached
already at t = 7.4 s. The hydro generator barely increases its frequency re-
serve within such a short time despite the initial inertial response. Therefore,
it is mainly the B2B converter and the frequency-based load shedding that
helps to arrest the frequency fall. The converter is initially operating at 1 MW
with an up-regulation reserve of 9 MW, which is not sufficient for balancing
the load. However, with a load shedding of 10 MW activated in three stages
as shown in the zoomed window of subplot (b), the frequency is arrested at
49.1 Hz, which is above the minimum acceptable frequency nadir of 49 Hz.
Eventually, the frequency reserve from HPP replaces the fast frequency re-
serve from the B2B converter and the frequency settles down at 49.77 Hz in
steady state. Despite the fast active support by B2B converter Port A, the
dc-link voltage drops slightly to 0.97 p.u. and is quickly regulated back to 1
p.u.

5.4.2 Scenario 2 : Heavily Loaded Back-to-Back Converter
For Scenario 2, the B2B converter Port A is transmitting 8 MW to the indus-
trial microgrid prior to the islanding event. The converter has an up-regulation
reserve of 2 MW only, and both Port A and Port B hit the 10 MW power
limit immediately after the disturbance. Figure 5.8 shows the resulting dc-link
voltage of the B2B converter. Two cases considered here are: a) P max

B2B,B =
10 MW; b) P max

B2B,B = 10.1 MW. In both cases, P max
B2B,A = 10 MW. When the

active power through Port B reaches its limit of 10 MW, the control over the
dc-link voltage by converter Port B is lost. Thus, to maintain control over the
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Figure 5.7: Island transition of industrial microgrid at t = 5 s corresponding to
scenario 1: (a) frequency of B2B converter Port A and HPP, (b) electric
power of B2B converter Port A and HPP, and factory demand, (c) B2B
converter dc-link voltage.

dc-link voltage, it is necessary to increase the rating of Port B to be slightly
above the rating of Port A, e.g. here we have chosen P max

B2B,B = 10.1 MW.
Figure 5.9 shows the corresponding frequency and active power balance of

the industrial microgrid during the islanding event where the active power at
Port B P max

B2B,B is limited to 10.1 MW. Besides 2.0 MW of frequency reserve
from the B2B converter, a total load of 10.2 MW is disconnected in three
stages to arrest the frequency fall. However, this is still not sufficient to
balance the load. An additional reserve of 2.1 MW is needed to reach power
balance, which must come from the hydro turbine. Due to the slow response
of the hydro turbine-governor system, the frequency continues to fall to 48.1
Hz, which is below the minimum acceptable frequency of 49 Hz.
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Figure 5.8: Island transition of industrial microgrid at t = 5 s corresponding to
scenario 2 using 10 MW and 10.1 MW as a maximum active power
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5.5 Summary
In this chapter, the sizing and control of a B2B converter for interconnecting
two adjacent microgrids are developed to provide a set of functions, without
resorting to additional investment in energy storage systems. The key fac-
tors determining the MW and MVAr sizing of the B2B converter consists of
peak net load reduction, voltage quality requirement, as well as secure island
transition requirement.

The sizing of the B2B converter MW capacity for peak net load reduc-
tion is based on steady-state analysis using simple power balance equations.
Whereas, the size needed to facilitate a frequency-secure island transition is
based on simple dynamic power balance equations. Those equations only ac-
count for the fast acting flexibility resources and exclude slower ones such as
the HPP.

The analysis illustrates that by value stacking grid-connected and island-
operation functions, this can result in better utilization of the B2B converter.
For example, the MW capacity of the B2B converter needed to reduce the
peak net load may be sufficient to satisfy a frequency-secure island transi-
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Figure 5.9: Island transition of industrial microgrid at t = 5 s corresponding to
scenario 2 using 10.1 MW as a maximum active power limit for B2B
converter Port B: (a) frequency of B2B converter Port A and hydro,
(b) electric power of B2B converter Port A and hydro, and factory
demand.

tion. However, an additional size of the B2B converter may be needed if the
secure island transition function works 100% of the time. Furthermore, if
the microgird is equipped with under-frequency load shedding, this may re-
duce the required size of the B2B converter to fulfill a frequency-secure island
transition.

A dynamic simulation analysis is performed to verify the size of the B2B
converter in performing a frequency-secure island transition. The B2B con-
verter utilizes a frequency controller based on a high-pass filter, which is effec-
tive in assisting slower ramping hydro turbines. Notable observation from the
dynamic analysis is that the converter that controls the dc-link voltage needs
to have a slightly larger MW rating than the other one of the B2B converter
without losing control over the dc-link voltage.

The MVAr sizing of the B2B converter is based on the grid code requirement
for generators specifying the required reactive capability. To comply with
the grid code, the B2B converter is designed with a rated power factor of
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0.95. The MVAr rating of the B2B converter is verified by monitoring the
voltage quality at the B2B converter terminals during the grid-connected mode
and in the island transition. The analysis shows that the voltage is within
acceptable range in all operation modes. However, further analysis is needed
to understand the voltage stability of an industrial microgrid during island
transition. This will be investigated in Chapter 6.

In future work, additional analysis is needed to understand if adjustments
are needed in the size and control of the B2B converter to provide a secure
island transition to the other community microgrid. Furthermore, future re-
search can also focus on integrating local resources and loads that rely on
power electronics with the interconnection link to form an MPC. The size and
control of the MPC is more complicated than that of the B2B converter and
requires further research.
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CHAPTER 6

Assessment of the voltage stability of hydro-powered
industrial microgrid during island transition

This chapter is an extension of the work done in Chapter 3 on the island
contingency of a hydro-powered microgrid. While Chapter 3 has focused on the
frequency security constraints for a successful island transition, this chapter
gives more emphasis to the voltage security constraints.

6.1 Introduction
The severity of an unplanned islanding event depends mainly on the pre-
islanding active and reactive power exchange with the grid. A larger power
exchange may lead to faster frequency and voltage deviations, especially in mi-
crogrids with a high penetration of inverter-interfaced resources characterized
by lower inertia and short-circuit power. If frequency and voltage deviations
are excessive, this can lead to the tripping of local generators and critical
loads. Therefore, the protection settings of local generators and critical loads
must be taken into account when establishing a criterion for a successful island
transition.
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Various criteria for successful island transition are adopted in the literature
[100]–[103]. In [100], the microgrid is modeled as an equivalent swing equation
where only frequency security constraints are accounted for in the criterion for
successful island transition according to the IEEE Std C37.117-2007 standard
[104]. In [101], the successful island transition criterion is based on the voltage
and frequency ride-through requirements for generators in Europe, the so-
called RfG [97]. The criterion is assessed by comparing the dynamic voltage
and frequency of each generator in the microgrid during the island transition
with the ride-through characteristics. In [102], the criterion for a successful
island transition is based on the frequency and voltage ride characteristics
of distributed generators according to the IEEE standard Std 1547-2018 [27].
The authors in [102] adopt less stringent ride-through requirements during the
island transition compared to grid-connected operation. The criterion is also
assessed according to each individual generator. In [103], two documents are
used to establish the criterion for a successful island transition. The first is the
local requirement for the quality of the power supply, and the second is the
ride-through characteristics of distributed energy resources based on IEEE
Std. 1547-2018. The authors in [103] conclude that the latter criterion is
more stringent than the former. Thus, it is used as a criterion for assessment.
However, the assessment of a successful island transition is performed at the
microgrid PCC. Although previous publications account for the ride-through
characteristics of generators, the requirement on quality of power supply for
loads is left out. Therefore, one of the focuses of this chapter is to establish a
more holistic island transition criterion that accounts for both the ride-through
requirements of generators and requirements on quality of power supply for
critical loads. Moreover, the criterion is assessed at the point of connection
(POC) of each individual generator and load instead of being evaluated only
at the microgrid PCC.

In case the criterion set for successful island transition is not fulfilled, the
microgrid operator may need to invest in improving the inertia and/or the
short circuit capacity, or to invest in a faster frequency and/or voltage con-
trol. The design of a BESS frequency controller to meet the frequency se-
curity constraints has been addressed in Chapter 3. This chapter focuses on
reactive power compensation to meet voltage security constraints. In [105],
the authors investigate the ability of static synchronous compensator (STAT-
COM) and static VAR compensator to improve the recovery of the voltage
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of the Galapagos islands dominated by induction motor when subjected to
short circuit. It is demonstrated that STATCOM outperforms the static VAR
compensator in improving the voltage recovery because of its better dynamic
response. In addition, the paper illustrates that the compensator should be
installed as close as possible to the load center for better effectiveness. In
[106], the authors propose a voltage support strategy for the PV plant in an
islanded microgrid with a low X/R ratio using both active and reactive current
injection. The paper demonstrates that the thermal capacity of the PV can be
utilized more effectively in improving the recovery of voltage after a fault with
the injection of active and reactive currents. In [107], the authors demonstrate
the ability of STATCOM to improve voltage stability during a fault-triggered
islanding event. The results show that by installing the STATCOM close to
the load, it is able to reduce the voltage dip during a fault and damp the post-
fault voltage oscillations. However, the previous literature do not account for
the regulations on power exchange between the microgrid and the main grid,
despite being a critical factor in island contingency analysis. Therefore, this
chapter accounts for local DSO regulations that specify the amount of allowed
power exchange with the grid. Impact analysis is performed on the location of
the point of applicability (POA) of the reactive power requirement, whether
it is at the microgrid PCC or at the POC of local generators and loads.

To overcome the short-comings in the literature, this chapter first devel-
ops a criterion for successful island transition that not only accounts for the
performance requirements of distributed generators, but also for the load re-
quirements on quality of power supply. This chapter then determines the
maximum allowed reactive power exchange with the grid if the microgrid is
connected to regional grid. Upon that, the effectiveness of various reactive
power compensators is evaluated to meet the criterion for a successful island
transition under one of the worst operational scenarios for island transition
when the microgrid initially imports maximum reactive power. As a test
system, this chapter modifies the hydro-powered industrial microgrid used in
Chapter 3, to make the microgrid electrically weaker. The contributions of
this work include the following:

• Establishing a criterion for successful island transition that accounts
for both ride through requirements of generators and quality of power
supply for critical loads,

• Investigating the impact of the location of the POA for reactive power
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requirement, whether it is at the PCC of the microgrid or the POC of
HPP and factory load.

6.2 Criterion for successful island transition
An island transition is deemed successful if critical facilities are not interrupted
and distributed generators are not disconnected. Therefore, this section estab-
lishes a criterion for a successful island transition by reviewing the following
items: 1) power quality standards/requirements for electricity supply, 2) gen-
erator connection codes, and 3) load connection codes.

6.2.1 Power quality requirement
The DSO is responsible for delivering an acceptable power quality to the
costumers connected to their network as per the regulations set forth by the
energy market inspectorate. The regulations specify the criteria for acceptable
voltage waveform, including waveform frequency, magnitude, harmonic distor-
tion and symmetry. However, for microgrids operating temporarily in island
operation mode, the power quality requirements are either jointly determined
by the microgrid operator and microgrid users [108], [109], or similar require-
ments to the grid connected operation are adopted [110], [111]. Due to the
lack of standardized power quality regulations for island operation mode, this
section will focus on reviewing power quality regulations for grid-connected
mode and assume that the same regulations apply under the island operation
mode.

In grid connected mode, the power quality of the microgrid is maintained
by the relevant system operator according to the requirements set forth by the
EIFS 2023:3 Energy Market Inspectorate [11]. The EIFS 2023:3 is a Swedish
grid code and is derived from the European standard EN50160 [23]. Figure
6.1 provides an overview of the EN50160 power quality standard. The power
quality is classified on the basis of the phenomena into continuous phenomena
and voltage events. Continuous phenomena involve deviations that occur
continuously over time, such as those due to the load pattern or the non-
linearity of the load. Voltage events are sudden and significant changes in
the voltage waveform due to unpredictable events such as faults. As this
chapter focuses on analyzing dynamic performance of microgrid during island
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transition, the requirements on short-term voltage and frequency events are
of particular interest.

Figure 6.2 shows the acceptable slow (continuous) and short-term voltage
and frequency deviations according to the European standard EN50160 and
the Swedish grid code EIFS 2023:3 [11], [23]. According to the figure, the
relevant system operator has the obligation of maintaining the voltage and
frequency at the connection point of the customers within the ranges [0.9, 1.1]
p.u. and [49, 51] Hz, respectively. The voltage is typically regulated by the
relevant DSO, while the frequency is maintained by the Transmission System
Operator (TSO). Excessive deviations are allowed for a short time.

As this chapter focuses on island contingencies caused by a short-circuit in
the grid, more emphasis is placed on the short-term voltage dip requirements,
illustrated in Figure 6.3 [11]. A voltage dip is considered acceptable if it has
voltage-time characteristics within the green area. If the voltage dip enters the
orange area, it is considered unacceptable. The buffer area between the green
and orange areas may be considered acceptable depending on the agreement
between the system operator and the customer. It can also be seen from the
figure that the requirement is more stringent for systems with voltage level
higher than 45 kV.

Classification of phenomena

Continuous phenomena Voltage events
1. Slow voltage and frequency changes
2. Rapid voltage changes

a. Single rapid change
b. Flickers

3. Voltage harmonics
4. Voltage asymmetry

1. Short term frequency changes
2. Interruption of the supply voltage

a. Maximum interruption duration
b. Maximum interruption frequency

3. Short-term voltage dip
4. Short-term voltage swell

Figure 6.1: Power quality classification [23].

6.2.2 Generator connection requirement
Distributed generators must be able to ride through the island transition
event, especially those providing frequency and voltage regulation to the mi-
crogrid. Due to the lack of standardized regulations on the ride-through re-
quirements for generators operating in island mode, similar requirements are
considered to the grid-connected mode. Such requirements are typically set
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by the European Network of Transmission System Operators for Electricity
(ENTSO-e) [97]. A Swedish version of the requirement for generators (EIFS
2018:2) is regulated by the energy market inspectorate [21]. The generator
requirement classifies technology-based generators as a synchronous generator
(SG) and a power park module (PPM). It also classifies generators based on
size and voltage level into four categories:

• Type A: V < 110 kV, P max ≥ 0.8 kW

• Type B: V < 110 kV, P max ≥ 1.5 MW

• Type C: V < 110 kV, P max ≥ 10 MW

• Type D: V < 110 kV, P max ≥ 30 MW or V ≥ 110 kV

Figure 6.4 gives an overview of the Swedish requirement for generator EIFS
2018:2. The requirement indicates the voltage and frequency ranges during
which a generator must remain connected infinitely (continuous operation
region), and those where a generator must be able to ride through for a tem-
porary time duration. Additionally, generators of all types are required to
ride through a RoCoF event of up to 2 Hz/s. Depending on the type of
generator, voltage and frequency regulation functions may also be required.
Those functions include AVR, frequency sensitive mode (FSM), limited fre-
quency sensitive mode for under frequency (LFSM-U), and limited frequency
sensitive mode for over frequency (LFSM-O). Note that the behavior of the
generator during simultaneous over/under-voltage and over/under-frequency,
indicated with the white areas, is not explained in the grid code EIFS 2018:2.

When comparing the requirements for generators illustrated in Figure 6.4
with the requirements on quality of power supply illustrated in Figure 6.2, a
clear miscoordination is observed. First, the quality of power supply declares
a continuous operating time in the voltage range [1.05, 1.1] p.u., while in
this same voltage range, generators are only required to ride through for a
limited amount of time according to EIFS 2018:2. Moreover, generators are
not obliged to remain connected to the network if the frequency is outside the
range [47.5, 51.5] Hz, whereas power quality requirements allow a wider range
of frequency deviation [47, 52] Hz, which can lead to disconnection of some
generators.

Since this chapter focuses on islanding events triggered by short circuit
contingencies, an additional focus is placed on the under-voltage ride-through
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(UVRT) requirements, which is illustrated in Figure 6.5. The UVRT require-
ments show the voltage-time characteristics that the respective generator has
to ride through during a voltage dip. PPMs must endure low voltage for a
longer duration than SGs, and larger generators must also withstand lower
voltage for a longer time than small generators.

Generators type C and D are required to have reactive capability, which
is illustrated in Figure 6.6 (this does not apply for generators type A and
B). Although the reactive capability in the EIFS 2018:2 grid code is linearly
proportional to the active power (triangular shape) [21], the compliance test
performed by Svenska Kraftnät (SvK) assumes a reactive capability that is
a function of the maximum active power (square shape) [112], [113]. For
PPMs, this reactive capability is symmetrical, while it is non-symmetrical
for SGs with the requirement on reactive power injection being larger than
consumption. Reactive capability should be available to the system operator
at the POC (high-voltage (HV) side of the transformer).

UVRT (200 ms, B, C SG)

47.5 Hz 48 Hz 48.5 Hz 49 Hz 49.5 Hz 50 Hz 50.5 Hz 51 Hz 51.5 Hz

1 p.u.

0.9 p.u.

1.1 p.u.

1.05 p.u.

49.9 Hz 50.1 Hz

0.25 p.u.

0.15 p.u.

0 p.u.

49.5 Hz 50.5 Hz

0.95 p.u.

FSM (C,D)
AVR (B,C,D)

UFRT (30 min ,A,B,C,D)

OFRT
(30 min,
A,B,C,

D)
LFSM-O 
(A,B,C,D)

LFSM-U (C,D)
Max. reduction 

(A,B,C,D)

UVRT (200 ms, B, C PPM)

UVRT (200 ms, D)

f

V

Continuous operation region (A,B,C,D)

OVRT (60 s, D SG)
OVRT (60 min, A,B,C,D offshore PPM)

Figure 6.4: Overview of generator connection requirement EIFS 2018:2 [21]. The
acronyms in the figure are: under and over frequency ride through
(UFRT and OFRT), under and over voltage ride through (UVRT and
OVRT), frequency sensitive mode (FSM), limited frequency sensitive
mode for under and over frequency (LFSM-U and LFSM-O), auto-
matic voltage regulation (AVR), maximum reduction capability (Max.
reduction).
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Figure 6.6: Reactive capability requirements for generators of type C and D [21],
[112], [113].
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6.2.3 Demand connection requirement
The Demand Connection Code (DCC) establishes requirements for the con-
nection of demands in order to ensure the security of the power system. The
DCC is issued by the ENSTO-e [114]. Sweden has its own version of the DCC
EIFS 2019:6 [22], which is maintained by the energy market inspectorate. The
demand connection code is binding for the following demand categories:

A Transmission-connected demand facilities,

B Transmission-connected distribution facility,

C Distribution systems, including new closed distribution systems,

D Demand units used to provide demand response services,

where a demand facility is a facility that consumes electrical energy, and a
demand unit is a sub-installation of a demand facility that can be controlled
to provide grid services. Transmission-connected distribution facility is a dis-
tribution system connection or the electrical plant and equipment used at the
connection of the transmission system. A closed distribution system is a dis-
tribution system that distributes electricity within a geographically confined
industrial, commercial, or shared services site and does not supply household
customers, without prejudice to incidental use by a small number of house-
holds located within the area served by the system and with employment or
similar associations with the owner of the system.

The connection code covers the following requirements: continuous oper-
ation range, ride through capability, permissible PF, permissible harmonic
distortion, control and protection requirements. The connection code pro-
vides a standardized requirement for the first three items while it leaves the
remaining items to individual agreements.

Figure 6.7 shows the frequency and voltage ranges under which a load must
remain connected continuously, and that during which the load must ride
through shortly [22]. The requirement is quite similar to the generation con-
nection code shown in Figure 6.4 except in the following points:

• This requirement do not emphasis the under voltage ride through re-
quirement,

• Demands, unlike generators, are not required to provide frequency and
voltage regulation functions.
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In addition to the ability of the demand units to remain connected during
situations of excessive over- and under-frequency events, demand units of cat-
egory D are expected also to tolerate a RoCoF of up to 2 Hz/s. Due to the
lack of coordination between the DCC and the power quality requirements
illustrated in Figure 6.2, unwanted demand tripping can occur. This is espe-
cially the case when operating in the voltage range [1.05, 1.1] p.u. and the
frequency ranges [47, 47.5] Hz and [51.5, 52] Hz. This emphasizes the need
for better coordination between the two requirements.

Continuous operation region (A,B,C,D)

47.5 Hz 48 Hz 48.5 Hz 49 Hz 49.5 Hz 50 Hz 50.5 Hz 51 Hz 51.5 Hz

1 p.u.

0.9 p.u.

1.1 p.u.

1.05 p.u.

UFRT (30 min ,A,B,C,D)

OFRT
(30 

min,A,B
,C,D)

OVRT (60 sec A,B,C; 60 min, D)

f

V

Figure 6.7: Frequency and voltage ranges under which a demand of category A,
B, C or D must remain connected to the grid [22].

Demand categories A, B and C must also maintain their reactive power
exchange with the grid within 48% of the maximum import or export capac-
ities [114]. This corresponds to a PF of 0.9. There is no requirement for the
reactive power range of demand category D. However, if demand category D
is connected to a distribution network, it will have to adhere to the reactive
power requirements of the relevant DSO. An example of such a requirement
for demands connected to Vattenfall’s network is provided in Table 6.1. The
amount of free reactive power is subject to the tariff level which is illustrated
in Figure 6.8.

6.2.4 Selected criterion for successful island transition
Since this chapter focuses on the voltage stability of the microgrid during
a short-circuit-triggered islanding, the selected criterion for a successful is-
land transition focuses on voltage security constraints. For the island tran-
sition to be successful, both distributed generators and critical loads have to
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Table 6.1: Vattenfall’s customer free reactive power by tariff level. The reactive
power is expressed in percentage with respect to active power subscrip-
tion except for tariff level T0 [115].

Customer tariff level Free reactive power withdrawal Free reactive power input
T0 15 MVAr 15 MVAr

L1 or T13 15% 5%
T1 or T12 25% 10%
L2 or T2 50% 15%

220-400 kV 220 kV

70-130 kV

20-50 kV

6-20 kV

6-20 kV

70-130 kV

T0 T13

T1 T12

T2

L1

L2

Figure 6.8: Vattenfall’s segmented tariff structure [115].
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ride-through the islanding incident. Distributed generators must meet the
fault-ride requirements of the generators illustrated earlier in Figure 6.5. Ad-
ditionally, critical load facilities must withstand a short-term voltage dip given
by the characteristic in Figure 6.3.

6.3 Description of investigated hydro-powered
industrial microgrid

6.3.1 Microgrid network diagram
Figure 6.9 shows the microgrid network diagram used for island contingency
analysis in this chapter. The network diagram is modified with respect to the
system investigated in Chapter 3. Modifications are made such that the mi-
crogrid is realistically weak to make voltage stability analysis more insightful.
The modifications made are as follows:

• Instead of the load and generator being directly connected to the sub-
station, an electrical distance have been introduced,

• The voltage level is changed from 140 kV to 44 kV which is also a common
voltage level for this microgrid rating. The 44 kV grid usually has a lower
short circuit capacity than the 140 kV grid, and has a higher tendency
to have voltage-related issues,

• The load facility has its own tap-changing transformer to regulate the
voltage at the MV side of the load to 1 p.u.,

• A more realistic industrial load model is implemented for voltage stabil-
ity studies.

The parameters of the network diagram can be found in the appendix in
Table D.2.

6.3.2 Hydropower plant control and tuning
The HPP is equipped with a governor and an AVR for frequency and voltage
control, respectively. The governor model was illustrated in Chapter 3. The
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Figure 6.9: Microgrid network diagram for island contingency analysis.

AVR and exciter models are illustrated in Figure 6.10. The AVR is imple-
mented as a standard PI controller with a static exciter model, typically used
in the Nordic 32 power system model [79]. The AVR is set to control the MV
side of the transformer without implementing any reactive droop. The AVR
tuning account for the Swedish grid code requirement for generators EIFS
2018:2 [21]. The Swedish grid code states that when changing the reference
voltage stepwise from 0.95 p.u. to 1.05 p.u., the voltage response should have a
rise time of not more than 1 second (measured from 0% to 90%), and an over-
shoot of not more than 15%. The rise time requirement imposes a minimum
limit on the voltage control loop bandwidth, whereas the overshoot require-
ment sets a maximum limit (see Figure 6.11). This requirement is tested when
the generator is in idle operation mode. In the remainder of this chapter, the
fast control illustrated in Figure 6.11 is adopted. The corresponding tuning of
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the AVR and the exciter parameters is summarized in the appendix in Table
D.4.
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Figure 6.10: Hydropower plant AVR and exciter model.
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Figure 6.11: AVR step response in idle operation mode.

6.3.3 Industrial load model
The investigated industrial load has the load composition shown in Table 6.2
[116]. The industrial load is mainly composed of motors by 76%, with 20%
small motors and 56% large motors. Small motors have a lower PF of 0.86
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compared to 0.89 for large motors. The industrial load is also composed of 19%
lighting loads with a 0.9 PF and 5% resistive loads with a unity PF. The mo-
tors are modeled using a typical dynamic model of an induction motor found
in [117]. This is a conservative assumption since most industries will have
a certain percentage of their motors connected via variable frequency drives.
The lighting and resistive loads are modeled using the constant impedance,
constant current, and constant power load model, or the so-called ZIP model
found in [118]. The steady state active and reactive powers of the ZIP load
model are given by:

PZIP = Pn

(
p1

(
V

Vn

)2
+ p2

(
V

Vn

)
+ p3

)
, (6.1)

QZIP = Qn

(
q1

(
V

Vn

)2
+ q2

(
V

Vn

)
+ q3

)
, (6.2)

where the coefficients p1, p2, and p3 and q1, q2, and q3 define the proportion
of each load component. The parameters of the different load components are
listed in the appendix in Table D.6.

Figure 6.12 shows the control diagram of the ZIP model. The ZIP load is
represented as a current source where the reference currents are calculated
based on the terminal voltage to achieve the ZIP characteristics described in
(6.1) and (6.2). The reference currents are low-pass filtered with a first-order
5 Hz filter before being injected to the grid. This ensures that the model is
stable. Note that the constant current and constant power characteristics are
only valid for terminal voltages above 0.7 p.u. If the voltage is lower than or
equal to 0.7 p.u., the model behaves as a constant impedance instead. This
also ensures the stability of the model during short-circuit analysis. A PLL is
needed to estimate the terminal voltage angle in order to decouple active and
reactive currents. The PLL is based on a PI controller as in [119] and has a
bandwidth of 5 Hz. The PLL is frozen for low voltages below 0.8 p.u. since
the voltage may be too low to be tracked by the PLL.

6.3.4 Non-critical load shedding and dynamic braking

As illustrated in Section 6.3.3, the industrial load model is predominantly
composed of directly connected induction motors. These motors may draw a
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Table 6.2: Load composition of industrial facility [116].

Load component Percentage Power
factor Model

Small motors 20% 0.86 Directly connected in-
duction motor

Large motors 56% 0.89 Directly connected in-
duction motor

Lighting 19% 0.90 ZIP model
Resistive loads 5% 1.0 ZIP model
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Figure 6.12: ZIP load control diagram.
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large reactive current to re-establish their magnetic field when the microgrid
is islanded from a faulty grid. Such a large reactive current may cause voltage
collapse, especially in an islanded microgrid that is relatively weaker compared
to the grid-connected mode. Therefore, the microgrid operator may need to
invest in increasing the strength of the microgrid in island mode. Different
technologies to improve the strength of the microgrid are investigated later in
Section 6.5. Some of the motors that are not critical to the industrial facility
may be disconnected upon the detection of the islanding event. This will
reduce the reactive current burden and increase the chance of survival of the
remaining load.

In this chapter, it is assumed that 45% of the motors are non-critical de-
mands. Thus, they are tripped simultaneously when the microgrid tie-line
breaker is opened. However, this percentage of the load being tripped at once
is quite large and may result in a severe over-frequency of the HPP. Therefore,
a dynamic braking using electrical resistors is used to dissipate the excessive
HPP power [118]. The resistors are installed at the HPP terminal as shown
in Figure 6.9 and are connected in steps according to the frequency level, as
illustrated in Table 6.3. Each connected resistor has a rated power of 3% with
respect to the HPP rating. This is to avoid a sudden big change of power at
the HPP terminal which may result in a severe under-frequency event.

Table 6.3: Frequency activation level of dynamic braking using electrical resistors.
The activation is performed in steps with each step being equal to 3%
of the HPP rated power.

Activating frequency (Hz) 50.5 50.7 50.9 51.1 51.3
Step change 3% 3% 3% 3% 3%

6.4 Island contingency study of hydro-powered
industrial microgrid

6.4.1 Investigated scenarios
The investigated scenarios for island contingency of hydro-powered microgrid
are presented in Table 6.4. The aim of this investigation is to highlight key fac-
tors for the successful island transition of hydro-powered industrial microgrid.
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The investigated factors include:

• POA of reactive power requirement,

• Percentage of online HPP capacity,

• Line characteristics.

The investigated scenarios are elaborated further in the subsequent sections.

Table 6.4: Investigated scenarios for island contingency of hydro-powered industrial
microgrid.

Scenario POA of reactive power
requirement

Power exchange
with the grid

Percentage
of online
HPP ca-
pacity

Line charac-
teristics

Base case At the PCC of the mi-
crogrid

Maximum reac-
tive power import 100% Overhead line

Scenario 1 At the POC of HPP
and industrial load

Maximum reac-
tive power import 100% Overhead line

Scenario 2 At the PCC of the mi-
crogrid

Maximum reac-
tive power import 70% Overhead line

Scenario 3 At the PCC of the mi-
crogrid

Maximum reac-
tive power import 100% Cable

6.4.1.1 Point of applicability of reactive power requirement

The initial reactive power exchange between the microgrid and the upstream
distribution grid has a vital impact on the subsequent voltage dynamics of
the microgrid during the island transition. This reactive power exchange is
regulated by the DSO. The DSO can regulate the reactive power either at the
PCC of the microgrid or at the POC of each of the HPP and the industrial
load.

An operating envelope is used to depict the feasible range of active and
reactive powers at the interface between a customer and the system operator.
Figure 6.13 (a) shows the operating envelope of the microgrid, indicating all
feasible active and reactive power operating points at the PCC of the microgrid
(denoted by PG and QG in Figure 6.9). The reference power direction is into
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the microgrid with positive power values indicating power import. It can be
seen that the allowed operating range for reactive power exchange at the PCC
of the microgrid is smaller if the reactive power requirement is imposed at the
PCC of the microgrid instead of at the POC of the HPP and industrial load.

If the reactive power requirement is imposed at the PCC, then the entire
microgrid is treated as a single customer. Assuming that the microgrid is a
customer of Vattenfall’s network, the microgrid would then fall under the tariff
level called L2, with a corresponding amount of free reactive power withdrawal
and injection of 50% and 15%, respectively (see Table 6.1). The percentages
are with respect to annual active power subscription. This explains why the
limit for reactive power export -3.6 MVAr is much less than that for reactive
power import 12.0 MVAr.

If the reactive power requirement is imposed at the POC, then the microgrid
is no longer treated as a single customer. The reactive power requirement of
the microgrid in this case is a function of the individual operating envelopes
of the HPP and the industrial load. The HPP operating envelope follows the
SvK generator compliance test (see Section 6.2.2), as shown in Figure 6.13 (b).
The operating envelope of the load is shown on the same figure and follows the
requirements set forth in the DCC (see Section 6.2.3). Positive power values
correspond to power injection for the HPP and power absorption for the load,
and vice versa. If the load is operating at its minimum PF, i.e., consuming
13.0 MVAr, and simultaneously the HPP is operating at its maximum under-
excitation, i.e., absorbing 7.7 MVAr, then the microgrid would import 20.7
MVAr, as illustrated in the microgrid operating envelope in Figure 6.13 (a).
On the other hand, if the load operates at a unity PF, and simultaneously the
HPP injects the maximum reactive power, then the microgrid would export
15.4 MVAr to the upstream grid, as illustrated in the microgrid operating
envelope shown in Figure 6.13 (a). Note that this analysis neglects the losses
in the internal lines of the microgrid.

The active power subscription of the microgrid is assumed to be symmetric
in the export and import directions, with a corresponding value of 24 MW,
as illustrated in Figure 6.13 (a). The value of the active power subscription
is obtained by taking the maximum active power exchange between the mi-
crogrid and the upstream grid from historical measurements (see Figure 3.6).
This value remains unchanged and is independent of the POA of the reactive
power requirement.
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Figure 6.13: (a) Microgrid operating envelope indicating all the possible static
operating points of active and reactive powers at the PCC of the
microgrid (denoted by PG and QG in Figure 6.9). Positive power
values correspond to power import, and vice versa. (b) HPP and
industrial load operating envelopes indicating all the possible static
operating points of active and reactive powers (denoted by PH, QH,
PL, and QL in Figure 6.9). Positive power values correspond to power
injection for the HPP and power absorption for the load, and vice
versa. 151
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6.4.1.2 Power exchange with the grid

Chapter 3 has analyzed the frequency stability of the microgrid during the
island transition when it is initially importing a significant amount of active
power. As this chapter focuses on the voltage stability of the microgrid dur-
ing island transition, it only accounts for scenarios where the initial power
exchange between the microgrid and the upstream grid is highly reactive.
The operating envelope of the microgrid in Figure 6.13 (a) shows that the
microgrid has a larger margin for the import of reactive power than the ex-
port. Therefore, this chapter focuses on scenarios with the maximum import
of reactive power before islanding, which is 12.0 MVAr if the reactive power
requirement is imposed at the PCC and 20.7 MVAr if it is at the HPP and
industrial load POC.

6.4.1.3 Online hydropower plant capacity

Another critical factor for island contingency analysis is the online HPP ca-
pacity. The HPP operator may decide to take some generators off-line for
various technical or economical reasons. If the remaining hydro generators do
not have sufficient capacity to meet the load in post islanding steady state
condition, islanding may not be possible. Therefore, the analysis in this chap-
ter accounts for the scenarios in which the online generators are 100% or 70%
of full HPP capacity.

6.4.1.4 Line characteristics

Parts of the MV network in Sweden is an underground network. Therefore,
it is relevant to compare the microgrid dynamics when the microgrid 44 kV
network is made of overhead lines or cables. Table 6.5 lists the overhead line
and cable parameters used in this study [120]. The main difference is that the
cable has lesser inductance per km (by three times), and significantly larger
capacitance (by twenty four times).

Table 6.5: Parameters of overhead line and cable [120].
L C R G

Overhead line 1.15 mH/km 0.01 µF/km 0.1436 Ω/km 0 S/km
Cable 0.36 mH/km 0.24 µF/km 0.1 Ω/km 0 S/km
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6.4.2 Base case scenario
The base case scenario illustrated earlier in Table 6.4 is characterized by 100%
online HPP capacity, overhead lines, and maximum reactive power import
where the POA of the reactive power requirement is at the PCC. Table 6.6
shows the initial power flow of the microgrid before islanding. Refer to the
network diagram in Figure 6.9 for location of the measurement and reference
power direction. The microgrid initially imports the maximum reactive power
of 12 MVAr according to microgrid operating envelope in Figure 6.13. The
imported reactive power is not sufficient to meet the reactive power demand
of the industrial facility of 13 MVAr, not mentioning the reactive demand of
the local lines. Therefore, the HPP injects an additional reactive power of
5 MVAr to account for the missing reactive power to achieve power balance.
Due to the heavy loading of the factory, the voltage received at its 44 kV side
is quite low at 0.90 p.u. However, the tap-changing transformer raises the
voltage at the 11 kV side to 1.00 p.u. HPP generates an active power of 27
MW, matching with the industrial load demand, which limits the active power
import from the grid to only 1.7 MW (power losses). Therefore, the power
exchange between the microgrid and the upstream grid is mainly reactive.

Table 6.6: Microgrid initial power flow before islanding (base case scenario). Re-
fer to Figure 5.9 for location of the measurement and reference power
direction.

Grid
PG 1.7 MW

HPP

PH 27 MW
QG 12 MVAr QH 5 MVAr
VPCC 1.00 p.u. V MV

H 1.02 p.u.

Load

PL 27 MW V HV
H 1.00 p.u.

QL 13 MVAr EH 1.26 p.u.
V MV

L 1.00 p.u.
V HV

L 0.90 p.u.
a 0.8750

The hydro-powered industrial microgrid is modeled in Matlab/Simulink and
simulated by electromagnatic transient (EMT) simulations. Figure 6.14 shows
the dynamic simulation results when applying a three-phase bolted fault to
the microgrid PCC at t = 1 s. Immediately after the fault, both active and
reactive powers of the industrial facility experience a negative surge, i.e. the
load acts transiently as a generator. This is because the back EMF voltage of
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the motors is larger than the terminal voltage. However, after 100 ms, when
the magnetic energy stored in the air gap of the motors has decayed, the active
and reactive powers tend to zero. In addition, the kinetic energy stored in the
rotating masses of the motors also decays. This occurs because of the absence
of input electrical power which causes the motors to de-accelerating under the
power of the mechanical load. Small motors deaccelerate faster than large
motors because of their lower inertia constant.

At t = 1.1 s, the microgrid is islanded from the main grid by opening the
microgrid tie-line breaker. The voltage of the microgrid is now regulated by
the HPP. The industrial facility is re-magnetized by the HPP, which results
in a positive surge in the active and reactive powers of the industrial facility.
This surge in power lasts for 100 ms (up to t = 1.2 s), which is the time needed
to establish the magnetic field. After the electro-magnetic dynamics have dis-
sipated at t = 1.2 s, the industrial facility still draws a large amount of reactive
power (21 MVAr!). This is due to the characteristics of the induction motor,
which draws a larger reactive power when operating at lower speeds. Due to
the large reactive power demand and the weaker system in island operation,
the voltage at the industrial facility is quite low at 0.74 p.u. As a consequence
of the low voltage, the electro-magnetic torque was not recovered fully, with
only 13 MW of active power being consumed. However, the active power was
sufficient to re-accelerate the motors, with small motor re-accelerating at t =
1.2 s and large motors at t = 1.25 s. This is due to the characteristics of the
mechanical load with its torque being proportional to the square of the speed.
Thus, at lower speed, less electrical power is needed to re-accelerate the mo-
tors. As motors begin to regain their speed, the reactive power consumption
is reduced. Therefore, the voltage at the industrial facility starts to gradually
increase and the active power is recovered. Note that the speed of small and
large motors have not reached steady state and their over-speed is caused by
the HPP experiencing an over-frequency (not shown here).

It is clear from the results that the voltage response at the terminal of the
factory does not fulfill the criterion set for a successful island transition. This
is very clear between times t = 1.5 s and t = 1.7 s. One of the main reasons
for the slow voltage recovery is the large reactive power consumption of the
industrial facility, especially during the re-acceleration phase of the motors.
Furthermore, another critical factor is the reactive power capability of the
HPP. The results show that the HPP hits its maximum excitation voltage
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limit of 4 p.u., which hinders the recovery of the voltage. Section 6.5 explores
different compensation technologies to improve the voltage response to meet
the criterion for a successful island transition. It should also be noted that
the HPP terminal voltage (not presented here) satisfies the fault-ride-through
characteristics. In fact, the HPP fault-ride-through criterion is less stringent
than the short-term voltage-dip criterion of the load.

It should be noted that 45% of the motors are tripped simultaneously with
opening of the microgrid tie-line breaker at t = 1.1 s (see Section 6.3.4). If
all the motors remain connected in island mode, this may result in a voltage
collapsing due to the large reactive demand and the weaker system in island
mode. However, when tripping such a large percentage of demand at once,
this results in an over-speed of the HPP, as shown in the bottom left subplot
of Figure 6.14. Therefore, braking resistances are activated in steps based on
the frequency deviation signal (see Section 6.3.4). In fact, the oscillation in
the voltage response seen in Figure 6.14 at t = 1.6 s and t = 2.2 s is due to
the switch of braking resistances.

6.4.3 Scenario 1: Impact of microgrid reactive power
requirement

In the base case, the POA for the reactive power requirement was at the PCC
of the microgrid. This section explores the impact of moving the POA to
be at the POC of each of the HPP and the industrial facility instead. Table
6.7 shows the updated initial power flow of the microgrid. If changes have
occurred with respect to the base case scenario, the new value is shown inside
parentheses. The noticeable change is that the import of reactive power has
doubled. This is because the microgrid operating envelope (see Figure 6.13
(a)) has a larger margin for reactive power import if the POA for reactive
power requirement is at the HPP and the industrial facility POC. Keep in
mind that the operating envelope in Figure 6.13 (a) does not account for the
losses in the lines. Therefore, the actual import of reactive power (24.7 MVAr)
is considerably higher than the one in the operating envelope (20.7 MVAr).
The increased import of reactive power in Scenario 1 compared to the base
case scenario is attributed to the fact that the HPP operates at its maximum
limit for the absorption of reactive power of -7.7 MVAr (see the HPP operating
envelope in Figure 6.13 (b)).

To establish a reference value for the strength of the microgrid in island
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Figure 6.14: Dynamics of hydro-powered industrial microgrid when subject to a
three-phase bolted fault at the PCC at t = 1 s followed by islanding
at t = 1.1 s (base case scenario).

mode, the short circuit capacity is estimated as seen from the 11 kV terminal
bus of the load:

SCC = E2
H

a2

Sb,T2
XT2 + 1

Sb,T1
XT1 + 1

V 2
HV

XOH + 1
Sb,H

X
′′
H

. (6.3)

The parameters used in this equation and their corresponding values are
explained in the appendix in Table D.2. This equation makes the assumption
that the HPP impedance is equal to its subtransient impedance. Assuming
that the back EMF voltage of HPP EH and the tap ratio a are the same as
the initial condition before islanding, the resulting short circuit capacity is
97.8 MVA, i.e., around three times the factory rating. This compares to 152
MVA in the base case, i.e., five times the factory rating. The main reason for
the reduction in the SCC is the reduction in the HPP back EMF voltage from
1.26 p.u. to 1.01 p.u.
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Table 6.7: Microgrid initial power flow before islanding (base case scenario vs Sce-
nario 1). Values for Scenario 1 are presented in parenthesis if changes
have occurred with respect to base case scenario.

Grid
PG 1.7 MW

HPP

PH 27 MW

QG
12 MVAr (24.7
MVAr) QH 5 MVAr (-7.7 MVAr)

VPCC 1.00 p.u. V MV
H 1.02 p.u. (0.99 p.u.)

Load

PL 27 MW V HV
H 1.00 p.u.

QL 13 MVAr EH 1.26 p.u. (1.01 p.u.)
V MV

L 1.00 p.u.
V HV

L 0.90 p.u.
a 0.8750

Figure 6.15 shows the dynamics of the microgrid when subjected to a three-
phase bolted fault at the microgrid PCC at t = 1 s followed by the opening
of the microgrid tie-line breaker at t = 1.1 s. The base case scenario is il-
lustrated with solid lines and Scenario 1 with dotted lines. The results show
that the voltage at the factory after islanding the microgrid has reduced in
Scenario 1 compared to the base case scenario. This is because the HPP has
a lower initial back EMF voltage in Scenario 1. Due to the lower voltage
at the terminal of the factory, its active power consumption has reduced as
well. The active power (torque) was not sufficient to re-accelerate the small
motor which experiences a stall. However, the large motor was re-accelerated
successfully thanks to its large inertia which protects it from stalling. Note
that in practice, an under-speed protection would trip the small motor, which
is not implemented here.

6.4.4 Scenario 2: Impact of online HPP capacity
This section explores the impact of online HPP capacity where online gener-
ation is reduced from 100% in the base case scenario to 70% in Scenario 2.
Table 6.8 shows the updated initial power flow. If changes have occurred with
respect to the base case, the new value is illustrated in parentheses. The only
change in the initial conditions is that the HPP back EMF voltage and 11 kV
terminal voltage has increased with respect to the base case scenario. This
was done intentially so that the HPP keeps the same reactive power output
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Figure 6.15: Dynamics of hydro-powered industrial microgrid when subject to a
three-phase bolted fault at the PCC at t = 1 s followed by islanding
at t = 1.1 s (base case scenario vs Scenario 1).

as in the base case scenario. Otherwise, the HPP would inject less reactive
power, which will increase the reactive power import beyond the maximum
value of 12 MVAr.

The updated SCC of the microgrid in island mode is estimated on the basis
of (6.3) and is equal to 161 MVA. This is slightly higher than the base value
of 152 MVA. This may be counterintuitive as the online HPP capacity has
reduced. However, the reduction in online capacity is balanced by the increase
in the back EMF voltage, which makes the final SCC quite similar.

Figure 6.16 shows the dynamics of the microgrid when subjected to a three-
phase bolted fault at the PCC at t = 1 s, followed by opening the tie-line
breaker at t = 1.1 s. The base case scenario is illustrated with solid lines
and Scenario 2 with dotted lines. The results show that after opening the
microgrid tie-line breaker at t = 1.1 s, the voltage at the industrial terminal
is lower for Scenario 2 compared to the base case scenario. This was not
expected as the estimated SCC is slightly higher for Scenario 2 than the base
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Grid
PG 1.7 MW

HPP

PH 27 MW
QG 12 MVAr QH 5 MVAr

VPCC 1.00 p.u. V MV
H

1.02 p.u.
(1.03 p.u.)

Load

PL 27 MW V HV
H 1.00 p.u.

QL 13 MVAr EH
1.26 p.u.
(1.43 p.u.)

V MV
L 1.00 p.u.

V HV
L 0.90 p.u.

a 0.8750

Table 6.8: Microgrid initial power flow before islanding (base case scenario vs Sce-
nario 2). Values for Scenario 2 are presented in parenthesis if changes
have occurred with respect to base case scenario.

case scenario. However, the SCC metric has limitations as it only accounts for
the initial SCC of the microgrid at the time of islanding. In actual operation,
the back EMF voltage of the HPP is not static as it is controlled by the AVR to
regulate the HPP terminal voltage. It is very important also to highlight that
the bandwidth of the HPP voltage control loop is inherently dependent on the
online capacity of the HPP, i.e., with lower online HPP capacity, the voltage
control becomes indeed slower. This can be proved by deriving the transfer
function of the voltage control which we will not delve into here. Additionally,
despite that the initial HPP excitation voltage in Scenario 2 is slightly higher
than base case scenario, both scenarios are limited by the same maximum
excitation voltage limit of 4 p.u. Due to the aforementioned factors, Scenario
2 with less online HPP capacity was not able to deliver the needed active
power to re-accelerate both small and larger motors, which have experienced
a stall.

6.4.5 Scenario 3: Impact of line characteristics
This section replaces the overhead lines illustrated in Figure 6.9 with cables.
The parameters used for the cables are listed in Table 6.5. Table 6.9 shows the
updated initial power flow. If changes have occurred with respect to the base
case scenario, the new value is presented in parentheses. The main change that
has occurred is that the HPP absorbs 1.2 MVAr of reactive power compared to
injecting 5 MVAr in the base case. The reason for this change in the reactive
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Figure 6.16: Dynamics of hydro-powered industrial microgrid when subject to a
three-phase bolted fault at the PCC at t = 1 s followed by islanding
at t = 1.1 s (base case scenario vs Scenario 2).

power is that the HPP absorbs the additional reactive power injected by the
charging capacitance of the cables, which are much larger than the overhead
line. Another change is the higher voltage at the 44 kV terminal of the load
with an increase from 0.90 p.u. to 0.96 p.u. Therefore, the tap-changing
transformer utilizes fewer taps to maintain the voltage at the 11 kV side at 1
p.u., i.e., the tap setting a has increased from 0.8750 to 0.9375.

The updated SCC of the microgrid in island mode is estimated according to
(6.3) and shows a decrease in the SCC from 152 MVA in the base case to 126
MVA in Scenario 3. Even though the cable has three times less reactance than
an overhead line, the overall SCC has decreased. This is due to the reduction
of the HPP back EMF voltage to absorb the excessive reactive power produced
by the cable. Furthermore, the cable has resulted in an increase in tap setting
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a, which also contributes to reducing the SCC.

Table 6.9: Microgrid initial power flow before islanding (base case scenario vs Sce-
nario 3). Values for Scenario 3 are presented in parenthesis if changes
have occurred with respect to base case scenario.

Grid
PG 1.7 MW (0.95 MW)

HPP

PH 27 MW
QG 12 MVAr QH 5 MVAr (-1.2 MVAr)
VPCC 1.00 p.u. V MV

H 1.02 p.u. (1.01 p.u.)

Load

PL 27 MW V HV
H 1.00 p.u.

QL 13 MVAr EH 1.26 p.u. (1.13 p.u.)
V MV

L 1.00 p.u.
V HV

L 0.90 p.u. (0.96 p.u.)
a 0.8750 (0.9375)

Figure 6.17 shows the dynamics of the microgrid when subjected to a three-
phase bolted fault at the PCC at t = 1 s, followed by opening the tie-line
breaker at t = 1.1 s. The results for the base case scenario are illustrated with
solid lines and those for Scenario 3 with dotted lines. Despite that Scenario 3
has less SCC than the base case scenario according to the estimated SCC, the
former one shows a faster voltage recovery post islanding. This is due to the
larger charging capacitance of the cable compared to overhead lines (larger
by twenty-four times!). The reactive power injected by charging capacitance
increases as the voltage recovers. It has the impact of reducing the reactive
power burden on the HPP by providing a natural compensation to reactive
power consumption by the load and the inductance of the cable.

It should be mentioned that the estimated SCC in (6.3) does not account
for the charging capacitance of the cable. Therefore, (6.3) gives the wrong
interpretation that the microgrid is weaker in case of cables compared to
overhead lines.
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Figure 6.17: Dynamics of hydro-powered industrial microgrid when subject to a
three-phase bolted fault at the PCC at t = 1 s followed by islanding
at t = 1.1 s (base case scenario vs Scenario 3).

6.5 Technologies to achieve criterion for successful
island transition

6.5.1 Investigated technologies to provide reactive
compensation

Several reactive compensators are investigated to improve the voltage stabil-
ity of the hydro-powered industrial microgrid during an island contingency.
The investigated reactive compensators include shunt capacitor, synchronous
condenser, and STATCOM, as illustrated in Figure 6.18. The compensators
are installed at the factory 44 kV terminal instead of the PCC where they
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are commonly installed, since the aim here is to improve the voltage stability
of the load. A comparison between the compensators investigated is sum-
marized in Table 6.10. The shunt capacitor can only provide reactive power
compensation. The synchronous condenser and STATCOM can additionally
provide dynamic voltage regulation and short circuit current. However, the
STATCOM short-circuit current is limited by the thermal capability of semi-
conductors.

SG

Hydro power plant

54.5 MVA

PF = 0.85

44 kV Grid

Grid SCC=1000 MVA

PCC

T1

44 kV/11 kV

54.5 MVA×1

PH, QH PL, QL

PG , QG

VPCC

1.5 km, 44 kV, 

overhead line, 

40 MVA×2

19 km, 44 kV, 

overhead line, 

40 MVA×1

Industrial load

27 MW

 PF = 0.9

T2

44 kV/11 kV

30 MVA×2

HV

HV
HV

LV

MV

HV
MV

LV

POC POC

PF correction

1.8 MVA

Dynamic braking

1.6 MW×5

a : 1

SC

Shunt 

capacitor
Synchronous 

condenser
STATCOM

Figure 6.18: Investigated reactive compensators for improving voltage stability of
microgrid during an island contingency.
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Table 6.10: Comparison of investigated technologies for improving voltage stability
of microgrid during island transition.

Reactive power compensation Voltage regulation Short circuit current
Shunt capacitor ✓

Synchronous condenser ✓ ✓ ✓
STATCOM ✓ ✓ ✓ (limited)

6.5.2 Synchronous condenser and STATCOM models
The physical model of the synchronous condenser has the same per unit pa-
rameters of the HPP model except that the inertia constant is reduced to 1
s (see Table D.3 in the appendix). The synchronous condenser is controlled
in voltage control mode, and its AVR and exciter model are shown in Figure
6.19. The AVR and exciter parameters are presented in Table D.4 in the
appendix.

++ +++
p,AVRK

i,AVRK

s

p,AVR

1

K
++

+

+
+

exc

1

1T s +

max

fieldV

min

fieldV

*

fieldV
fieldV

|Abs||Abs|

0V

HV

cmp,dqv

*HV

cmp,dqv

Figure 6.19: Synchronous condenser AVR and exciter model.

The STATCOM control diagram is shown in Figure 6.20. The control di-
agram follows the same GFM control scheme used for the BESS in Chapter
3. The main difference here is that the STATCOM does not have a frequency
controller in its outer loop. Furthermore, the STATCOM is provided with a
current limitation strategy to limit the current during short circuits without
losing synchronoism with the grid. The method utilizes a dynamic voltage
limiter where the maximum limit of the virtual back EMF voltage magni-
tude is automatically adjusted based on the actual terminal voltage of the
STATCOM [121]. In this way, the maximum current of the STATCOM is not
exceeded. The control parameters of the STATCOM are presented in Table
D.5 in the appendix.
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Figure 6.20: STATCOM control diagram.

6.5.3 Island contingency analysis with different compensators
This section compares the effectiveness of three compensators in fulfilling the
criterion for a successful island transition. The compensators compared are
the shunt capacitor, synchronous condenser, and STATCOM. For fair compar-
ison, all the simulated compensators have the same size of 5 MVAr at a rated
voltage of 11 kV. The implemented load of the microgrid is the same as the
industrial load explained in Section 6.3.3. The base case scenario illustrated
in Section 6.4.2 is used as a reference case, since it does not meet the desired
criteria.

Figure 6.21 shows the dynamic simulation results when applying a three-
phase bolted fault at the microgrid PCC at t = 1 s, followed by opening the
microgrid tie-line breaker at t = 1.1 s. Both the synchronous condenser and
the STATCOM have an initial reactive power of zero before the island con-
tingency. However, the reactive power of the shunt capacitor depends on the
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line voltage and has an initial value of 4.7 MVAr. Due to the initial injec-
tion of reactive power by the shunt capacitor, the tap changing transformer
feeding the industrial load needed fewer taps, the tap setting a being 0.8938
compared to 0.8750 in the other two compensators. Keep in mind that the
tap setting a has an impact on the SCC of the microgrid in the island mode,
as illustrated by (6.3). Thus, the shunt capacitor is expected to reduce the
SCC at the load terminal because of the use of fewer taps in the tap-changing
transformer feeding the industrial load. However, the reduction in SCC is less
than 1%.

During the fault, i.e., between t = 1 s and t = 1.1 s, the current of the shunt
capacitor and its reactive power reduce to near zero because the terminal
voltage is too low. On the other hand, the synchronous condenser has a stiff
back EMF voltage, injecting a short circuit current of about 2.5 p.u. This
compares to only a short circuit current of 1 p.u. for the STATCOM due to
its current limitation. However, despite the significant difference between the
three compensators in their current injection during the fault, the difference
in load voltage was not substantial, i.e., the voltage in all cases was near zero.

When the microgrid is disconnected from the main grid at t = 1.1 s, the load
voltage is immediately restored to 50% - 60% of the nominal value for all com-
pensator solutions. The voltage then gradually increases to the steady-state
voltage, which takes around 3 s to reach (not reached here). All the compen-
sators experience a similar voltage ramp up rate with marginal differences,
the STATCOM being the fastest, followed by the synchronous condenser, and
finally the shunt capacitor. The STATCOM, despite its current limitation,
shows faster voltage recovery, since it does not have the physical delays exist-
ing in the exciter and field winding of the synchronous condenser.

Active power oscillations are present between the synchronous condenser (or
the STATCOM), and the HPP. This occurs because the HPP rotor accelerates
during the short circuit between t = 1 s and t = 1.1 s. This creates an accu-
mulated angle difference between the HPP back EMF angle and the internal
angle of the synchronous condenser (or the STATCOM). Therefore, when the
fault is cleared, a large active power flows from the HPP to the synchronous
condenser (or the STATCOM). The power oscillations are damped in both
the compensators, but have a larger magnitude and last longer in the case
of synchronous condenser. The STATCOM has a better damping for power
oscillations thanks to the active damping Ka of its power controller (see the
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controller in Figure 6.20).
The faster oscillations in the power appear to be in the range of 400-500 Hz.

These oscillations are due to the resonance between the 1.8 MVA capacitor
installed in the industrial facility for power factor correction (see Figure 6.18)
and the cable that feeds the industry. These oscillations are well damped,
especially in the STATCOM case. Further analysis is needed to explain why
the STATCOM has a better damping for these oscillations.

The zoomed figure in the bottom left subplot shows that the shunt capacitor
and the synchronous condenser do not meet the criterion for a successful island
transition at t=1.5 s. This is because the injection of reactive power from the
shunt capacitor is directly linked to its terminal voltage magnitude, making
it less effective at lower voltages. The synchronous condenser, although it
injects less reactive power than the shunt capacitor at t = 1.5 s, shows a
better voltage response. This is because the synchronous condenser has the
additional advantage of improving the SCC. However, the negative active
power of the synchronous condenser at t = 1.5 s increases the loading of the
line, leading to a further voltage drop. This makes its voltage response poorer
than that of the STATCOM, despite being advantageous in terms of SCC.

Note that the difference in the voltage response between the synchronous
condenser and the STATCOM is very insignificant and is very sensitive to
the control tuning. Additionally, if the synchronous condenser is equipped
with a power system stabilizer, it may have better oscillation damping and
improved voltage response. Furthermore, the shunt capacitor, despite being
a passive element, shows a slightly slower voltage recovery compared to the
other two compensators. If the shunt capacitor is slightly oversized above
5 MVA, it may show a favorable voltage response compared to the other
two compensators. Therefore, the shunt capacitor may become a favorable
solution, especially because of its cheaper cost. However, one should not
neglect the other features of the synchronous condenser and STATCOM, such
as voltage regulation, stabilization, and short-circuit current in the case of
synchronous condenser.

6.6 Summary
This chapter has investigated the voltage stability of a hydro-powered in-
dustrial microgrid under a short-circuit-triggered island contingency. First,
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Figure 6.21: Comparison of three compensators to improve the voltage response
of hydro-powered industrial microgrid during an island contingency.

a criterion is developed for a successful island transition. The criterion ac-
counts for the voltage quality at the HPP and industrial load terminals. The
HPP terminal voltage must comply with the fault-ride-through requirement
for type D generators, while the industrial load terminal voltage must comply
with the short-term voltage dip requirement for the quality of power supply.
The analysis shows that the latter requirement of the load is more challenging
to meet, since the load is connected to the microgrid PCC with a long cable,
and that the former requirement is less stringent than the latter one.

A critical parameter in the voltage stability of the microgrid during is-
land transition is the reactive power exchange with the upstream grid. The
maximum power exchange depends on the POA of reactive power require-
ment. This chapter has investigated two alternatives for the POA, being at
the POC of the HPP and the industry, which is the case today in Sweden,
and being at the PCC of the microgrid. The analysis shows that the former
allows for a larger exchange of reactive power with the grid. This leads to
slower voltage recovery of the microgrid after an unplanned islanding. Thus,
increasing the chance of stalling motors, especially small motors with a lower
inertia constant.
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Finally, different compensators are investigated to meet the criterion for
a successful island transition. The compensators are: shunt capacitor, syn-
chronous condenser, and STATCOM. All compensators show a similar voltage
response with a minor difference in the speed of voltage recovery. The shunt
capacitor has the slowest voltage recovery, and its reactive power injection is
proportional to the square of the terminal voltage. The STATCOM shows a
faster voltage response compared to the synchronous condenser, despite hit-
ting the current limitation, since it does not have the physical delays of the
exciter and the field winding.

In future work, a metric for the strength of a microgrid in island operation
is needed to determine the likelihood of a successful island transition. In
this chapter, we have investigated one metric that estimates the SCC of the
microgrid based on the initial conditions before the islanding. The analysis
shows that the metric has some limitations, since it does not account for the
capacitive nature of the lines and assumes that the HPP has a constant back-
EMF voltage, neglecting its voltage control action. Therefore, a holistic metric
that encompasses all of these factors in addition to the load characteristics is
desired.
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CHAPTER 7

Conclusions and future work

This chapter presents the main conclusions of the work carried out in this
thesis and provides suggestions for potential future work.

7.1 Conclusions
This thesis focuses on the sizing of BESS and microgrid interconnection tech-
nologies, including B2B converter and MPC, to reduce the peak net load of
two microgrids. Furthermore, this thesis investigates the sizing and control
of BESS and B2B converter to facilitate island operation with secure island
transition of a critical facility.

Chapter 2 compares three solutions for peak net load reduction of two mi-
crogrids: a) separate microgrids where each microgrid has its own BESS; b)
interconnected microgrids by B2B converter where each microgrid has its own
BESS; c) interconnected microgrids by MPC where a BESS is shared by two
microgrids and integrated into the DC link of MPC. The size of the power elec-
tronics, storages, transformers and interconnecting cable of the three solutions
is obtained through a linear programming problem by minimizing the corre-
sponding investment, operational, and losses costs. A simple power balance
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is used to model the microgrid. The results show that the interconnection of
microgrids can significantly reduce the size of BESS or even eliminate its need
if the microgrids have a low or intermediate coincidence factor. Furthermore,
results show that interconnection by MPC with integrated BESS can reduce
the size of power electronics compared to interconnection by B2B converter
with individual BESSs.

Next, this chapter develops a simple rule-of-thumb method for the sizing
of MPC with integrated BESS and DC load to reduce the peak net load of
two microgrids. The rule-of-thumb method is based on the net load profile
of the two microgrids and their maximum limit on power import from and
export to the upstream grid. The analysis shows that the size of an AC
port of the MPC should account for the following scenarios: a) maximum
power deficiency/surplus in the microgrid to which the AC port is interfaced;
b) power deficiency/surplus in the neighboring microgrid that coincides with
high/low DC load demand and available power capacity in the microgrid to
which the AC port is interfaced. In case power re-routing is not solely sufficient
to reduce the peak net load, an investment in additional BESS is required. The
dimensioning of the BESS power capacity should account for the maximum
power deficiency/surplus of aggregated microgrids, and its energy capacity
should account for the maximum accumulated energy deficiency/surplus of
aggregated microgrids. Figure 2.21 provides a summary of the rule-of-thumb
sizing. To verify the effectiveness of the rule-of-thumb method, it is compared
with optimal sizing obtained by linear programming. The results show that
the rule-of-thumb method always gives an equal or larger size than the one
obtained by linear programming. Thus, the rule-of-thumb method can serve
as a good tool for screening the MPC and BESS sizes during feasibility studies
prior to a detailed optimization analysis.

Chapter 3 develops a BESS frequency controller to facilitate a secure is-
land transition of a hydro-powered microgrid during an unplanned grid event.
Unlike peak net load reduction, the island transition is a dynamic event that
requires analysis through dynamic simulation. Therefore, the analysis is con-
ducted in Matlab/Simulink using phasor simulations. First, the frequency-
security constraints of the microgrid are defined. Based on that, a simple
PI-based droop frequency controller and its tuning are proposed. The tuning
accounts for the microgrid frequency security constraints and the governor
response time of the HPP. The tuning aims at providing a frequency-secure
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island transition with reduced energy storage. The effectiveness of the pro-
posed controller is tested against other existing controllers in the literature
and validated in a laboratory experiment. The results show that the PI-based
droop controller outperforms the commonly used P-based droop controller in
BESS applications. This is due to the additional degrees of freedom that the
PI-based droop controller has, allowing the BESS to temporarily provide a
large transient gain until the HPP ramps up its power. Consequently, this
leads to savings in BESS energy storage. It is also worth noting that this
dynamic coordination between the BESS and HPP does not require commu-
nication and is based solely on local frequency measurement.

Chapter 4 extends the sizing optimization formulation developed in Chapter
2 for a single microgrid to include the island operation and island transition
capabilities of the microgrid. The analysis shows that the size of the BESS
power capacity is solely determined by the constraints for the island transition
capability. This is because unlike other functions that can be relieved using
slower resources, the island transition requires fast acting resources. On the
other hand, the size of the BESS energy capacity is determined by the con-
straints for peak net load reduction and island capability. If the coincidence
between a grid capacity bottleneck and an islanding event is low, the size of
the BESS energy capacity can be co-optimized to deliver both functions.

Chapter 5 extends the frequency control of BESS in a single microgrid in
Chapter 3 to include the island contingency of interconnected microgrids. A
B2B converter is utilized for the interconnection and uses the same frequency
controller developed in Chapter 3. The developed strategy allows one micro-
grid to be islanded at a time through fast contingency power support from
the healthy microgrid. The analysis shows that the size of the B2B converter
is determined primarily by the maximum power exchange between the micro-
grid and the upstream grid. Furthermore, the analysis also shows that the
converter that controls the dc-link voltage needs to have a slightly larger MW
rating than the other one of the B2B converter without losing control over
the dc-link voltage. This condition occurs when the B2B converter hits its
maximum power limit during the island transition.

Chapter 6 investigates the voltage stability of a hydro-powered industrial
microgrid during an unplanned island transition. This chapter modifies the
hydro-powered industrial microgrid presented in Chapter 3 to invoke more
voltage stability issues, through the use of longer feeders and a more accu-
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rate industrial load model suitable for voltage stability studies. Criterion for
a voltage-secure island transition is first developed. The criterion accounts
for the connection requirements of generators and loads in addition to the
requirements for quality of power supply. The results show that the point
of applicability of the reactive power requirement is an important factor that
affects the voltage stability during island transition. In Sweden, the reactive
power requirement is typically imposed at the POC of individual generators
and loads. However, in a microgrid, the reactive power requirement is typ-
ically imposed at the PCC between the microgrid and the main grid. The
results show that the latter requirement puts a stricter limit on the reactive
power exchange with the grid. This reduces the reactive power disturbance
during an unplanned island transition and the subsequent voltage dynamics.
Consequently, the size of the reactive power compensator needed to ride the
islanding event is reduced.

7.2 Future work
This thesis has developed a linear programming problem for the sizing of
various power electronic technologies in microgrids to reduce the peak net
load and facilitate island operation with island transition capability.

The linear programming problem models the microgrid using power balance
equations where voltage drops are neglected. It may be of interest to account
for voltage drops in the network as voltage quality could be a limiting factor
for power import/export from/to the grid especially in rural areas where the
grid is weak.

Furthermore, the developed optimization problem accounts for the energy
security of the microgrid in island operation, i.e., adequate energy and power
to meet the critical demand in island operation. It would be of interest to
additionally account for the voltage and frequency security constraints in is-
land operation. This is particularly of interest because of the weaker network
in island operation, which may require investment in additional resources for
the regulation of frequency and voltage.

The implemented optimization problem has focused on the sizing of various
power electronic technologies in microgrids to achieve the desired functions. It
could be of interest to additionally evaluate the economic feasibility of the mi-
crogrid solutions. This can be done by accounting for various revenue streams,
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e.g., frequency ancillary service markets and energy arbitrage. Such an anal-
ysis gives investors an indication of whether the investment is profitable.

This thesis has also investigated, through dynamic analysis, the frequency
and voltage stability of a hydro-powered industrial microgrid during an un-
planned island transition. Another future work is to analyze the stability of
the microgrid in the subsequent island operation. This is particularly interest-
ing in the context of a hydro-powered microgrid where the backlash problem
in the HPP mechanical system can deteriorate the power quality.
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APPENDIX A

Problem formulation for sizing of BESS, B2B converter
and MPC to mitigate grid capacity bottleneck

This appendix presents the optimization problem formulation for finding the
cost-optimal size of energy storage and power electronics to mitigate grid ca-
pacity bottleneck. The appendix is divided into three sections: Section A.1
presents the problem formulation for separate microgrids each having its own
BESS; Section A.2 presents the problem formulation of interconnected mi-
crogrids by B2B converter each having its own BESS; Section A.3 presents
the problem formulation of interconnected microgrids by MPC both microgrids
sharing a single BESS integrated with the MPC. The network diagram of the
three solutions to mitigate the grid capacity bottleneck is shown in Figure 2.1.
This appendix supports the material in Chapter 2.

A.1 Separate microgrids problem formulation

A.1.1 Objective function

OF = Min{CCAPEX,B + COPEX,B + Closs,B}
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Appendix A Problem formulation for sizing of BESS, B2B converter and
MPC to mitigate grid capacity bottleneck

CCAPEX,B = CI,B

2∑
m=1

EB,max
m + CI,con

2∑
m=1

P B,DC,max
m

+ (CI,inv + CI,tran)
2∑

m=1
P B,AC,max

m

COPEX,B = COPEX,fix,B + COPEX,var,B

COPEX,fix,B = KDF (COM,fix,B + COM,fix,con)
2∑

m=1
P B,DC,max

m

+ KDF (COM,fix,inv + COM,fix,tran)
2∑

m=1
P B,AC,max

m

COPEX,var,B = 365KDF(COM,var,B + COM,var,con

+ COM,var,inv)
2∑

m=1

TGC∑
tGC=1

P B,AC,dis
tGC,m

Closs,B = 365KDFCel (1 − ηrt)
2∑

m=1

TGC∑
tGC=1

P B,AC,ch
tGC,m

Note that a factor of 365 is introduced in the expressions for the BESS
variable OEPX COPEX,var,B and the cost of losses Closs,B. This is because we
assume that all days of the year have an identical load profile. Furthermore,
the problem formulation also assumes that all years during the project life of
N have the same load profile.

A.1.2 Constraints

Maximum power import and export between the microgrid and the upstream
distribution grid:
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A.1 Separate microgrids problem formulation

−P MG,max
m ≤ ∆P L,AC

tGC,m − P B,AC
tGC,m ≤ P MG,max

m , ∀tGC∀m

Maximum power capacity of BESS:

0 ≤ P B,AC,dis
tGC,m , P B,AC,ch

tGC,m ≤ P B,AC,max
m , ∀tGC∀m

0 ≤ P B,DC,dis
tGC,m , P B,DC,ch

tGC,m ≤ P B,DC,max
m , ∀tGC∀m

Maximum and minimum energy capacity of BESS:

SOCmin,GCEB,max
m ≤ eB

tGC,m ≤ SOCmax,GCEB,max
m , ∀tGC∀m

Energy level of BESS:

eB
tGC=1,m = EB,init

m + ηch,eqP B,AC,ch
tGC=TGC,m∆tGC −

P B,AC,dis
tGC=TGC,m

ηdis,eq
∆tGC, ∀m

eB
tGC,m = eB

tGC−1,m + ηch,eqP B,AC,ch
tGC−1,m∆tGC −

P B,AC,dis
tGC−1,m

ηdis,eq
∆tGC, ∀tGC∀m

EB,init
m = eB

tGC=TGC,m, ∀m

Net power of BESS:

P B,AC
tGC,m = P B,AC,dis

tGC,m − P B,AC,ch
tGC,m , ∀tGC∀m

P B,DC
tGC,m = P B,DC,dis

tGC,m − P B,DC,ch
tGC,m , ∀tGC∀m

Relation between DC and AC power of BESS:

P B,DC,ch
tGC,m = ηinvηtranP B,AC,ch

tGC,m , ∀tGC∀m

P B,DC,dis
tGC,m =

P B,AC,dis
tGC,m

ηinvηtran
, ∀tGC∀m
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Appendix A Problem formulation for sizing of BESS, B2B converter and
MPC to mitigate grid capacity bottleneck

A.2 Interconnected microgrids by B2B converter
problem formulation

A.2.1 Objective function

OF = Min{CCAPEX,B + COPEX,B + Closs,B

+ CCAPEX,B2B + COPEX,B2B + Closs,B2B}

CCAPEX,B = CI,B

2∑
m=1

EB,max
m + CI,con

2∑
m=1

P B,DC,max
m

+ (CI,inv + CI,tran)
2∑

m=1
P B,AC,max

m

CCAPEX,B2B = (CI,inv + CI,tran)
2∑

m=1
P B2B,max

m + CI,cableP B2B,max
2

COPEX,B = COPEX,fix,B + COPEX,var,B

COPEX,fix,B = KDF (COM,fix,B + COM,fix,con)
2∑

m=1
P B,DC,max

m

+ KDF (COM,fix,inv + COM,fix,tran)
2∑

m=1
P B,AC,max

m

COPEX,var,B = 365KDF(COM,var,B + COM,var,con

+ COM,var,inv)
2∑

m=1

TGC∑
tGC=1

P B,AC,dis
tGC,m

COPEX,B2B = COPEX,B2B,fix + COPEX,B2B,var
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A.2 Interconnected microgrids by B2B converter problem formulation

COPEX,fix,B2B = KDF (COM,fix,inv + COM,fix,tran)
2∑

m=1
P B2B,max

m

COPEX,var,B2B = 365KDF
COM,var,inv

2

2∑
m=1

TGC∑
tGC=1

(
P B2B,in

tGC,m + P B2B,out
tGC,m

)

Closs,B = 365KDFCel (1 − ηrt)
2∑

m=1

TGC∑
tGC=1

P B,AC,ch
tGC,m

Closs,B2B = 365KDFCel (1 − ηinvηtran)
2∑

m=1

TGC∑
tGC=1

(
P B2B,in

tGC,m + P B2B,out
tGC,m

)
Note that a factor of 365 is introduced in the expressions for the BESS

variable OEPX COPEX,var,B and the cost of losses Closs,B and that for the
B2B converter variable OPEX COPEX,var,B2B and the cost of losses Closs,B2B.
This is because we assume that all days of the year have an identical load
profile. Furthermore, the problem formulation also assumes that all years
during the project life of N have the same load profile.

A.2.2 Constraints

Maximum power import and export between the microgrid and the upstream
distribution grid:

−P MG,max
m ≤ ∆P L,AC

tGC,m − P B2B
tGC,m − P B,AC

tGC,m ≤ P MG,max
m , ∀tGC∀m

Maximum power capacity of B2B converter:

0 ≤ P B2B,out
tGC,m , P B2B,in

tGC,m ≤ P B2B,max
m , ∀tGC∀m

Maximum power capacity of BESS:

0 ≤ P B,AC,dis
tGC,m , P B,AC,ch

tGC,m ≤ P B,AC,max
m , ∀tGC∀m
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0 ≤ P B,DC,dis
tGC,m , P B,DC,ch

tGC,m ≤ P B,DC,max
m , ∀tGC∀m

Maximum and minimum energy capacity of BESS:

SOCmin,GCEB,max
m ≤ eB

tGC,m ≤ SOCmax,GCEB,max
m , ∀tGC∀m

Energy level of BESS:

eB
tGC=1,m = EB,init

m + ηch,eqP B,AC,ch
tGC=TGC,m∆tGC −

P B,AC,dis
tGC=TGC,m

ηdis,eq
∆tGC, ∀m

eB
tGC,m = eB

tGC−1,m + ηch,eqP B,AC,ch
tGC−1,m∆tGC −

P B,AC,dis
tGC−1,m

ηdis,eq
∆tGC, ∀tGC∀m

EB,init
m = eB

tGC=TGC,m, ∀m

DC-link power balance of B2B converter:

2∑
m=1

P B2B
tGC,m +

2∑
m=1

P B2B,loss
tGC,m = 0, ∀tGC

P B2B,loss
tGC,m = (P B2B,out

tGC,m + P B2B,in
tGC,m )(1 − ηinvηtran), ∀tGC∀m

Net power of B2B converter:

P B2B
tGC,m = P B2B,out

tGC,m − P B2B,in
tGC,m , ∀tGC∀m

Net power of BESS:

P B,AC
tGC,m = P B,AC,dis

tGC,m − P B,AC,ch
tGC,m , ∀tGC∀m

P B,DC
tGC,m = P B,DC,dis

tGC,m − P B,DC,ch
tGC,m , ∀tGC∀m

Relation between DC and AC power of BESS:

P B,DC,ch
tGC,m = ηinvηtranP B,AC,ch

tGC,m , ∀tGC∀m
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A.3 Interconnected microgrids by MPC problem formulation

P B,DC,dis
tGC,m =

P B,AC,dis
tGC,m

ηinvηtran
, ∀tGC∀m

A.3 Interconnected microgrids by MPC problem
formulation

A.3.1 Objective function

OF = Min{CCAPEX,B + COPEX,B + Closs,B

+ CCAPEX,MPC + COPEX,MPC + Closs,MPC}

CCAPEX,B = CI,BEB,max + CI,conP B,DC,max

CCAPEX,MPC = (CI,inv + CI,tran)
2∑

m=1
P MPC,max

m + CI,cableP MPC,max
2

COPEX,B = COPEX,B,fix + COPEX,B,var

COPEX,fix,B = KDF (COM,fix,B + COM,fix,con)
2∑

m=1
P B,DC,max

m

COPEX,var,B = 365KDF(COM,var,B + COM,var,con)
2∑

m=1

TGC∑
tGC=1

P B,DC,dis
tGC,m

COPEX,MPC = COPEX,fix,MPC + COPEX,var,MPC

COPEX,fix,MPC = KDF (COM,fix,inv + COM,fix,tran)
2∑

m=1
P MPC,max

m
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Appendix A Problem formulation for sizing of BESS, B2B converter and
MPC to mitigate grid capacity bottleneck

COPEX,var,MPC = 365KDF
COM,var,inv

2

2∑
m=1

TGC∑
tGC=1

(
P MPC,in

tGC,m + P MPC,out
tGC,m

)

Closs,B = 365KDFCel (1 − ηchηcon)
2∑

m=1

TGC∑
tGC=1

P B,DC,ch
tGC

Closs,MPC = 365KDFCel (1 − ηinvηtran)
2∑

m=1

TGC∑
tGC=1

(
P MPC,in

tGC,m + P MPC,out
tGC,m

)
Note that a factor of 365 is introduced in the expressions for the BESS

variable OEPX COPEX,var,B and the cost of losses Closs,B and for the MPC
variable OPEX COPEX,var,MPC and the cost of losses Closs,MPC. This is be-
cause we assume that all days of the year have an identical load profile. This
is true for Section 2.3 when a generic load profile has been used. However,
in section 2.4, a load profile of industrial and community microgrids is used
based on the historical recording of one calendar year. Therefore, in the latter
case, the factor of 365 must be omitted from the expressions.

Furthermore, unlike in Sections A.1 and A.2, where the CAPEX, OPEX
and losses costs of BESS accounted for the battery, DC/DC converter, and
DC/AC converter, this section neglects the DC/AC converter in the BESS
cost calculations. This is because the BESS is integrated to the MPC and
the associated cost of the DC/AC converter is accounted for in the MPC cost
calculations.

A.3.2 Constraints
Maximum power import and export between the microgrid and the upstream
distribution grid:

−P MG,max
m ≤ ∆P L,AC

tGC,m − P MPC
tGC,m ≤ P MG,max

m , ∀tGC∀m

Maximum power capacity of MPC AC ports:

0 ≤ P MPC,out
tGC,m , P MPC,in

tGC,m ≤ P MPC,max
m , ∀tGC∀m
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A.3 Interconnected microgrids by MPC problem formulation

Maximum power capacity of BESS:

0 ≤ P B,DC,dis
tGC

, P B,DC,ch
tGC

≤ P B,DC,max, ∀tGC

Maximum and minimum energy capacity of BESS:

SOCmin,GCEB,max ≤ eB
tGC

≤ SOCmax,GCEB,max, ∀tGC

Energy level of BESS:

eB
tGC=1 = EB,init + ηchηconP B,DC,ch

tGC=TGC
∆tGC −

P B,DC,dis
tGC=TGC

ηdisηcon
∆tGC

eB
tGC

= eB
tGC−1 + ηchηconP B,DC,ch

tGC−1 ∆tGC −
P B,DC,dis

tGC−1
ηdisηcon

∆tGC, ∀tGC ≥ 2

EB,init = eB
tGC=TGC

, ∀m

DC-link power balance of MPC:

P B,DC
tGC

=
2∑

m=1
P MPC

tGC,m +
2∑

m=1
P MPC,loss

tGC,m + P L,DC
tGC

, ∀tGC

P MPC,loss
tGC,m = (P MPC,out

tGC,m + P MPC,in
tGC,m )(1 − ηinvηtran), ∀tGC∀m

Net power of MPC:

P MPC
tGC,m = P MPC,out

tGC,m − P MPC,in
tGC,m , ∀tGC∀m

Net power of BESS:

P B,DC
tGC

= P B,DC,dis
tGC

− P B,DC,ch
tGC

, ∀tGC∀m

Note that the expression for the DC-link power balance of MPC assumes
that there is a DC load P L,DC

tGC
integrated to the DC-link of the MPC. However,

this is only true in Section 2.4.3. In Section 2.4.2, the DC load is neglected in
the analysis.
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APPENDIX B

Problem formulation for sizing of BESS to mitigate grid
capacity bottleneck and facilitate island operation and

island transition capabilities of a microgrid

This appendix presents the problem formulation for sizing of a BESS to miti-
gate grid capacity bottleneck and simultaneously facilitate an island operation
and secure island transition capabilities of a microgrid. This appendix supports
the material in Chapter 4.

B.1 Objective function

OF = Min{CCAPEX + COPEX + Closs,GC + Closs,IO + Closs,IT}

CCAPEX = CI,BEB,max + CI,conP B,max + (CI,inv + CI,tran) P BL,max

COPEX = COPEX,fix + COPEX,var
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Appendix B Problem formulation for sizing of BESS to mitigate grid
capacity bottleneck and facilitate island operation and island transition
capabilities of a microgrid

COPEX,fix = KDF (COM,fix,B + COM,fix,con) P B,max

+ KDF (COM,fix,inv + COM,fix,tran) P BL,max

COPEX,var = 365KDF (COM,var,B + COM,var,con)
TGC∑

tGC=1
P B,dis

tGC
+

365KDF
COM,var,inv

2

TGC∑
tGC=1

(
P BL,in

tGC
+ P BL,out

tGC

)

Closs,GC = 365KDFCel
(
1 − ηchηdisη

2
con
) TGC∑

tGC=1
P B,ch

tGC
+

365KDFCel (1 − ηinvηtran)
TGC∑

tGC=1

(
P BL,in

tGC
+ P BL,out

tGC

)

Closs,IO = Cel
(
1 − ηchηdisη

2
con
) TIO∑

tIO=1
P B,ch

tIO

+ Cel (1 − ηinvηtran)
TIO∑

tIO=1

(
P BL,in

tIO
+ P BL,out

tIO

)

Closs,IT = Cel (1 − ηinvηtran)
TIT∑

tIT=1

(
P BL,in

tIT
+ P BL,out

tIT

)

B.2 Constraints for mitigating grid capacity
bottleneck

Maximum power import and export between the microgrid and the upstream
distribution grid:
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B.2 Constraints for mitigating grid capacity bottleneck

−P MG,max ≤ P L,AC,crit + P L,AC,ncrit
tGC

− P hy
tGC

− P rn
tGC

≤ P MG,max, ∀tGC

Maximum power capacity of DC/AC converter:

0 ≤ P BL,out
tGC

, P BL,in
tGC

≤ P BL,max, ∀tGC

Maximum power capacity of BESS:

0 ≤ P B,dis
tGC

, P B,ch
tGC

≤ P B,max, ∀tGC

Maximum and minimum energy capacity of BESS:

SOCmin,GCEB,max ≤ eB
tGC

≤ SOCmax,GCEB,max, ∀tGC

Energy level of BESS:

eB
tGC=1 = EB,init + ηchηconP B,ch

tGC=TGC
∆tGC −

P B,dis
tGC=TGC

ηdisηcon
∆tGC, ∀tGC

eB
tGC

= eB
tGC−1 + ηchηconP B,ch

tGC−1∆tGC −
P B,dis

tGC−1
ηdisηcon

∆tGC, ∀tGC

EB,init = eB
tGC=TGC

DC-link power balance of integrated BESS and DC load:

P B
tGC

= P L,DC,crit + P L,DC,ncrit
tGC

+ P BL
tGC

+ P BL,loss
tGC

, ∀tGC

P BL,loss
tGC

=
(

P BL,in
tGC

+ P BL,out
tGC

)
(1 − ηinvηtran) , ∀tGC

Net power of DC/AC converter:

P BL
tGC

= P BL,out
tGC

− P BL,in
tGC

, ∀tGC

Net power of BESS:
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Appendix B Problem formulation for sizing of BESS to mitigate grid
capacity bottleneck and facilitate island operation and island transition
capabilities of a microgrid

P B
tGC

= P B,dis
tGC

− P B,ch
tGC

, ∀tGC

B.3 Constraints for island capability
AC power balance without access to the upstream distribution grid:

P L,AC,crit + P L,AC,ncrit
tIO

− P hy
tIO

− P rn
tIO

− P BL
tIO

= 0, ∀tIO

Maximum power capacity of DC/AC converter:

0 ≤ P BL,out
tIO

, P BL,in
tIO

≤ P BL,max, ∀tIO

Maximum power capacity of BESS:

0 ≤ P B,dis
tIO

, P B,ch
tIO

≤ P B,max, ∀tIO

Maximum and minimum energy capacity of BESS:

SOCmin,IOEB,max ≤ eB
tIO

≤ SOCmax,IOEB,max, ∀tIO

Energy level of BESS:

eB
tIO

= eB
tGC=tIT

, ∀tIT∀tIO = tIT + (tIT − 1)TIO

eB
tIO

= eB
tIO−1 + ηchηconP B,ch

tIO−1∆tIO −
P B,dis

tIO−1
ηdisηcon

∆tIO,

∀tIO = tIT + (tIT − 1)TID + 1 : tIT + tITTID

DC-link power balance of integrated BESS and DC load:

P B
tIO

= P L,DC,crit + P L,DC,ncrit
tIO

+ P BL
tIO

+ P BL,loss
tIO

, ∀tIO

P BL,loss
tIO

=
(

P BL,in
tIO

+ P BL,out
tIO

)
(1 − ηinvηtran) , ∀tIO

Maximum and minimum power capacity of hydro power plant:
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B.4 Constraints for successful island transition capability

P hy,min ≤ P hy
tIO

≤ P hy,max, ∀tIO

Power balancing by renewable generation curtailment:

P rn
tIO

= εrn
tIO

P rn
tGC=tIO−(tIT−1)TID

, ∀tIT∀tIO = tIT + (tIT − 1)TID : tIT + tITTID

0 ≤ εrn
tIO

≤ 1, ∀tIO

Power balancing by AC and DC non-critical load shedding:

P L,AC,ncrit
tIO

= εL,AC,ncrit
tIO

P L,AC,ncrit
tGC=tIO−(tIT−1)TID

, ∀tIT∀tIO = tIT+(tIT−1)TID : tIT+tITTID

P L,DC,ncrit
tIO

= εL,DC,ncrit
tIO

P L,DC,ncrit
tGC=tIO−(tIT−1)TID

, ∀tIT∀tIO = tIT+(tIT−1)TID : tIT+tITTID

0 ≤ εL,AC,ncrit
tIO

, εL,DC,ncrit
tIO

≤ 1, ∀tIO

Net power of DC/AC converter:

P BL
tIO

= P BL,out
tIO

− P BL,in
tIO

, ∀tIO

Net power of BESS:

P B
tIO

= P B,dis
tIO

− P B,ch
tIO

, ∀tIO

B.4 Constraints for successful island transition
capability

Dynamic AC power balance:

P L,AC,crit + P L,AC,ncrit
tIT

− P hy
tGC

− P rn
tGC

− P BL
tIT

= 0, ∀tIT = tGC

Maximum power capacity of DC/AC converter:
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Appendix B Problem formulation for sizing of BESS to mitigate grid
capacity bottleneck and facilitate island operation and island transition
capabilities of a microgrid

0 ≤ P BL,out
tIT

, P BL,in
tIT

≤ P BL,max, ∀tIT

Maximum power capacity of BESS:

−P B,max ≤ P B
tIT

≤ P B,max, ∀tIT

Dynamic DC power balance of integrated BESS and DC load:

P B
tIT

= P L,DC,crit + P L,DC,ncrit
tIT

+ P BL
tIT

+ P BL,loss
tIT

, ∀tIT

P BL,loss
tIT

=
(

P BL,in
tIT

+ P BL,out
tIT

)
(1 − ηinvηtran), ∀tIT

Dynamic AC and DC non-critical load shedding:

P L,AC,ncrit
tIT

= εL,AC,ncrit
tIT

P L,AC,ncrit
tGC

, ∀tIT = tGC

P L,DC,ncrit
tIT

= εL,DC,ncrit
tIT

P L,DC,ncrit
tGC

, ∀tIT = tGC

0 ≤ εL,AC,ncrit
tIT

, εL,DC,ncrit
tIT

≤ 1, ∀tIT

Dynamic DC/AC converter net power:

P BL
tIT

= P BL,out
tIT

− P BL,in
tIT

, ∀tIT
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APPENDIX C

Financial and technical data of battery energy storage
and power electronics

This appendix presents the financial and technical data for battery energy stor-
age and power electronics. The data in this appendix support the content
presented in Chapters 2 and 4.

Table C.1: Financial and technical input data for optimization problem in Chap-
ters 2 and 4.

Parameter Description Value Reference Comment
Financial data of battery

CI,B Battery CAPEX 132 kEUR/MWh [1]

COM,fix,B Battery fixed OPEX 0.18 kEUR/MW/year [1]
The battery fixed OPEX is assumed
one-third of the total fixed OPEX of a
BESS

COM,var,B Battery variable OPEX 0.67 ×10−3 kEUR/MWh [1]
The battery variable OPEX is assumed
one-third of the total variable OPEX of
a BESS

Financial data of DC/DC converter

CI,con DC/DC converter CAPEX 135 kEUR/MW [1]
The DC/DC converter CAPEX is as-
sumed to be half of the total CAPEX
of BESS power component

COM,fix,con DC/DC converter fixed OPEX 0.18 kEUR/MW/year [1]
The DC/DC converter fixed OPEX is
assumed to be one-third of the total
fixed OPEX of a BESS

COM,var,con
DC/DC converter variable
OPEX 0.67 ×10−3 kEUR/MWh [1]

The DC/DC converter variable OPEX
is assumed to be one-third of the total
variable OPEX of a BESS
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Appendix C Financial and technical data of battery energy storage and
power electronics

Financial data of DC/AC converter

CI,inv DC/AC converter CAPEX 135 kEUR/MW [1]
The DC/AC converter CAPEX is as-
sumed to be half of the total CAPEX
of BESS power component

COM,fix,inv DC/AC converter fixed OPEX 0.18 kEUR/MW/year [1]
The DC/AC converter fixed OPEX is
assumed to be one-third of the total
fixed OPEX of a BESS

COM,var,inv
DC/AC converter variable
OPEX 0.67 ×10−3 kEUR/MWh [1]

The DC/AC converter variable OPEX
is assumed to be one-third of the total
variable OPEX of a BESS

Financial data of cable
CI,cable Cable CAPEX 6 kEUR/MVA.km [2]

COM,cable Cable OPEX 0 [3] There is practically no maintenance on
cables

Financial data of transformer
CI,tran Transformer CAPEX 11.5 kEUR/MVA [3]

COM,fix,tran Transformer fixed OPEX 0.05865 kEUR/MVA/year [3] The fixed OPEX is 0.51% of the
CAPEX per year

COM,var,tran Transformer variable OPEX 0 [3] Variable OPEX are very low and con-
sidered to be negligible

Other financial data

Cel Electricity spot market price 21 × 10−3 kEUR/MWh [4] Average day ahead price of the year
2020 in SE3

r Discount rate 5 %
KDF Discount factor 12.46 KDF =

N∑
y=1

1
(1+r)y

Technical data
N Expected project lifetime 20 years [1]
ηch charging efficiency of battery 98% [1]
ηdis discharging efficiency of battery 97% [1]
ηcon DC/DC converter efficiency 99% [1]
ηinv DC/AC converter efficiency 99% [1]
ηtran Transformer efficiency 99% [1]
ηch,eq Charging efficiency of BESS 95% ηch,eq = ηchηconηinvηtran
ηdis,eq Discharging efficiency of BESS 94% ηdis,eq = ηdisηconηinvηtran
ηrt Round trip efficiency of BESS 89.5% ηrt = ηchηdisη

2
conη2

invη2
tran

ηcable Cable efficiency 100% Losses in the cable are neglected since
the cable is short

lcable Cable length 2 km

SOCmax,GC
Maximum SOC level of battery
in grid connected mode 80%

SOCmin,GC
Minimum SOC level of battery in
grid connected mode 20%

SOCmax,IO
Maximum SOC level of battery
in island mode 100%

SOCmin,IO
Minimum SOC level of battery in
island mode 0%
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APPENDIX D

Model parameters of hydro-powered industrial microgrid
for voltage stability studies

This appendix presents the model parameters of a hydro-powered industrial
microgrid used for voltage stability studies. The parameters in this appendix
support the material in Chapter 6.

D.1 Network parameters

Table D.1: Network parameters of hydro-powered industrial microgrid. Refer to
Figure 6.9 for the microgrid network diagram.

Symbol Description Value Base power

XT1
Transformer T1 leakage reac-
tance 0.1 p.u. 54.5 MVA

XT2
Transformer T2 leakage reac-
tance 0.1 p.u. 60 MVA

LOH
Overhead line lumped model se-
ries inductance 1.15 mH/km -
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Appendix D Model parameters of hydro-powered industrial microgrid for
voltage stability studies

Table D.2: Table D.2 continued.
Symbol Description Value Base power

COH
Overhead line lumped model
charging capacitance 0.01 µ F/km -

ROH
Overhead line lumped model se-
ries resistance 0.1436 Ω/km -

GOH
Overhead line lumped model
shunt conductance 0 S/km -

D.2 Hydro power plant and synchronous
condenser parameters

Table D.3: Hydro power plant and synchronous condenser physical parameters [5].
Parameter Description Value

Xd d-axis synchronous reactance 1.1 p.u.
X

′

d d-axis transient reactance 0.25 p.u.
X

′′

d d-axis subtransient reactance 0.20 p.u.
Xq q-axis synchronous reactance 0.70 p.u.
X

′′

q q-axis subtransient reactance 0.20 p.u.
Xl Leakage reactance 0.15 p.u.
T

′

d0 d-axis transient open-circuit time constant 5 s
T

′′

d0 d-axis subtransient open-circuit time constant 0.05 s
T

′′

q0 q-axis subtransient open-circuit time constant 0.1 s
Rs Stator resistance 0.003 p.u.
F friction factor 0.0366 p.u.

HH Hydro power plant inertia constant 4.58 s
HSC Synchronous condenser inertia constant 1 s
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D.3 Industrial load parameters

Table D.4: Hydro power plant AVR and governor parameters. Refer to Figures
6.10 and 3.2 for the AVR and governor control diagrams. The AVR
model of the synchronous condenser is identical with the HPP, as illus-
trated in Figure 6.19.

Parameter Description Value
AVR of hydro power plant and synchronous condenser

Kp,AVR AVR proportional gain 13 p.u.
Ki,AVR AVR integral gain 8.7 rad/s
V min

field Minimum excitation voltage -3 p.u.
V max

field Maximum excitation voltage 4 p.u.
Texc Exciter time constant 20 ms

Governor of hydro power plant
Kp,G Governor proportional gain 1 p.u.
Ki,G Governor integral gain 0.1 p.u.
RG Governor droop gain 0.05 p.u.

Table D.5: STATCOM parameters. Refer to Figure 6.20 for the STATCOM control
diagram.

Parameter Description Value
RV Virtual resistance 0.05 p.u.
LV Virtual inductance 0.1 p.u.

Ki,vc Voltage controller integral gain 62.8 rad/s
Kp,pc Power controller proportional gain 0.01 p.u.
Ki,pc Power controller integral gain 0.314 rad/s
Ka Power controller active damping 0.02 p.u.
αpc Power controller filter bandwidth 62.8 rad/s
Imax Converter maximum current limit 1.0 p.u.

D.3 Industrial load parameters
Table D.6 shows the industrial load parameters. The industrial load is com-
posed of different load components including small and large motors, lighting
and resistive loads. The motors are modeled using a typical dynamic model
of an induction motor found in [6]. The parameters of the induction motor
model are as follows: Rs and Xs are the stator leakage resistance and induc-
tance, Rr and Xr are the rotor leakage resistance and inductance, Xm is the
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voltage stability studies

magnatizing reactance, and H is the inertia constant. The torque-speed curve
of the mechanical load is modeled as second order. The lighting and resistive
loads are modeled as ZIP model found in [7]. The expression of the ZIP model
of the load is illustrated in (6.1) and (6.2). The coefficients p1, p2, and p3,
and q1, q2, and q3 reflect the percentages of the Z, I and P characteristics of
the load.

Table D.6: Industrial load parameters [8]

Parameter Load component
Small motor Large motor Lighting Resistive loads

Rs (p.u.) 0.031 0.013 - -
Xs (p.u.) 0.100 0.067 - -
Xm (p.u.) 3.2 3.8 - -
Rr (p.u.) 0.018 0.009 - -
Xr (p.u.) 0.180 0.170 - -

H (s) 0.70 1.50 - -
p1 - - 0.58 0.92
p2 - - 0.53 0.10
p3 - - -0.11 -0.02
q1 - - 8.04 0.00
q2 - - -11.42 0.00
q3 - - 4.38 0.00
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