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Abstract
There are numerous remote islands globally, and among them, in small-scale systems
independent from large-scale systems, electric power is supplied mainly by distributed
energy resources (DER) or diesel generators using fossil fuel. In recent years, however,
Renewable Energy Sources (RES) such as photovoltaics (PV) and wind turbines (WT)
have been introduced due to problems such as global warming and depletion of fossil
fuels. On the other hand, since the generated electric power of RES depends on the
weather, the output wildly fluctuates in a short period, and it is feared that it causes
lowering of electric power quality and solution row of generators. Moreover, a small
independent system is easily affected by output fluctuation and load fluctuation of RES
because of the small system capacity. A method to compensate for these fluctuations
by installing a Battery Energy Storage (BES) system is proposed.
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BES participation is made possible by utilizing load-frequency control (LFC).
However, the traditional LFC has no frequency limitation, so it is still possible that the
battery participation does not put the frequency in the allowed area. By using advanced
LFC, the system frequency can be maintained in the desired range. It is possible
because the proposed control uses three control areas, namely Region 1, Region 2, and
Region 3.
Active participation makes the battery SoC more volatile. These fluctuations should be
avoided as they can shorten the life of the battery. SoC control was introduced to solve
this problem. This control adopts a droop reference shift based on the SoC level up to
the LFC. Hence, BES can participate in the chili system while maintaining the SoC
level of the battery. These controls are examples of advanced applications of advanced
LFC.
In this thesis, a discussion of battery economics is also discussed. Advanced LFC has
proven influence in BES (technical) operations. However, the applicability of this
control can be seen if the proposed control influences the size and investment costs of
the BES. In this study, the use of advanced LFC is proven to have a better impact than
traditional LFC, both in terms of cost and system performance over frequency.
However, the investigation shows that this control could not apply to all types of
batteries. This study case confirms that this control is suitable only for high capacity
batteries, which can operate until the end of the project lifetime.
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Chapter 1
Introduction
1.1 Research Background
1.1.1 Environmental Issues
Svante Arrhenius (1859 - 1927), a Swedish scientist, 1896 stated that burning
fossil fuels might result in global warming. He explained his claim by introducing the
relationship between atmospheric carbon dioxide concentration (CO 2) and temperature.
Arrhenius found that the Earth's average surface temperature is around 15°C because
of water vapor and CO2 infrared absorption ability. He called this the greenhouse effect.
Arrhenius suggests that doubling the concentration of CO2 can trigger a temperature
rise of 5°C [1].
For years, from Arrhenius's claims to the present day, humanity has been
grappling with Greenhouse Gases' issue (GHG). The increasing temperature of the

Figure 1.1 Total CO2 emission in global [2]
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2

Earth's surface, water availability changes, the number of species becoming extinct,
rising sea levels are the consequences of this issue.
The world is now really trying to solve this problem to be prevented due to
consequences caused by GHG. This concern is also supported by data compiled by the
Emission Database for Global Atmospheric Research (EDGAR) that the world's total
GHG has more than doubled in the last four decades since the data was available, which
is shown in Figure 1.1. The latest data states that the three big countries contributing to
GHG emissions are China, the United States, and the European Union [2].
If traced back to its history, this issue began to get international attention 30
years ago, starting with the US Academy of Sciences report on climate in 1983. Then
continuing in the same year, the United Nations established the World Commission on
Environment and Development, which in 1987 issued a report entitled "Our Common
Future." This report has prompted increasing international attention to the issue of
GHG. It has led to many conferences being held to discuss this issue. In 1988, it was
discovered that world temperatures were warmer than at any time since 1880. The
greenhouse gas effect theory emerged and established the Intergovernmental Panel on
Climate Change (IPCC) by the United Nations Environmental Program and the World
Meteorological Organization. The organization seeks to predict the greenhouse effect's
impact based on available climate models and literary information. Since 1990, to
continue monitoring CO2 emission figures, IPCC has issued a climate change report
every five years [3], [4].
Several attempts to reduce GHG emissions have been made. In Brazil, 1992,
UN Conference on Environment and Development published the United Framework
Convention on Climate Change (UNFCCC) with the primary objective to prevent
further climate change to a dangerous state. Developed countries agreed in Kyoto
Protocol to reduce their emission of GHGs (CO2, CH4, N2O, HFCs, PFCs, and SF6) by
an average of 5.2% by 2008-2012 compared with the 1990 levels. In December 2015,
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the Conference of Parties 21 (COP21) declared the Paris Agreement, increasing the
global average temperature to below 2 degrees Celsius. All parties are invited to
initiated domestic preparations by submitting their own intended nationally determined
contributions (INDC) to the committee in COP21. These INDCs are considered as
nationally determined contributions (NDC) after the Paris Agreement is concluded. In
Japan, the INDC is a GHG emission reduction of 26.0% by fiscal year (FY) 2030. Until
today, this issue forces the world to establish policies based on the environment. UN
targets that global emissions must be cut by 45% by 2030 to limit the global
temperature rise to an average of 1.5 degrees Celsius above pre-industrial levels [3]–
[5].
Several efforts have been made to reduce CO2 emissions, such as increasing
non-carbon energy sources that are more environmentally friendly. Electricity
generation still depends on carbon energy sources such as coal, oil, and natural gas.
Here are some attempts to be made to achieve these targets. One of the efforts that has
been made is to promote implementation of renewable energy resources (RESs).
RESs are resources that utilize natural power. Some examples of RES that are
widely known in the social community are photovoltaic (PV), wind turbine (WT),
ocean, hydro, biomass, geothermal, etc. Each energy source has different
characteristics and operations. Moreover, the extent of the required location is a
determinant of implementing technology. They cause the number of installations for
each type of RES to be different.
In implementing RES, a technical potential becomes a benchmark for
considering a technology. Generally, the technical potential concludes how much each
technology can generate the gross output of electricity. Various energy researchers
have completed their research on technical potential. It is concluded that solar PV has
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Figure 1.2 Annual growth for renewable energy sources, 2018-2020 [7]
a higher technical potential than other technologies. The reason is that PV materials are
getting cheaper and more research is being carried out related to PV development [6].
The International Energy Agency (IEA) in April 2020 reported the annual
growth for RES generation during the period 2018-2020, as shown by Figure 1.2. The
report stated that solar PV has the fastest increase compared to all renewable energy
sources in 2020. Due to a large number of PV panel installations, small-to-mediumsized enterprises on their roofs or business sites and increasing PV penetration for
power systems in many locations. The report suggests that solar PV is still the most
popular RES technology among all technologies and provides research opportunities
[7].

1.1.2 Islanded Microgrid
Environmental issues have brought various changes to all sectors, including the
energy sector, especially power systems. Nowadays, power systems are significantly
changed both horizontally and vertically. Various techniques were developed to reduce
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GHG emissions. However, the system's changes are not limited to reducing emissions
and improving system reliability and power quality [8].
One of those changes is the widespread use of distributed energy sources
(DERs). The use of DERs is increasingly widespread due to the ability to create hybrid
electric systems (HES) supporting the creation of clean and economically affordable
energy [9]. HES consist of several DERs, consumer, and energy storage units. An
accretion of DERs forms a microgrid and supply to a regional area. Such systems are
often called microgrids.
A microgrid is "a system that has clearly defined boundaries that consist of
interconnected loads and distributed energy resources (DERs); acts as a single
controllable entity concerning the grid; can operate independently and dependent from
the utility grid [10]." According to this definition, DER installations could be
considered as microgrid if comprised of three distinct characteristics: they must have
electrical boundaries that are clearly defined, there must exist a master controller to
control and operate DERs and loads as a single controllable entity, and the installed
generation capacity must exceed the peak critical load thus it could be disconnected
from the utility grid, i.e., the islanded mode, and seamlessly supply local critical loads.
Many benefits can be felt with the microgrid. These advantages include
increased system reliability, reduced carbon gas emissions, economical operation due
to reduced transmission and distribution costs, improved power quality due to load
management. The microgrid distribution network can be classified as DC type and AC
type microgrids. As most DERs generate DC power and the DC distribution has no
power quality problems, research on the DC microgrid system is critical. However,
most of the loads are operated in AC systems. Hence, the DC microgrid system may
not be popular. On the other hand, microgrids are generally utilized in AC [8]–[10].
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Figure 1.3 Example of islanded microgrid [11]
Microgrids' primary objective in islanded mode is to allow the system to operate
even in adverse scenarios, such as faults in the primary grid, high prices of main grid's
power, and supplying remote areas. Figure 1.3 is one of the islanded microgrid
examples [11]. High priority loads, such as hospitals, transportation, and
telecommunication facilities, must have their supply assured in an islanding case. This
case is possible due to DERs penetration, including renewable, fossil, combined heat
and power, and energy storage units. However, microgrids' operation in islanded mode
requires more attention due to the higher outage risk since the power generation
capacity is limited.

1.1.3 Microgrid Stability
Compared with the traditional grid's stability, the dynamic process of microgrid
conventional grid stability, microgrid stability's dynamic approach is more complicated.
An islanded microgrid system has small system inertia because it depends on installed
DERs such as photovoltaic (PV), wind turbine (WT), fuel cells, microturbine. The
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intermittent nature of the RESs on the system has a significant impact on microgrid
operation. So the plan depends on the system's inertia for its stability [10]–[12].
Instability in the system occurs due to several factors. For microgrids, the
prominent instability occurs due to variations in the load and energy source. The load
on the microgrid tends to fluctuate. It is because, in the microgrid system, most types
of loads are residential and office loads. Hence, any changes in the load on the
microgrid are felt by the system. Likewise, most of the energy sources installed on the
microgrid are renewable energy sources (RESs) for microgrid energy sources. The
instability often occurs due to the intermittent character of the RESs. These
characteristics have a significant impact on microgrid operation [13], [14].
When the microgrid is operated grid-connected, stability is maintained by the
utility grid. The utility grid maintains the output voltage and frequency of a microgrid.
Nevertheless, this is different from the islanded operation. According to the microgrid
operating characteristics, the islanded microgrid stability mainly depends on the
microgrid structure, the capacity of stored-energy DERs, the control strategy of DERs.
The response speeds of primary energy sources like PV, wind power, micro gas
turbines are slow. Still, the interfaced inverter adjusts the output power, and they are
usually used along with stored-energy DERs. The stored-energy DERs have a
significant effect on the stability when load fluctuation occurs. The dynamic process
of stored-energy DERs is not similar to synchronous generators machinery rotating
process, which involves rotor angle problems [15]–[17].
For islanded microgrids, the generation and system load should be maintained
by themselves. Thus, islanded microgrid's transient behaviors to significant disturbance
are much sensitive to the grid-connected microgrid. Many researchers have claimed
that the influence of load fluctuation is more significant for islanded mode. System
stability problems, such as frequency and voltage stability, are often encountered when
variation in the system operation occurs. Frequency stability problems arise on islanded
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microgrid systems when power imbalances arise. The system requires the availability
of fast frequency response to resolve the stability problem [10], [18]–[20]; the system
inability to perform the response could increase severe issues in operation and control
of the islanded microgrid.
Several frequency stability issues related to islanded microgrid systems have
been discussed. The reduction in inertia increases the system's frequency oscillations,
as discussed in [15], [21]–[27]. A frequency control strategy based on dynamically
high-power machines to reduce the load is proposed [15], [27]. The author in [23]
discusses a virtual synchronous generator (VSG) control strategy by utilizing a selfadaptive damping control strategy. A decentralized control synthesis procedure for
stabilizing the frequency that enables plug-and-play (PnP) operations is introduced [11].
The frequency-reactive control is proposed in [25], [28], [29]. Several studies have also
started using an energy storage system (ESS) to solve frequency stability in the islanded
microgrid system.

1.2 Battery Energy Storage System
Microgrid with ESS has become a promising component for future smart grid
deployment. However, due to the intermittent characteristics of RESs and fluctuating
load profiles, the power supply in the microgrid fails to mitigate the load demand and
causes the frequency fluctuation. Efficient ESS management, power electronic
interfaces, charging and discharging, conversion mechanism of power, reliability, and
protection are the major issues for developing the ESS in microgrid applications.
One of the most widely used ESSs in microgrid systems is the battery. However,
the battery does not stand up but has several supporting components to make it
compatible with a microgrid called the battery energy storage (BES) system. BES
system comprises mainly batteries, control, and power conditioning system (PCS) that
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Figure 1.4 Battery energy storage system structure
shown in Figure 1.4. The battery and PCS are the major BES components, and each of
these technologies is rapidly developing [30], [31].
The battery is made of an arrangement of cells that can generate electrical
energy from chemical reactions and vice versa. The value of the battery voltage and
current is obtained by arranging the cells in series and parallel. Regarding capacity,
battery capacity is assessed based on its energy and power rating. For some types of
batteries, energy capacity and power are independent of each other. In its application,
several things must be considered in battery operation, such as efficiency, life span,
operating temperature, depth of discharge, and self-discharge. Depth of discharge
(DoD) refers to the extent to which they are discharged [30]–[32].

1.2.1 Battery Energy Storage Technology
Electrical energy must be used as soon as possible after being generated. Along
with developing RESs, energy storage is designed as one of the intermittent energy
countermeasures. The utilization of batteries in power system applications are deep
cycle batteries with energy capacity ranging from 17 to 40 MWh and having
efficiencies around 70 - 80%. Batteries currently in development include lead-acid,
nickel-metal-hydride (NiMH), nickel-cadmium (NiCd) battery, lithium-ion (Li-ion),
sodium-sulfur (NaS), and vanadium redox-flow batteries (VRBs). Each type of battery
has different characteristics. Besides the price difference, each battery technology can
be implemented into a power system due to its unique features and characteristics.
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Figure 1.5 Schematic illustration of the lead-acid battery [33]
1.

Lead-acid battery: A storage battery that uses lead dioxide for the positive
electrode, lead for the negative electrode, and dilute sulfuric acid for the
electrolytic solution. It is resistant to overcharging, has high output, and
operates in a wide temperature range (5 °C to 50 °C) at room temperature.
Another feature is that the price is relatively low, there is a wealth of experience
in adoption, and a domestic recycling system has been established. On the other
hand, when the state-of-charge (SOC) is placed in a low state, the deterioration
of the electrodes progresses, and the capacity and input/output decrease, and the
charge/discharge energy efficiency is lower than that of other batteries, staying
at about 75% to 85%. The problem is that periodic SOC resets using
commercial power must even out the voltage variations in the power storage
system. Figure 1.5 shows the illustration of a lead-acid battery [33].

2.

NiMH/NiCd battery: NiCd batteries have been the second type of
rechargeable batteries introduced, being invented by the Swedish engineer
Waldemar Jungner in 1899. The storage device uses a negative cadmium
electrode, a nickel oxide-hydroxide positive electrode, a separator, and an
electrolyte (usually potassium hydroxide). Given that NiCd batteries have a
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Figure 1.6 Illustration of NiMH battery [34]
lower energy density for applications varying from 1 kW to 0.5 MW and present
some environmental hazards that require complex recycling procedures, NiMH
batteries have replaced them. NiMH battery consists of a nickel-oxyhydroxidebased positive electrode, a metallic cadmium-based negative electrode, and an
alkaline electrolyte (usually potassium hydroxide). This type of battery has
higher power/energy density, realizes better environmental friendliness, and is
less prone to undergo memory effect than NiCd battery. Nevertheless, it has
several technical drawbacks, such as high self-discharge rate, limited cycle life,
and low Coulombic efficiency (around 65%). Besides, it has a low ability to
tolerate fast charging and overcharge. During fast charging, a massive amount
of heat may be generated, and hydrogen buildup may cause cell rupture, leading
to considerable capacity decay. Figure 1.6 shows the illustration of the NiMH
battery [34].
3.

Li-ion battery: Li-ion battery is a storage battery that uses a lithium-containing
metal oxide (lithium cobalt oxide, in recent years, lithium nickel oxide, lithium
manganate, and lithium iron olivine) as the positive electrode material, a
carbon-based material as the negative electrode material, and an organic
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Figure 1.7 Illustration of Li-ion battery [35]
electrolyte as the electrolyte. It is characterized by high energy density and
charge/discharge efficiency, small self-discharge, long life because it does not
involve metal precipitation on the electrodes, and high-speed charge/discharge.
On the other hand, since the organic electrolyte is used and there is a risk of
ignition, safety measures have been taken. The disadvantages of the Li-ion
battery are its cycle depth of discharge (DoD) and high cost. However, the cost
of Li-ion cell is expected to decrease with large-scale production. Figure 1.7
shows the illustration of the Li-ion battery [35].
4.

NaS battery: Sulfur is used for the positive electrode, sodium is used for the
negative electrode, and solid electrolyte beta-alumina ceramics is used as the
electrolyte. Since the sodium ion conduction of the solid electrolyte betaalumina ceramics is used, heating must keep the operating temperature at about
300°C. It has a high energy density, can increase capacity, save space, and
reduce costs through mass production because it does not use rare earth, has no
self-discharge, has a wide SoC range to be used, and has high charge/discharge
energy efficiency. Its high point also characterizes it. On the other hand, since
the battery operates at a high temperature, a heater is heated at the start of
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Figure 1.8 Illustration of NaS battery [36]
operation. Due to the use of flammable materials, care must be taken in handling
and controlling heat dissipation. A potential device to implement in microgrid
shows high efficiency, a long cycle of up to 15 years, and fast response (in
milliseconds) during full charging and discharging operation. Figure 1.8 shows
the illustration NaS battery [36].
5.

Redox Flow battery: Flow technology has been first proposed in the 1970s,
but the vanadium redox solution was developed by the Australian chemist
Maria Skyllas-Kazacos in the 1980s. It utilizes the reaction that causes

Figure 1.9 Illustration of VRB [37]
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oxidation and reduces two types of redox-based active substances on the surface
of the inert electrode. A redox flow battery consists of a distribution-type
electrolytic cell that performs a battery reaction, a positive and negative
electrode tank that stores a solution of active material (electrolytic solution), a
pump for circulating the electrolytic solution from the tank to the cell, and
piping. It has a long cycle life, is not affected by irregular charge/discharge
operations, can be flexibly installed by separating the cell and tank, and can

(a)

(b)

(c)

Figure 1.10 PCS Architecture; (a) Singe stage converter, (b) Multi-stage
converter, (c) Multi-port, multi-stage converter [38]
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easily monitor the SoC during operation. Also, since it has an instantaneous
response to milliseconds, it can be used as a countermeasure against
instantaneous power failure. On the other hand, the energy density is relatively
low because the tank's volume is large. Another problem is that pump power is
required to circulate the electrolyte, and current loss occurs through the
electrolyte. Figure 1.9 shows the illustration of VRB [37].

1.2.2 Power Conditioning System (PCS)
Except for pumped hydro and compressed air, most energy storage devices
employ a DC interface. Therefore, a PCS is required to integrate with the alternating
current (AC) grid. The purpose of the PCS is to provide bi-directional conversion and
electrical isolation. The PCS forms a vital part of the BES system. PCS consists of
power electronic components, which are collected as power converters [38]. It
interfaces the batteries to the loads (utility/end-user) and regulates the battery
charge/discharge charging rate. The PCS cost is high, and it can be greater than 25%
of the overall energy storage system. However, this technology is maturing rapidly due
to the recent developments in renewable and distributed energy sources' power
conditioning systems. The present research is being carried out to reduce the overall
cost, improve reliability, and develop more efficient and better packaging of PCS [38].
There are several utilized power conversion architectures that are shown in
Figure 1.10. One simple, single-stage converter has high efficiency. However, this
architecture has the disadvantage that the DC voltage must be greater than 1.5 times
the AC RMS voltage. This disadvantage results in constraints on the minimum battery
string voltage. One that is quite popular to use is the multi-stage converter. This
architecture goes from the storage device voltage to an intermediate DC voltage and
then converts to AC. It provides more flexibility in the DC voltage range at the expense
of increased conversion losses. The other type is a multi-port, multi-stage inverter. It
enables energy storage to interface with other DC sources units sharing a common DC
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bus. If the DC sources unit is connected on the common DC bus, this architecture is
more efficient than coupling at the AC grid [38]–[40].
Generally, the BES system PCS is designed to use the BES to achieve many
functions. To develop a multi-functional BES system, several investigators have
suggested many control philosophies. Some of the studies design controls BES to
improve the power system reliability and operation directly. Others are indirect
applications (generally adding new features/providing more excellent capabilities to
custom power devices).
Some of the development in designing the BES control can be mainly attributed
to the rapid growth in power electronic devices. The BES control is designed for power
system applications, especially islanded microgrid applications. However, most of the
investigations neither attempt to quantify the benefits of the BES controls nor try to
make any suggestions about the optimal size of BES for the present-day market-based
systems. Although most of the investigators state that increasing BES capacity
improves its capabilities and thereby power system performance, no suggestion has
been made regarding choosing the optimal size/ capacity of BES.

1.2.3 Battery Energy Storage System Application
Battery energy storage system in microgrids is used to retain the power balance
between the load demand and generation, ensuring frequency and grid voltage
regulation. The selection of different battery energy storage units, each having
distinguished characteristics in power and energy, depends on the nature of power
required and delivered.
There are several BES applications in microgrids such as peak shaving, home
energy management, load leveling, power fluctuations, transmission and distribution
upgrade deferral, frequency regulation, low voltage ride through, and loss minimization.
Peak shaving is the technique to reduce electricity consumption when the electricity
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demand is at a peak, usually during the daytime in summers and the nighttime in
winters. A battery energy storage is deployed in the houses to provide a power supply
during power interruptions. The batteries are often used with an uninterruptable power
supply (UPS) to protect the equipment during load leveling. It involves storing energy
when the grid load is light and delivering back during high spikes of loads. Energy
storage systems have effectively reduced fluctuations by shifting the load from the peak
periods to off-peak periods. The electrical distribution system's radial structure has a
large current to voltage ratio results in a high quantity of power losses in a distribution
system [11], [38].
An efficient and optimum economic operation and electric power generation
system planning have an essential position in the electric power industry. The classic
problem is the economic dispatch of fossil-fired generation systems to achieve
minimum cost. The increasing concern of environmental matters leads to the necessity
of "economic dispatch" that includes minimizing pollutants and conserving various fuel
forms. In the first instance, the power generation is centralized, and then the energy is
transferred by using a transmission and distribution system to reach the customer.
Various control strategies for microgrids' economic operation are being
developed recently, such as decentralized control, hierarchical optimization and control,
predictive control, and intelligent control such as fuzzy logic and genetic algorithm.
The control strategy's primary purpose is to achieve optimal operation strategy with
minimum cost and balanced condition. The complexity of the control depends on
several controlled variables and objectives.

1.3 Problem Statements
As discussed earlier, the islanded microgrid must be able to maintain its power
quality. It is because no utility grid can meet all the deficiencies that occur in the system.
Several attempts have been made to keep the islanded microgrid system's stability to
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maintain system stability. One solution that is often used is the installation of BES on
an islanded microgrid system. However, in the installation of BES, several issues are
of concern in this study.
In this thesis, the BES operations problems in the islanded microgrid are divided
into two main points. The first problem is how to regulate the grid frequency when
the BES is implemented into the systems. The frequency regulation function is
starting to increase because of the need for BES to help maintain system stability while
reducing the impact of pollution generated by generators. Not only that, an advanced
control that can amplify the BES function must be considered.
The second problem is how the proposed control affects BES optimization.
BES installation is a solution that is often used to solve several issues on the islanded
microgrid system. The frequency control function allows BES to contribute more to
any changes to the system. This contribution has an impact on the advanced LFC
effects against microgrid operation in economic view.
When discussing BES contribution to the system, the BES size is a factor that
must be addressed in the study. It is because the size of the BES affects the investment
costs that must be incurred. Of course, this cost also affects the operating costs of the
microgrid. Installing the BES into the system causes changes in the operational costs
of the microgrid. Among all energy storage devices, batteries have the highest
equipment costs. When the battery's investment cost depends on the BES size, it is
necessary to determine the BES's size accordingly. The sizing is done so that the
investment cost of BES remains cheap but does not neglect the power quality system.

1.4 Study Contributions
Study contributions arranged by chapters are shown as follows:
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⚫

Chapter 2: Advanced Load-Frequency Control in Battery Energy
Storage
This chapter proposes an advanced load-frequency control (LFC) in battery

energy storage. The main contributions consist of the proposed frequency limitations
in this control. The restrictions put the BES always to regulate its power. Hence the
system frequency can be maintained at the prescribed range. It can happen because, in
an islanded microgrid system, the frequency depends on the generator's output power.
The main idea is to maintain the generator's power output by continuously regulating
the battery output power, which results in supported frequency.
Journal:
1.

S. Sitompul, Y. Hanawa, V. Bupphaves, and G. Fujita, “State of Charge
Control Integrated with Load Frequency Control for BESS in Islanded
Microgrid,” Energies, vol. 13, no. 18, pp 4657, Sep. 2020.

International Conference:
1.

S. Sitompul, G. Fujita, “Reducing Self-discharge Rates Effects of Flywheel
Energy Storage System in Power System Application,” 13th South East
Asian Technical University Consortium (SEATUC), Hanoi, Vietnam,
February 2019.

⚫ Chapter 3: State-of-Charge Control on Advanced Load-Frequency
Control
In this chapter, a state-of-charge control is proposed. The control is integrated
with the proposed LFC in chapter 2, contributing not only to the active powerfrequency regulation but also to keep the SoC within the prescribed range. A shift-

20

droop control is offered for the proposed method. This method allows a change of BES
output power according to the SoC status.
Journal:
1.

S. Sitompul, Y. Hanawa, V. Bupphaves, and G. Fujita, “State of Charge
Control Integrated with Load Frequency Control for BESS in Islanded
Microgrid,” Energies, vol. 13, no. 18, pp 4657, Sep. 2020.

International Conference:
1.

S. Sitompul, G. Fujita, “Implementation of Shifted-Droop Method as
State-of-Charge Control on Battery Energy Storage System LoadFrequency Control,” 15th South East Asian Technical University
Consortium (SEATUC), Bandung, Indonesia, February 2021.

2.

S. Sitompul, G. Fujita, “Implementation of BESS Load-Frequency
Control in Islanded Microgrid by Considering State-of-Charge,” IEEE
PES Innovative Smart Grid Technology (ISGT) Europe, The Haag,
Netherlands, 2020.

3.

S. Sitompul, G. Fujita, “Sizing of Battery Energy Storage System in
Islanded Microgrid by Considering a Short-term operation,” 14th South
East Asian Technical University Consortium (SEATUC), Bangkok,
Thailand, February 2020.

⚫

Chapter 4: Optimal Battery Energy Storage Sizing with Advanced LoadFrequency Control
This chapter presents a contribution of the proposed LFC to BES size. The

proposed active power-frequency control can keep the generator output in a particular
range. It causes the fuel used by the generator to be limited in that range. Thus, this
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control indirectly impacts the generator operation and makes it cheaper. By applying
the suitable battery capacity, you can get a cheap battery and can also solve the problem
of frequency stability.
Journal:
1.

S. Sitompul, G. Fujita, “Impact of Advanced Load-Frequency Control on
Optimal Size of Battery Energy Storage in Islanded Microgrid
System,” Energies, vol. 14, no.8, pp 2213, April 2021.

International Conference:
1.

S. Sitompul, G. Fujita, “Impact of State-of-Charge Control Integrated with
Load-Frequency Control on Battery Energy Storage System in Islanded
Microgrid System,” Energy Conversion Congress and Exposition – Asia
(ECCE Asia) 2021, Singapore, May 2021.

1.5 Thesis Outline
In order to answer the questions stated in the problem statement, this research
is divided into topics arranged in a chapter format. The followings are the outline of
this thesis.
⚫

Chapter 1: Introduction
This chapter includes the background and motivation of this research. Here, the

concept of islanded microgrid and battery energy storage are also described.
⚫

Chapter 2: Advanced Load-Frequency Control in Battery Energy
Storage
The main objective of this chapter is to design an advanced load-frequency

control for BES. The proposed control is used to regulate the grid frequency by doing
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load-sharing between source units. This chapter starts with the problem statement
together with the literature review. Section 2.3 shows the design of the proposed control,
which begins with the curve and calculation. The implementation and results are shown
in Section 2.5, in which the results are achieved from the simulation.
⚫

Chapter 3: State-of-Charge Control on Advanced Load-Frequency
Control
This chapter presents a further application of the proposed control. A state-of-

charge (SoC) control is proposed in the proposed control by applying shift-reference
droop control. The chapter begins with the problem statement, introducing the
importance of SoC for the BES life. Details are followed by the literature review of the
SoC control. Also, section 3.3 shows the details of the proposed SoC control and
fundamental analysis.
⚫

Chapter 4: Optimal Battery Energy Storage Sizing with Advanced LoadFrequency Control
The main context of this chapter is to present how the advanced load-frequency

control affects the BES size. The proposed control shows it can minimize the
investment cost without violating any frequency limitation. The chapter starts with
section 4.1 for the problem statement. This section includes the issue of the BES sizing.
The chapter continues with the literature review of BES sizing. For result comparison,
several scenarios are presented in section 4.3. The optimization and results are shown
in section 4.4
⚫

Chapter 5: Conclusion
This chapter presents the thesis conclusion and future works. Section 5.1

concludes the studies and contribution to this thesis. The main future works include the
extension works of the advanced load-frequency control are shown in section 5.2.

Chapter 2
Advanced Load-Frequency
Control in Battery Energy
Storage
2.1 Chapter Introduction
The islanded microgrid system is a unique electric power system. Usually, these
systems consist of small energy sources or DER and are close to the consumer. Apart
from being a small source unit, DER usually consists of renewable energy sources. On
the one hand, having DER is environmentally friendly and relatively cheap due to its
size. However, some drawbacks have a significant impact on the system. Namely, the
microgrid system has relatively small system inertia. Most of the installed generators
are energy sources with little or no inertia (for collision energy). This issue makes the
islanded microgrid system vulnerable to changes in load and changes in weather. Many
studies have tried to summarize this system's weaknesses and reveal that the islanded
microgrid system is susceptible to alteration/disturbance. That said, stability has always
been a hot issue in the islanded microgrid system.
The issue of frequency stability is a fundamental topic in the islanded microgrid
system. The frequency is one of the main factors a system can run or not, whether the
connected equipment can operate. Several attempts have been made to address this
issue. One solution that is often taken is the use of energy storage devices, especially
batteries. At first, power operators widely used batteries to smooth the output of
renewable energy sources. The fluctuating renewable energy sources (RES) output
impacts the system so that the battery functions as a buffer. Now the battery began to
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be required to participate in system operation actively. Not only as a buffer or load
leveling but also as a grid frequency regulator. [10], [27]
There has been much-published work on the function of the BES frequency
regulator. Author [41] proposed control on the BES to keep the grid frequency at the
threshold required. Similar methodology and experiments are published in [42]. The
authors propose the use of droop control on BES to activate the frequency regulation
function. There is also a study that proposed the use of a decentralized frequency
system on BES [26]. Most of the work is done under different names, but this refers to
one type of control, namely active power-frequency control or what is commonly called
load-frequency control (LFC).
This chapter's main objective is to propose a new load-frequency control with
a frequency limiter for the system. This control consists of three work areas, namely
Region 1, Region 2, and Region 3, determined based on the actual system frequency.
Each region has its function and determines how the BES participates in the system
when changes occur. A further objective is to evaluate the performance of the controls
proposed in the system. The expected results are in the form of BES participation that
changes according to changes in frequency.

2.2 Load-Frequency Control
LFC is generally a centralized active power-frequency control concept for all
energy sources installed in the system. This control has the primary function: to ensure
that each source regulates its fluctuation and contributes to system frequency control
[43]. However, there is another approach that is taken namely decentralized LFC. By
using the droop control method, the contribution of each source can be determined
based on the droop slope gain of the source [9], [44]. Then, it can be concluded that the
LFC on a system with multiple sources is a collection of droop controls. In larger
systems, these controls may be differentiated by area.
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Figure 2.1 Load-frequency control with BES
LFC applies to sources that have inertia and applies to RES sources that are
interfaced with the inverter. The LFC configuration between conventional generator
(inertial source) and RES inverter is described and confirmed in [45], [46]. Those
studies explain the LFC concept, focusing on the discussion on frequency-active power
control in RES inverters. A similar approach is also carried out in this thesis that shown
in Figure 2.1. The LFC concept offered is a control between sources without a
communication line that determine active power for each source unit through droop
control. The grid frequency is determined based on swing equation of the synchronous
generator. Thus, it becomes the system backbone. However, the discussion that was
carried out was centered on the BES control.
Load-frequency control controls active power-frequency to suppress the power
deviation and frequency deviation within a specified range [47]. LFC has a long history,
starting from being applied to traditional thermal power generation systems and
hydropower generation systems until now applied to systems that are now developing.
Generally, LFC consists of droop control. In BES applications, LFC does not only
consist of droop control but also has a deadband area. In this section, the general LFC
framework and what are the drawbacks of the widely used LFC are discussed.
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2.2.1 Droop control
The stability of the microgrid system is supported by DERs, as discussing
further islanded microgrid system operation. Sometimes, in one system, the system
stability is supported by only one unit. This condition is encountered because, in its
construction, the system initially consists of only one generator unit, usually a diesel
generator. The addition of DER units is carried out to reduce generator fuel costs and
the generator's pollution. This condition causes many droop control implementations
to be used on these generators because the system can avoid the effects of generator
oscillations caused by fluctuating loads. When the microgrid is connected to the
primary grid, the DER can maintain a constant output power regardless of the load
variation due to the utility grid presence. However, during islanded operation, DERs
must follow the load demand strictly.

Figure 2.2 Simple AC circuit
There are two widely used droop controls, in theory, namely active powerfrequency droop and reactive power-voltage droop. These two controls derive from the
calculation of active and reactive power. Assume an investigation is conducted on a
simple power circuit consists of two generators on both sides shown in Figure 2.2. In
an inductive system, the active and reactive power can be expressed as follows [48]:

P=

EV sin 
Watt
X

(2.1)
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Q=

EV cos  − V 2
VAr
X

(2.2)

where E dan V are the amplitudes of the output voltage and common bus voltage,
respectively, α is the power angle, and X is the output reactance. Based on equation
(2.1) and (2.2) and assumed slight power angle, the active power is predominantly
influenced by the power angle (or the grid frequency), and the reactive power is
strongly dependent on the amplitude difference between E and V. It becomes the origin
of the droop control. The main advantage of the droop control technique is its
avoidance of critical communication links among parallel-connected DERs. The
absence of communication links between them provides significant flexibility and high
reliability. However, there are several drawbacks, such as an inherent trade-off between
voltage regulation and load-sharing, line impedance mismatch, and poor harmonic
load-sharing [49].
An active power versus frequency (P-f) droop control has been adopted for
DER load-sharing methods. This control utilizes the grid's frequency as a common
signal among the DERs to balance the system's active power generation. The active
power-frequency droop-based power controllers have proven robust and adaptive to

Figure 2.3 Active power – frequency droop curve
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variation in the power system operational conditions. Moreover, this control is a
wireless control that a communication network is not necessary. From the equation
(2.1), the relationship between the frequency f and the DER output power in Figure 2.3
can be expressed as:

f 1 − f 0 = K ( P1 − P 0 ) Hz

(2.3)

where K is the droop gain in Hz/kW, f and P are the frequency in Hz and DER output
at a new operating point in kW, Δf is the deviation of the frequency, and f0 and P0 are
the nominal values, respectively in Hz and kW. Equation (2.3) also can be written in:
1
0
f1− f0
pu  P − P 
=
K

 Hz
pu
f pu
 P


(2.4)

Where fpu is the rated frequency (in Hz) of the unit, Ppu is the base power, and Kpu is
the gain droop per unit. From equation (2.4), we can simplify the equation into
changing the frequency concerning the change in power. The new equation can be
written as:

f = K pu

f pu
P Hz
P pu

(2.5)

where Δf is the change in frequency that occurs, and ΔP is the change in generator
power.
When N dispatchable DER units operate parallel on the system, their speeddroop characteristics determine how load changes are apportioned among them in the
steady-state. Assume the N units are synchronously operating at a given frequency
when the load changes by ΔP kilowatts. The corresponding changes in the outputs of
the units are given by Equation (2.5) as follows:
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DER unit 1: PDER1 =

P pu f
kW
pu
pu
K DER
1 f

(2.6)

DER unit i: PDERi =

P pu f
kW
pu
K DERi
f pu

(2.7)

P pu f
kW
pu
K DERN
f pu

(2.8)

DER unit N: PDERN =

Adding these equations together gives the total change in output

 1
P =  pu +
 K DER1

+

1
pu
K DERi

+

+

1
pu
K DERN

 P pu f
 pu
 f

(2.9)

Hence, the frequency change can be written as:

f
=
f pu

 1
P  pu +
 K DER1
pu

P
1
+ pu +
K DERi

+

1
K

pu
DERN





per unit

(2.10)

By substituting equation (2.10) with equation (2.7), the change in power ΔPDERi in the
DER i unit can be written as:

P

PDERi =
K

pu
DERi

 1
 pu +
 K DER1

+

1
K

pu
DERi

+

+

1
K

pu
DERN





kW

(2.11)
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Thus, equation (2.11) is the change in power for unit i when the overall load changes.
This equation can be used for any generator installed in parallel as long as it has the
same base power and the same base frequency for each generator.

Figure 2.4 Droop operation for multi-DER
Figure 2.4 shows two source units having droop control. When there is only one source,
the grid frequency tends to be very fluctuating. However, when two sources have droop
control, they supply each other the load they operate on the common frequency. The
load-sharing mechanism can keep the grid frequency not too high or too low from
nominal frequency by applying the sources' droop control. This operation is the key to
sources operating with droop control. From the equation (2.10), the system frequency
change in Figure 2.4 can be calculated to be:

f
=
f pu

PL
 1
1
P pu  pu + pu
K2
 K1

with changes for each generator, it becomes:





per unit

(2.12)
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PDER1 =
K

PDER 2 =

pu
DER1

PL
1


1 
 pu + pu 
 K DER1 K DER 2 

kW

PL
kW
 1
1 
pu
K DER 2  pu + pu 
 K DER1 K DER 2 

(2.13)

(2.14)

From equations (2.13) and (2.14), it can be concluded that the generator supplies the
load for each applicable load according to its droop gain.

2.2.2 Deadband area
Now many studies are developing that droop has a significant effect on the work
of the system. However, many argue that the battery only needs to work when the
frequency is far from the system's nominal frequency. It leads to the use of deadband
areas for droop control. The deadband area allows the battery not to operate in
particular areas. In battery implementations, the deadband area is applied at a frequency
very close to the nominal frequency. This idea originated because the battery turns off
when the system works at the nominal frequency. Below that, the battery discharges,
and above the nominal frequency, the battery carries out the charging mechanism.
The deadband concept is when the system operates at a frequency close to the
nominal frequency. In this state, the battery tends to switch between charging and
discharging, as shown in Figure 2.5 (a). It leads to the life cycle of the battery and the
lifespan of the battery itself. Thus, it is necessary to expand the area for the battery to
stop working, so that battery participation becomes clearer for one load at a time. The
deadband concept was introduced to address this problem, as shown in Figure 2.5 (b).
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(a)

(b)
Figure 2.5 Droop control type; (a) conventional droop, (b) deadband droop
Figure 2.5 shows the difference when only the droop curve is used and when
the deadband is added to the droop curve. If it is assumed that f1 is the value of the
frequency when BES operates at -Pmax , and f2, BES operates at Pmax, the frequency
shifts slightly when the deadband is applied. It can be seen in Figure 2.5 (b), which
compares before and after the deadband area is included. Thus, it can be seen that the
deadband area shifts the maximum value and the minimum value frequency when the
battery is operating at its rated value. Also, the deadband control in Figure 2.5 (b) is a
control that is widely used in BES active power-frequency control studies. It can also
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be said that the control is a traditional LFC, where the end of the droop curve is the
BES power rating, and after that, the BES supplies the rating for whatever frequency
value is read. Given the deadband area, the droop equation (2.3) can be written as:

f 1 − ( f 0  f s ) = K ( P1 − P 0 ) Hz

(2.15)

Hence, if there is a multi-generator that works in parallel, the change in system
frequency can be written as:

f  f s
=
f pu

 1
P  pu +
 K DER1
pu

P
1
+ pu +
K DERi

+

1
K

pu
DERN





per unit

(2.16)

The deadband concept has confirmed evidence of the contribution of batteries
to microgrid systems. However, the control used is often limited to the droop deaband
control and is only limited by the battery charge rating. A grid-connected microgrid
system where the frequency control is carried out by the utility grid and the battery
contribution to the frequency is insignificant. But there is a clear gap that in islanded
microgrid systems that have not enough dispatchable units, the battery must contribute
to the system. If the control is implemented in the islanded microgrid system, the
system frequency does not have a clear limit. Indeed, this is trying to be solved, but the
frequency limit contained in the battery control only limits the battery power output
and forces other units to compensate.
If this concept is implemented, the frequency fluctuation problem rearises.
Another solution that has been carried out is to give limitations to other units. This
concept can be done when there is access to change or modify other source controls.
One unit with another unit comes from a different manufacturer where there is no
access to modify further controls in an implementation. One of the options you have to
keep the frequency in the desired range is to modify the battery controls and make it
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"as if" the battery pack controls another unit's output power. If this is done, then
keeping the grid frequency in the desired range can be realized.

2.3 Advanced Load-Frequency Control
In the implementation of battery control in the system, load-frequency control
(LFC) is widely utilized. LFC is an active-frequency power control designed to
suppress power and frequency deviations within a specified range. This control is
realized as LFC utilizes droop control as the basis of control. Also, this control is the
reason that the battery actively participates in the system. The proposed control, namely
advanced LFC, is an LFC that features an additional function of droop control which
functions as a frequency limiter. The proposed LFC as the primary control configures
P -f characteristics into multi-region curves shown in Figure 2.6. By using these
additional features, the grid frequency is maintained between fmax and fmin by
maximizing the battery output power from -PbR to PbR, which is the battery power rating.

Figure 2.6 Advanced load-frequency control
The control is separated into three regions named Region 1, Region 2, and
Region 3, that each of the regions determines the BES operation. In Region 1, the BES
acts according to the droop curve for charging and discharging modes with a deadband
area. The deadband area allows the BES to enter a standby mode (inactive) that stops
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BES operation. In Region 2 and Region 3, the flat regions, the BESS supplies power
according to the flat line while the frequency maintains at fmax and fmin.

2.3.1 Region 1 (deadband droop control)
The droop control is applied in Region 1. This control allows the BES power
according to the droop equation expressed in (1)[50]:
f dh − f 0 = Kb ( Pbdh − Pb0 )

(2.17)

where fdh is the grid frequency, f0 represents the nominal frequency that acts as the
droop reference, Kb represents the BES droop gain, Pbdh indicates the BES output power,
and Pb0 represents the BES power at nominal frequency.
The droop gain is determined based on the frequency limit allowed by the
system. The IEEE released a standard regarding microgrid operation to use this guide
in this study [51]. The guidelines state that the upper and lower limits of frequency
allowed are ±0.5 Hz from the nominal value. For 60 Hz systems, the allowable limits
are 60.5 Hz and 59.5 Hz. For a 50 Hz system, the limits are 50.5 Hz and 49.5 Hz. By
referring to equation 2, the droop gain for the battery can be calculated based on the
power limit used. The equation can be expressed as:
Kb =

f dh − f 0
Pbdh − Pb0

(2.18)

the droop gain is obtained by entering fdh and Pdh as the limit value of the frequency
and battery power capacity. In some references, equation 2 with output power
limitation is called the traditional LFC[11], [26], [28], [47], [52], [53].
In this region, a deadband area (Δfs) is introduced, as shown in Figure 3. BES
does not exchange power in the deadband area. Otherwise, it operates when the grid
frequency is higher than f0 + Δfs and f0 - Δfs the BES power can be expressed as:
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f dh − ( f 0  f s ) = K b ( Pbdh − Pb0 )

(2.19)

which the deadband area fs is included in the droop curve. There are two possibilities
in equation (4). When the BES turns into charging mode, the nominal frequency acting
as droop reference deviates into f0 +Δfs. On the other hand, the droop reference shifts
into f0 - Δfs when the BES turns into discharging mode. Deadband selection has no strict
definition. Each study has its reference for determining the deadband [41], [42].
However, all studies generally determine that the deadband area is the normal operating
area of the system, so that it is not necessary to have BES participation. In other words,
the deadband area is the range in which the system can operate normally, even though
under the load disturbance or unavailability of the source.

2.3.2 Region 2 (Lower Frequency Saturation)
This region is utilized to hold the system operating at the fmin frequency. This
control departs from the parallel calculation between the battery and the generator.
Figure 2.7 shows the movement of the battery power transition from traditional LFC
to advanced LFC. Assume the load demand is PL (purple line), causing the system to
operate at f where f is lower than fmin. In this condition, BES supplies Pb (blue line), and

Figure 2.7 Region 2 (lower frequency saturation) scheme
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the generator supplies Pg (green line). The proposed control serves to avoid the system
operating below the frequency f. When the PL load is applied, and the system has to
operate in fmin, the power supplied by each source unit changes. For the system to
operate at the desired frequency, the generator unit must supply Pg'. This operation
causes the battery to supply the remaining load, become Pb'.
The dashed red line in Figure 2.7 shows the change in battery power that occurs.
The line has the same slope as the generator slope or the droop gain. So, the red line
can be written as:
R=

f − f min
Hz/kW
Pb − Pb'

(2.20)

Equation (2.20) can also be written as:
 f min − f 
Pb' = Pb + 
 kW
R



(2.21)

we know that equation (2.3) can be used to find the value of Pb before changing to Pb'.
If this is substituted, the equation that is just written becomes:
Pb' =

 f min − f 
f − f0
+ Pb0 + 
 kW
Kb
R 


(2.22)

when referring to the use of deadband in Region 1, the equation for Region 2 is written
as:
f dh − ( f 0 − f s )  f min − f dh  0
P =
+
 + Pb kW
Kb
R


'
bdh

(2.23)

Equation (2.23) shows that in this region, BES functions to regulate the
frequency in fmin by supplying power to the rating PbR. What needs to be understood is
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that it is still used to keep the frequency value at the fmin value in implementing PI
control. Moreover, control these regions if the system's steady-state frequency is below
the desired value.

2.3.3 Region 3 (Upper-Frequency Saturation)

Figure 2.8 Region 3 (upper frequency saturation) scheme
In Region 3, similar to Region 2, the BESS regulates its output power at flat
frequency fmax. This region's mechanism also has something in common with Region 2,
shown in Figure 2.8. This figure shows the movement of the battery power transition
from traditional LFC to advanced LFC. Assume the load demand is PL (purple line),
causing the system to operate at f where f is lower than fmax. In this condition, BES
supplies Pb (blue line), and the generator supplies Pg (green line). The proposed control
serves to avoid the system operating below the frequency f. When the PL load is applied
and the system has to operate in fmax, the power supplied by each source unit changes.
For the system to operate at the desired frequency, the generator unit must supply Pg'.
This operation causes the battery to supply the remaining load, become Pb'.
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The dashed red line in Figure 2.8 shows the change in battery power that occurs.
The line has the same slope as the generator slope or the droop gain. So, the red line
can be written as:
R=

f − f max
Hz/kW
Pb − Pb'

(2.24)

Equation (2.24) can also be written as:
 f max − f 
Pb' = Pb + 
 kW
R



(2.25)

We know that equation (2.3) can be used to find the value of Pb before changing to Pb'.
If this is substituted, the equation that is just written becomes:
Pb' =

 f max − f 
f − f0
+ Pb0 + 
 kW
Kb
R



(2.26)

when referring to the use of deadband in Region 1, the equation for Region 2 is written
as:

'
Pbdh
=

f dh − ( f 0 + f s )  f max − f dh  0
+
 + Pb kW
Kb
R



(2.27)

Equation (2.27) shows that in this region, BES functions to regulate the
frequency in fmax by supplying power to the rating -PbR. What needs to be understood
is that it is still used to keep the frequency value at the fmax value in implementing PI
control. Moreover, control these regions if the system's steady-state frequency is below
the desired value.
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2.3.4 Advanced Load-Frequency Control Regions
Previously all the operation regions that describe their operation have been
discussed. By combining all the LFC regions, the BES power Pbdh is determined based
on the frequency value that is written as:

Pbdh

 f dh − ( f 0 + f s )  f max − f 
0
dh

+
 + Pb ;
Kb
R




0
s
f dh − ( f + f )

+ Pb0 ;

Kb

=
0;

f dh − ( f 0 − f s )

+ Pb0 ;

Kb

 f dh − ( f 0 − f s )  f min − f 
0
dh

+
 + Pb ;
Kb
R




f dh  f max
f 0 + f s  f dh  f max
f 0 − f s  f dh  f 0 + f s

(2.28)

f min  f dh  f 0 − f s
f dh  f min

Equation (2.28) shows that the BES power Pbdh is calculated based on the system
frequency. At the deadband area, the BES is at standby mode (Pb = 0). This area shows
any variations in the system compensated for by other sources. At the droop area (fmin
< fdh ≤ f0 –Δfs or f0 +Δfs ≤ fdh < fmax), the BES adjusts its power according to the loadsharing between the generator and BES. When the system operates at Region 2 or

Figure 2.9 Advanced LFC block diagram
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Region 3 (fdh ≤ fmin or fdh ≥ fmax), the PI droop control is performed that makes BES
regulates its power to maintain the generator power at specified points. Equation (7)
can be represented in a block diagram control shown in Figure 2.9.
The block diagram is divided into three parts (upper, middle, and lower). The
upper part describes the Region 1 control consisting of the droop control with deadband
area, the middle part describes the Region 2 control consisting of the PI droop control
for fmin, and the lower part describes the Region 3 control consisting of the PI droop
control for fmax.
The proposed control has several non-linear components, including a limiter
and a binary option which causes the control to have a non-linear characteristic. Then,
this control output is connected to the generator swing equation, which is linear. Hence,
there is a relationship between non-linear and linear systems in one loop of the control
loop. Referring to Figure 2.9 and equation (2.28), mathematically advanced LFC
consists of discontinuous equations. This relationship causes oscillations to occur when
there is a change in the linear system side due to the determination of the work area
contained in the advanced LFC. Such oscillations can cause instability in the proposed
control. Therefore, the stability of the control must be guaranteed.
The stability of non-linear systems can be ascertained by several methods, such
as describing function analysis, Lyapunov stability, and limit circle theory. One
approach that is popular in its implementation is describing function analysis. The
method is based on quasi-linearization, which approximates the non-linear system
under investigation by a linear time-invariant (LTI) transfer function [54]. As
previously explained, changes in the linear (frequency) side directly affect the nonlinear system input. This relation causes operating changes that can generate
oscillations. This method attempts to predict the characteristics of those oscillations by
assuming a slow linear system with a low-pass filter centered on one frequency point
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only. We can assume that the combined systems form a quasi-linear system with similar
characteristics to the linear system but changes shape due to the non-linear system [55].
In this study, the stability of the control can be ensured if the control is a cascade
with a sluggish linear system. In this case, the generator system is mathematically a
linear system that can secure stability. Furthermore, with the generator's inertial
response to changes, oscillations between advanced LFC work areas can be avoided.
This response is closely related to the amount of inertia applied to the generator.
However, there is a possibility that the generator inertia may not be large enough to
reduce dampening the oscillations. Hence, additional controls such as virtual inertia on
the inverter could be an additional solution.

2.4 Islanded Microgrid System Model
The microgrid system model used in this study refers to [20]. According to the
reference, the study modeled the microgrid system in the Philippines. Both source
capacity and load size were obtained. It is assumed that the system mainly relies on
diesel power generation, which implies high generation and operational costs due to
varying fuel costs and transport costs. The system also implements a solar PV
penetration of more than 50% due to the geographical location advantage.
The load demand used in the study is based on the average load profile obtained
from the actual data of 22 islands in the country. From these data, it is known that the
load is never below 50% of the peak load. However, this study tries to demand a lower
load than that obtained because the load characteristics are rural consumers. So, there
is still a possibility that the load request is lower than the data obtained. The data also
states that the peak load is defined as 50% of the installed power generation capacity
without a battery [56].
In order to investigate LFC's advanced performance, an islanded microgrid
system having BES is used, which is represented in Figure 2.10. The system is modeled
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in MATLAB/Simulink R2019 software. The system is assumed to be a small system
consisting of one generator, PV, and BES connected to the consumer. The installed
synchronous generator acts as the backbone of the system. The system's frequency
stability rests on the generator operation. The PV unit is also used as one of the RES
installed in the system. Between the source and the load, a distribution channel is
assumed to be very short so that the system is kept small.
The proposed BES control performance is examined on an islanded microgrid
composed of a synchronous generator unit (diesel generator), consumer, PV, and BES.
Each unit is connected to the AC bus microgrid. The generator with a capacity of 390
kW and having a droop control on its governor acts as the system backbone. The
installed PV is assumed to be able to deliver up to 200 kW. The installed BESS has a
capacity of 2.5 Ah with a PCS efficiency of 95%. The generator, PV, and BESS are
network-integrated via a 0.4/13.2 kV step-up transformer. On the high voltage side, the
transformer is connected to a 2 km long transmission line. At the end of the
transmission line, a 13.2 kV/380 V step-down transformer connects the transmission
to the load. Lastly, the load is assumed 295 kW as its peak.

Figure 2.10 System model scheme
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2.4.1 Diesel Generator
In this paper, a diesel generator is applied as the inertia source. Modeled in a
simple first-order at the engine output, the engine model describes the level of fuel
consumption in a function of speed and mechanical power. The model connects fuel
consumption with engine mechanical power. A generator has a governor system whose
engine speed is controlled automatically by connecting the fuel intake. The system,
which is defined as a mechanical or electromechanical device, has several types in its
implementation, such as mechanical-hydraulic direct mechanical, electrohydraulic, and
microprocessor-based governor. Figure 2.11 illustrates the governor model used in this
study. By implementing droop control, the variation in engine output power is directly
proportional to the droop frequency. R physical unit, which is the regulator feedback
parameter's physical significance, is Hz/kW and is always considered positive [57].

Figure 2.11 Diesel droop governor [57]
The author [58] develops a diesel generator computer model that acts as an
emergency generator. However, this model only applies when the system works at a
fixed frequency value. Conversely, the governor model used on this system is the
governor model, which allows the frequency value to vary (droop control). Therefore,
the governor model used is the governor model developed from a model [58], the
DEGOV1 model from [59]. Both models are modeling governor systems adapted from
well-known Woodward diesel governors [60]. The difference between those two is that
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the model in [58] functions to maintain the frequency at its nominal value, while the
DEGOV 1 model functions to variate the frequency based on the R-value.
The DEGOV1 model used in this system is shown in Figure 2.11. It is employed
to simulate torque produced by the diesel engine based on the governor's speed signal.
This model consists of an electric control box, an actuator, and a diesel engine in which
all the used parameters are stated [59]. The parameter values used in this study are
shown in Table 2.1and Table 2.2. The typical inertia for the diesel generator is 0.817
pu.
Table 2.1 Diesel governor parameter [60]

Regulator

Regulator time

Actuator time

Torque

gain

constant (s)

constants (s)

limits (pu)

K

T1

T2

T3

9

0.022

0.002

0.1

T4

T5

T6

0.25 0.009 0.0384

Engine
time
delay (s)

Tmin

Tmax

Td

0

1.1

0.024

Table 2.2 Diesel droop parameter
Droop gain

Droop frequency

Droop power

(pu)

reference (rad/s)

reference (kW)

R

0
f f

Pg0

0.03

60

100

Table 2.2 shows the droop parameters used in diesel generators. However, the
diesel governor model used only angular speed, so the actual frequency must first be
converted to the angular speed. The equation for angular velocity can be written as:
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 = 2 f rad/s

(2.29)

In order to calculate the reference angular velocity, ωref can be written as:
ref = 2 f 0 rad/s

(2.30)

ref = 376.98 rad/s

(2.31)

2.4.2 Photovoltaic Array
Photovoltaic has dynamic performance depending on the weather condition. It
is vital to understand how PV operates. In fundamental, PV can generate electricity
using the photon from sunlight. As the photon knocks the electron inside the Silicon
layers inside the PV cell, the electric field pushes the electron out of the Silicon junction.
The generated power from the PV has a proportional relationship to the solar irradiation

Figure 2.12 PV model
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level; the more irradiation incidents to the PV cell, the higher the generated power can
achieve.
To simplify calculations and speed up simulation time, the PV model is
simplified into a current source that can be output regulated shown in Figure 2.12. This
current source has been modeled into an AC source. The PV input is the value of the
power to be supplied. This modeling is intended to make the PV a source disconnected
from any power control and highly volatile.

2.4.3 Distribution Line
The line model used is the Three-Phase PI Section Line from the MATLAB /
Simulink R2019 software [61] shown in Figure 2.13.

Figure 2.13 Distribution line model [61]
Since the distribution voltage is 13.2 kV and the assumed maximum load is 295
kW. However, the maximum current flowing through the system is assumed when the
load reached 300 kW. From the three-phase power formula, where P is the three-phase
power, Vrms is the line voltage, and Irms is the line current, the current can be calculated
into:
I rms =

P
3V

rms

cos 

A

(2.32)
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Assuming the power factor of 1.0, the line current is:
I rms =

P
A
3V rms

300 103
A
=
3 13.2 103
= 13.12 A

The resistance r per unit length, inductive reactance xL, and capacitive reactance xC can
be obtained from the obtained maximum current. However, the nominal frequency uses
the commercial frequency of 60 Hz. As 1 km = 3,280 ft, the resistance and inductive
reactance can be written as:
r = 0.819 Ω/1000ft

(2.33)

 2.687 Ω/km

 rs

xL = 0.1465 Ω/1000ft

(2.34)

 0.4807 Ω/km

Hence, the inductance can be written as:
l=

xL
mH/km
2 f

(2.35)
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=

0.4807
Ω/km
2 60

 1.275 mH/km

 ls

xC = 0.7511106 Ω/1000ft

(2.36)

 2.464 106 Ω/km

Also, the capacitance c per unit length can be written as:
C=

1
F
2 fxC

(2.37)

= 1.077 nF

 cs

In addition, if the distribution line is 2 km and the transmission loss is taken into
consideration, the receiving end voltage can be calculated as follows:
V r = V rms − ( I rms  rs  2) kV

(2.38)

= 13.13 kV

Therefore, the data adaptation in reference is consistent, the data in reference is used.
Table 2.3 shows the line parameter.
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2r1 + r0
Ω/km
3

(2.39)

ls =

2l1 + l0
H/km
3

(2.40)

cg =

3c1c0
F/km
c1 − c0

(2.41)

rs =

cs = c0

(2.42)

1 1 3
= +
cs c p cg

(2.43)

c p = c1

(2.44)

Table 2.3 Distribution line parameter
Positive-

Zero-

Positive-

Zero-

Positive-

Zero-

sequence

sequence

sequence

sequence

sequence

sequence

resistances resistances inductances inductances capacitances capacitances
r1

r0

l1

l0

c1

c0

(Ω/km)

(Ω/km)

(mH/km)

(mH/km)

(nF/km)

(nF/km)

1.612

4.836

0.7650

2.295

0.3590

1.077
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2.4.4 Battery Energy Storage Model
In modeling energy storage, several categories of models can be used: dynamic
models, energy flow models, physics-based models, and black-box models. Each
model has a different function and purpose. In this study, to model BES that focuses
on performance over small-time scales, milliseconds to a minute, a dynamic model is
the right choice. The battery model used in this study is a battery model that can
calculate the SoC and energy capacity of the battery [38], [62]. However, the
relationship between battery voltage and SoC is omitted. This assumption is used due
to the scope of the study. The study is focused on the effect of battery power
contribution on frequency. Thus, the voltage relationship with the battery SoC is
neglected.
In the operation of the inverter, there are two types of inverter roles, namely
grid-forming inverter and grid-following inverter. The grid-forming inverter is a
converter that can create a reference voltage and frequency. Usually, this role has been
covered by the inertial generator (e.g., synchronous generator). The grid-following

Figure 2.14 Battery Model
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inverter regulates its output power by measuring the system frequency using a phaselocked loop (PLL) [63].
In this thesis, the study focuses on the battery's contribution to the system's
frequency by regulating its output power. This contribution lays down the role of the
battery in the microgrid system as grid-following through the installed inverter. Thus,
the role only follows the measured voltage and frequency and regulates its output
power. Due to the grid-following inverter characteristic, this type of inverter is modeled
by a current source. It delivers the amount of current to the system to define supplied
output power. Hence, the current source inverter model is used to enable the role of a
grid-following inverter. Therefore, the battery contributes to the grid frequency by
regulating its output power.
The dynamic model used in this study is a three phase AC source model. In this
model, the entire battery mechanism up to the inverter output is simplified to become
a current source. Thus, when using the proposed control, the control output is directly
passed to the current source model. This model's choice focuses on the LFC's impact
on generator performance and shortens the simulation time. The model is adopted from
the MATLAB / Simulink library, which can be found [64].
Table 2. 4 BES control parameter
Description
Frequency operation limit
Frequency deadband
BESS droop gain
LFC proportional gain
LFC integrator gain

Parameter
fmax
fmin
Δfs
Kb
KP
KI

Value
60.3 Hz
59.7 Hz
0.1 Hz
0.05 pu
5
0.02

Figure 2.14 shows the BES used in this study. The BES model used consists of
the conversion from active power to the BES output current. In this model, to simplify
computer calculations, the inverter and switching calculations are neglected. The input

53

of the model is the active battery power sent from the control. The phase angle for the
BES output current is obtained from the voltage phase angle of the generator.

2.5 Results and Discussion
The proposed control verification is done using MATLAB/Simulink R2019
software. This software was chosen because it has proven capability to simulate electric
power systems. Control verification is done by comparing the results of the traditional
LFC with the advanced LFC. The two types of controls were compared to show
significant differences in the proposed control. Load variations are applied to the
model system to investigate the performance of the two controls. This variation is the
load that continues to increase, and the load continues to fall. In addition, the variations
that are applied are gradual. Hence, the battery operating conditions can be known for
each applied load demand. For the proposed control, operation in each region is
confirmed based on the prevailing load conditions.

2.5.1 Case 1 – Load increasing
In this case, the load is gradually increasing from 200 to 295 kW. First, the
system is initiated at 60 Hz with the load demand of 200 kW, which puts BESS in
standby mode. Figure 2.15 (a),(b),(c),(d) illustrates the BES active power, system
frequency results, diesel generator active power, and diesel active power for different
inertia, respectively. However, due to the installed distribution line, the grid starts
operating at 59.97 Hz.
At t = 15 s, the load increases to 220 kW. It causes the frequency to drop as the
generator tries to stabilize the system. The drop in the system frequency causes the
battery to start operating and participating in the system. BESS's participation creates
a load-sharing point that the BESS and generator must meet due to power imbalance.
The point is reached at 59.93 Hz, the deadband area that caused BESS to in standby
mode. This operation shows Region 1 advanced LFC at operation.
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At t = 25 s, the load increases to 240 kW. The same event is repeated wherein
the BESS and generator have to reach the load sharing point reached at 59.86 Hz. Based
on the BESS control design, now the battery works on Region 1 droop side. In this
region, the BESS delivers 4.741kW while the generator supplies 233.8 kW.

(a)

(b)
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(c)

(d)
Figure 2.15 Load increasing case result; (a) frequency, (b) BES output
power, (c) diesel generator output power, (d) inertia comparison
Finally, the load increases to 295 kW at t=35 s. Using the traditional LFC, the
system operates at 59.7 Hz, which causes the generator to supply 166.6 kW of power
and the BES to supply 26.19 kW. However, with the advanced LFC, BES tries to
supply more power to reduce the portion of power that the generator must provide.
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Thus, this operation causes the power supplied by BES to be 48.52 kW and the power
supplied by the generator to 145.1 kW. In this condition, the system operates at 59.8
Hz. This operation shows that the proposed control can change the battery participation
so that the system frequency is constant at 59.8 Hz. These results indicate that the LFC
settles the generator output at the desired value by continuously regulating the BES
output power.
Figure 2.15 (d) shows the power of the diesel generator when the load changes
at t = 35 s by comparing the inertia of different engines. The inertia 1x is stated as the
smallest inertia, while the inertia of 50x is stated as the enormous inertia. The least
inertia is the inertia that can be applied to diesel engines. In the case of an increase in
load, it is seen that each inertia gives a similar transient reaction. Generally, when an
increase occurs, the generator will react first so that the output power increases sharply.
The inertia of 1x or the smallest causes a faster reaction so that the generator reaches
its highest and lowest values in a fast time. In contrast to the inertia 50x or the largest
gives a little time for the generator to change its power. In this case, inertia causes a
difference in the transient response of the generator but does not affect the operation of
the proposed control.

2.5.2 Case 2 – Load decreasing
In this case, the load decreases gradually from 200 to 110 kW. The system is
initiated at 60 Hz with the load demand of 200 kW, which puts BESS in standby mode.
Figure 2.16(a),(b),(c),(d) illustrates the grid frequency, active power of BES, generator,
and generator active power for different inertia respectively. However, due to the
installed distribution line, the grid starts operating at 60.02 Hz.
At t = 15 s, the load changes to 185 kW. This event causes the frequency to rise
as the generator is trying to stabilize the system. The rise in the system frequency causes
the battery to start operating and participating in the system. BESS's participation
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creates a load-sharing point that the BESS and generator must satisfy due to the power
imbalance. The point is reached at 60.06 Hz, and the deadband area puts the BESS in
standby mode. This condition states that the proposed control Region 1 deadband area.
At t = 25s, the load decreases to 165 kW. The same event is repeated as the
battery, and the generator must find another load sharing point that reached 60.13 Hz

(a)

(b)
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(c)

(d)
Figure 2.16 Load decreasing case result; (a) frequency, (b) BES output power,
(c) diesel generator output power, (d) inertia comparison
(Region 1 droop side). In this region, the generator delivers 70.54 kW, and the battery
delivers –4.22 kW.
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Finally, the load decreases to 110 kW at t=35 s. Using the traditional LFC, the
system operates at 60.3 Hz, which causes the generator to supply 33.32 kW of power
and BES to supply –26.57 kW. However, with the advanced LFC, BES tries to absorb
more power so that the portion of power that the generator must provide becomes more.
This effort is made to reduce the frequency according to the control target. Thus, this
operation causes the power supplied by BES to be –46.92 kW and the power supplied
by the generator to 52.92 kW. In this condition, the system operates at 60.2 Hz. This
operation shows that the proposed control can change the battery participation so that
the system frequency is constant at 60.2 Hz. These results indicate that the LFC settles
the generator output at the desired value by continuously regulating the BESS output
power.
Figure 2.16 (d) shows the power of the diesel generator when the load changes
at t=35 s by comparing the inertia of different engines. The inertia 1x is the smallest
inertia applied to the engine, while the inertia 50x is the enormous inertia applied.
These results indicate that the engine inertia affects the transient response of the
generator. The smaller the inertia of the engine, the faster the generator will reach a
steady value. However, small inertia causes a rapid change in generator power from
the minimum to the maximum. This change may affect the stability of the system. On
the other hand, large inertia affects the time to steady-state and the overshoot value.
These results indicate that the difference in inertia does not affect the proposed control
operation.

2.5.3 Case 3 – PV output increasing
In this case, the PV output increases gradually from 100 to 190 kW. The system
is initiated at 60 Hz with the load demand of 200 kW and PV output 100 kW, which
puts BESS in standby mode. Figure 2.17 (a),(b),(c),(d) illustrates the grid frequency,
active power of BES, generator, and generator active power for different inertia
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respectively. However, due to the installed distribution line, the grid starts operating at
59.97 Hz.

(a)

(b)
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(c)

(d)
Figure 2.17 PV output increasing case result; (a) frequency, (b) BES output
power, (c) diesel generator output power, (d) inertia comparison
At t = 15 s, PV delivers 120 kW. This incident caused the system to overload
resources, causing generators and BES to swing and seek new operating points. The
load-sharing point was reached at 60.06 Hz, causing BES to be in the Region 1
deadband area and the generator to supply 85.59 kW.
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Then the PV power increases again to 140 kW at t = 25 s. The generator and
battery continue to find the load-sharing points. The load sharing point was reached at
60.13 Hz, causing the generator to supply 70.30 kW and BES to supply -4.35 kW. It
means that in this operation, the PV absorbs excess power from the system. It can be
seen in this operation Region 1 droop is actively working.
Finally, the PV power reaches 190 kW. With the same load, the system is under
excess power. Using the traditional LFC, the system operates at 60.27 Hz, which causes
the generator to supply 38.72 kW of power and BES to supply –22.74 kW. However,
with the advanced LFC, BES tries to absorb more power so that the portion of power
that the generator must provide becomes higher. This effort is made to reduce the
frequency according to the control target. Thus, this operation causes the power
supplied by BES to be –38.35 kW and the power supplied by the generator to 54.80
kW. In this condition, the system operates at 60.2 Hz. This operation shows that the
proposed control can change the battery participation so that the system frequency is
constant at 60.2 Hz.
Figure 2.17 (d) shows the diesel power when the PV power increases at t=35 s
by comparing the inertia of different engines. The results show that small inertia gives
the fastest response so that the generator reaches a steady state. However, the time
between the lowest and highest power is relatively fast. This change can affect the
stability of the system. On the other hand, large inertia affects the time to steady-state
and the generator power overshoot value. The results show that inertia does not affect
the proposed control operation in this case.

2.5.4 Case 4 – PV output decreasing
In this case, the PV output decreases gradually from 100 to 30 kW. The system
is initiated at 60 Hz with the load demand of 200 kW and PV output of 100 kW, which
puts BESS in standby mode. Figure 2.18 (a),(b),(c),(d) illustrates the grid frequency,
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active power of BES, generator, and generator active power for different inertia
respectively. However, due to the installed distribution line, the grid starts operating at
59.97 Hz.

(a)

(b)
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(c)

(d)
Figure 2. 18 PV output decreasing case result; (a) frequency, (b) BES output
power, (c) diesel generator output power, (d) inertia comparison
At t = 15 s, PV delivers 90 kW. This incident caused the system to suddenly run
out of power, causing the generator and BES to swing and look for new operating points.
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The load-sharing point reaches 59.9. Hz, causing BES to be in Region 1 deadband area
and the generator to supply 115.8 kW.
Then the PV power drops again to 70 kW at t = 25 s. The load sharing point is
reached at 59.86 Hz, causing the generator to supply 130.8 kW and BES to supply 5
kW. It can be seen in this operation, Region 1 droop is actively working.
Finally, the PV power reaches 30 kW. With the same load, the system
experiences a power shortage. Using the traditional LFC, the system operates at 59.75
Hz, which causes the generator to supply 155.6 kW of power and BES to supply 19.8
kW. However, with the advanced LFC, BES tries to deliver more power so that the
portion of power that the generator must provide becomes lower. This effort is made
to keep the frequency according to the control target. Thus, this operation causes the
power supplied by BES to be 31.52 kW and the power supplied by the generator to
144.7 kW. In this condition, the system operates at 59.8 Hz. This operation shows that
the proposed control can change the battery participation so that the system frequency
is constant at 59.8 Hz.
Figure 2.18 (d) shows the diesel power when the PV power decreases at t=35 s
by comparing the inertia of different engines. The results show that small inertia gives
the fastest response so that the generator reaches a steady value. However, the time
between the lowest and highest power is relatively fast, so it can affect the system's
stability. On the other hand, large inertia affects the time to steady-state and the
generator power overshoot value. The results show that inertia does not affect the
proposed control operation in this case.

2.6 Conclusion
An advanced load-frequency control that utilizes battery capabilities to keep
frequencies in a specific range is introduced. Region 1 functions to carry out the loadsharing mechanism between the diesel generator and the battery. Region 2 and Region
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3 function to maintain the system frequency in the desired range. By changing the load
installed on the system and PV output power, the proposed control's performance can
be verified. The results show when in Region 2 or Region 3, BES changes its output
power so that the frequency returns to the desired value. Moreover, the inertia
comparison study confirms whether the proposed control is working on different inertia
values.

Chapter 3
State-of-charge Control on
Advanced Load-Frequency
Control
3.1 Chapter Introduction
Previously, we discussed the structure of an advanced LFC. The proposed
control allows active participation of the BES based on the control work areas. In terms
of frequency, advanced LFC successfully answers problems and can help maintain
frequency stability. However, keep in mind that the islanded microgrid system's
operation is very volatile, both the load demand and the energy source for RES. By
operating BES using advanced LFC, BES operations may fluctuate over time. This
operation triggers BES degradation and causes short battery life.
When the battery has reached its age and cannot operate anymore, it must be
replaced. Replacement of this component may be very detrimental to the operator, as
the operator has to pay for battery replacement during a project period. Indeed, this cost
is usually considered if the replacement is made in the middle of the project period.
However, this replacement is very costly and makes the planning costs of battery usage
very expensive.
Battery life is mainly caused by calendric aging and cyclic aging factors.
Calendar aging occurs due to the nature of the BES itself. Aging is unavoidable but
predictable and has entered into manufacturing calculations. Other factors are
determined based on the operation of the BES during use. This factor is primarily due
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to the depth of discharge of the BES and the number of cycles. The cycles must be
taken into account so that the installation of advanced BES can still guarantee BES
operation without considering the replacement of BES.
One of the simplest ways to preserve battery life is to keep the number of BES
cycles minimum. Several studies suggest that by minimizing the depth of discharge of
a battery, the number of cycles that can be performed is more significant. The greater
the number of cycles, it extends the life of the battery. Thus, many studies on state-ofcharge (SoC) control have been carried out to keep battery depth of discharge (DoD)
to a minimum. However, for the implementation of BES in the islanded microgrid
system, this is quite the opposite. BES is needed to regulate frequency, but on the one
hand, DoD must be kept low so that battery life can be extended.
This chapter aims to propose SoC control on batteries. The proposed control is
not an SoC control but an advanced LFC control which has a different function.
Therefore, the proposed control is integrated with advanced LFC. Furthermore, the
proposed control utilizes the shifting droop reference to alter the battery output control.
This shift occurs based on the battery SoC information, which then changes the BES
output. These changes eventually led to a change in the battery SoC. This phenomenon
makes BES "as if" it has an SoC control in its control system. This control adopts a
control strategy which is divided into five strategic scenarios. This strategy regulates
how BES participates in the system based on the level of SoC currently held. Thus,
BES's participation is not "blind" participation, but participation paid attention to other
conditions.

3.2 State-of-charge (SoC)
One of the components that must be considered when discussing battery energy
storage (BES) applications is the state-of-charge. SoC is static battery availability to
operate. Usually, this status is represented as a percent (%) and counts zero to one
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hundred. If the level is 100%, it shows the cell is said to be fully charged. Some
batteries have limitations on their operation. However, it all depends on the type of
battery used because a battery SoC is closely related to the battery life cycle and battery
life.
The energy stored in the storage device is expressed as follows [48], [65]–[67].
If Pb is the battery output power, on charging mode (Pb(t) < 0), the power limitation
and SoC calculation are written as:

− Pb (t )t  KC Eb

(3.1)

SoC (t + 1) = SoC (t ) −  Pb (t )t

(3.2)

on the contrary, the power limitation and the SOC calculation when the BESS is in
discharging mode (Pb(t) > 0) are respectively expressed as:

Pb (t )t



 K C Eb

SoC (t + 1) = SoC (t ) −

(3.3)

Pb (t )t



(3.4)

where η is the BES efficiency, Kc is the maximum portion of the rated capacity that can
be added and released in an hour which determines the relation between the battery
power and energy, Eb is the rated maximum stored energy, and Δt is the scheduling
interval used in the study [66].
In a droop-based LFC, the output power of the generator is proportional to the
system frequency. Without any control changes, the generator continues to supply
power according to the predetermined ratio. However, the droop curve shift can create
changes in the generator output power [25]. On the other hand, the BESS output power
determines the SoC BESS at one time. For the SoC to be maintained within a
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predetermined range, BES must change its output power. Therefore, by applying a
droop-based LFC to the BES, droop shifting allows the BES to change its output power
while operating thus, allowing the SoC BES to remain at the desired limits.

3.3 Integrated State-of-charge control with

advanced LFC
Islanded microgrids share the same issue with stand-alone systems, namely
satisfying the load balance and regulate the system microgrid voltage and frequency.

Figure 3.1 Five scenarios control strategy
In both cases, the control strategy should consider the SoC limits and the battery
capacity [68]. An SoC control strategy that determines the BES operation for each
region is discussed in this subsection.
The proposed SoC control strategy is shown in Figure 3.1. This strategy is
divided into five control scenarios according to the SoC condition. These scenarios are
upper critical state (UCS), upper limit (UL), power sharing (PS), lower limit (LL), and
lower critical state (LCS). The proposed strategy can be performed by implementing a
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shifting droop control as the battery SoC control. The colored lines in Figure 3.2 show
the BES LFC with the SoC control effect. If we recall again from the previous chapter,
the deadband droop equation can be written as:
f dh − ( f 0  f s ) = K b ( Pbdh − Pb0 )

(3.5)

Thus, by applying the droop equation (3.5), the colored curve shift can be
expressed as:

f dh − ( f 0  f s + f n ) = Kb ( Pbdh − Pb0 )

(3.6)

where Δfn is frequency shift. The frequency shift is determined based on the control
scenario. Later in this section, Δfn will be defined. When the SoC level is between
SoCmax1 and SoCmin1, the BES operates on PS shown by the green line. There is no
frequency shift applied in this scenario. Thus, Δfn equals zero. This operation aims to
satisfy the power balance by regulating output power to satisfy the power balance and
keep the frequency within fmax and fmin. Assume a load demand PL1 is applied, the

Figure 3.2 Proposed state-of-charge (SOC) control scheme
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battery delivers Pb1 while the generator delivers Pd1. If the load demand PL2 is applied,
the BESS delivers Pb2 while the generator delivers Pd2.
By operating the battery at SoCmax1 ≤ SoC < SoCmax2, the scenario changes to
UL, illustrated by the grey line. This scenario allows the LFC curve (green line) to shift
by Δfn. It affects the nominal frequency of BES to shift to f0 +Δfs+Δfn where Δfn can be
written as:

f n = f crmax − f max

(3.7)

This operation shifts the maximum frequency to be fcrmax. By changing the nominal
frequency, the operation point of BES and generator are changed. Assume the load PL2
is applied while BES charges its energy. In this case, the BES delivers Pb2’, and the
generator output changes to Pd2’. This operation makes the BES and the generator
establish a new operating point. By substituting equation (3.7) to equation (3.6), the
curve can be expressed as:

f dh −  f 0 + f s + ( f crmax − f max ) = Kb ( Pbdh − Pb0 )

(3.8)

On the other hand, LL is activated when SoCmin2 < SoC ≤ SoCmin1, illustrated by
the purple line. This scenario allows the LFC curve (green line) to shift by Δfs. It affects
the nominal frequency of BES shifting to f0 -Δfs+Δfn where Δfn can be written as:

f n = f crmin − f min

(3.9)

This operation allows the minimum frequency to be fcrmin. By changing its frequency
limitation, the operation point of BES and generator are changed. Assume the load
demand PL1 is applied. The BES delivers Pb1’ while the generator delivers Pd1’. By
substituting equation (3.9) to equation (3.6), the curve can be expressed as:
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f dh −  f 0 − f s + ( f crmin − f min ) = Kb ( Pbdh − Pb0 )

(3.10)

The UCS is activated when the SoC level is over SoCmax2. In this scenario, the
BES stops its operation that brings the SoC to remain at this level. Assuming that the
load PL2 is applied, the BES power becomes zero. Hence, the generator satisfies the
load demand by delivering Pd2”. On the contrary, the LCS illustrated by the orange line
actively operates if the SoC level is below SoCmin2. Assuming that the load PL1 is
applied, the BES stops its operation. It causes the generator to meet all load demands
by delivering Pd1”.
In this control, the SoC level has a significant impact on the amount of battery
output power, so the battery power continuously varies according to the SoC level.
From Pb1 to zero or from Pb2 to zero, all those variations can be correlated using a
straight line illustrated by the dashed red line in Figure 3.2. This line describes BES
power's movement in the presence of the droop reference shift due to SoC. The red line
shows the relation between frequency shift Δfn and power changes ΔPbn. The line has
an identical slope as the generator droop curve. Thus, the relation between frequency
shift and power changes written as:

Pbn = f n 

1
R

(3.11)

where ΔPbn is the BES power changes, Δfn is the frequency shift, and R is the generator
droop gain. When the battery enters the critical state, both UCS and LCS, the droop
reference shifts according to the generator droop's slope level described in equation
(3.11). This shift causes the battery output to zero, so it can be written as:

0 − Pbdh = f n 

1
R
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Hence, it can be simplified into Equation (3.12).
− Pbdh  R = f n

(3.12)

Thus, by substituting equation (3.12) into equation (3.6), the Region 1 advanced LFC
can be written as:

f dh −  f 0  f s + ( − Pbdh  R )  = Kb ( Pbdh − Pb0 )

(3.13)

It can be concluded that a frequency shift is applied to the BES LFC curve in every
scenario. Thus, the frequency shift Δfn is written as in equation (3.14).
 − Pbdh  R;
SoC  SoC max 2
 crmax
f
− f max ; SoC max1  SoC  SoC max 2


f n = 
0;
SoC min1  SoC  SoC max1
 f crmin − f min ; SoC min 2  SoC  SoC min1


SoC  SoC min 2
 − Pbdh  R;

(3.14)

Every shift in equation (3.14) is substituted into the LFC equation (2.28) so that the
reference shift applies in each region. Finally, the LFC curve that includes the SOC
control is shown below:

Pbdh

 f dh − ( f 0 + f s + f n )  f max − f + f n 
0
dh

+
 + Pb ;
Kb
R




f dh − ( f 0 + f s + f n )

+ Pb0 ;

Kb

=
0;

0
f dh − ( f − f s + f n )

+ Pb0 ;

Kb

 f dh − ( f 0 − f s + f n )  f min − f + f n 
0
dh

+
 + Pb ;
K
R



b

f dh  f max + f n
f 0 + f s + f n  f dh  f max + f n
f 0 − f s + f n  f dh  f 0 + f s + f n
f min + f n  f dh  f 0 − f s + f n
f dh  f min + f n

(3.15)
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Figure 3.3 SoC control block diagram
Equation (3.15) shows the completed LFC with SoC control. This control
allows a load-sharing mechanism in BES that monitors its SoC at the predetermined
range. A block diagram of the proposed SoC control is shown in Figure 3.3. This
control is distributed into four parts: top to bottom, UCS, UL, PS, LL, and LCS. The
UCS and LCS scenarios use PI control (Kpsoc and Kisoc) to maintain the battery output
at zero, resulting in a frequency shift with zero BES output power. Both the UL and
LL scenarios only use simple mathematical operations because the frequency shift has
been fcrmax or fcrmin. This block's result is a frequency shift passed on to the LFC block
in Figure 3.3. Combining the advanced LFC block diagram in Figure 2.7, the completed
control block diagram containing LFC and SoC control is shown in Figure 3.4. This
figure shows that the SoC condition at one time affects the BES output power obtained
from the LFC.

3.4 Detailed System Model
Same to the system in Chapter 2, the microgrid system model used in this study
refers to [20]. According to the reference, the study modeled the microgrid system in
the Philippines. Both source capacity and load size were obtained. It is assumed that
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Figure 3.4 Completed SoC control with Advanced
LFC
the system mainly relies on diesel power generation, which implies high generation
and operational costs due to varying fuel costs and transport costs. The load demand
used in the study is based on the average load profile obtained from the actual data of
22 islands in the country. From these data, it is known that the load is never below 50%
of the peak load. However, this study tries to demand a lower load than that obtained
because the load characteristics are rural consumers. The data also states that the peak
load is defined as 50% of the installed power generation capacity without a battery [56].
In this experiment, two types of experiments with different systems are carried
out. The first system is used to verify the system at short notice, while the second
system is used to verify the system when it is operating on one day and the system
operation in one year. Thus, in this section, the three systems are introduced. The
systems model must be explained because the size of the battery carried out at a short
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time is different from that of the others. The software used is also different for shortterm operations by one day and one year.

3.4.1 Short-term system model
In the short-term study, the proposed control is verified by applying a system
model similar to the model used in Chapter 2. The system used is an islanded microgrid
system consisting of a diesel generator, PV, BES, and load. The size of the system used
is also the same as that used in Chapter 2. However, now the battery size is also
determined to calculate the SoC of the battery each time. The measure used is a measure
that makes it easier for SoC investigations that are not possible in the application. In

Figure 3.5 Battery SoC calculation model
this study, the battery model used in MATLAB / Simulink is the same as the model
used in Chapter 2, but there are additional blocks for SoC calculations. Based on
equations 3.2 and 3.4, the block diagram used is shown in Figure 3.5
Table 3.1 Short-term operation BES parameter
Description
BES Capacity
BES efficiency
Deadband area
Maximum frequency
Minimum frequency
Shifted frequency max limit
Shifted frequency min limit

Parameter
Eb
η
Δfs
fmax
fmin
fcrmax
fcrmin

Value
2 Ah
85%
0.1 Hz
60.2 Hz
59.8 Hz
60.3 Hz
59.7 Hz
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SOC control proportional gain
SOC Control integrator gain
Initial SOC
BESS SOC level

KPsoc
KIsoc
SOCinitial
SOCmax2
SOCmax1
SOCmin1
SOCmin2

0.1
0.1
60.00%
75.00%
70.00%
50.00%
45.00%

The proposed control SoC has a function to shift the LFC curve according to
the battery SoC information. The limit values of SoC, SoCmax2, SoCmax1, SoCmin1, and
SoCmin2, are predefined. The steps that can be taken to determine the limit value
determine UCS and LCS's parameter values. This value determines which area BES
can work so that BES stops working when the SOC is lower than SoCmin2 or greater
than SoCmax2. Then SoCmax1 and SoCmin1 are determined in the area where BES can
work optimally. Some studies say that it is good to operate between 40-80% for some
types of batteries. This range can be used as a reference for verifying control
performance. However, in this experiment, verification is not yet an application, so that
all tests carried out only based on the control can read the SoC value and convert it into
a command to change the output power. The BES model and control parameter is
represented in Table 3.1.

Figure 3.6 Load & PV output profile for one-day operation [20],[70]
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3.4.2 One-day & one-year operation system model

Figure 3.7 Load factor for one-year operation [20]
In this operation, the system considered is a microgrid composed of a
combination of PV, BES system, and conventional droop-controlled units (in this study
diesel generator is utilized). Each of these units is connected to the microgrid AC bus,
as discussed in the previous section. This configuration is obtained by combining the
systems described in [69]. The microgrid that contains a diesel generator with a rating
is 390 kW, a PV array with maximum output power is 200 kW, and BES with a capacity
of 65 MWh/50 kW is utilized to investigate the proposed BES control. The hourly data
of renewable DER (PV) and loads are obtained from [70] and [20], shown in Figure
3.6, respectively. In this study, the load factor is also obtained from [20] to represent
load variation in the 1-year operation shown in Figure 3.7. By using this model, oneday operation and one-year operation experiments are conducted.
Table 3.2 One-day & one-year operation BES parameter
Description
BES capacity
Deadband area
Maximum frequency
Minimum frequency
Shifted operation limit

Parameter
Eb
Δfs
fmax
fmin
fcrmax
fcrmin

Value
65 MWh
±0.1 Hz
60.2 Hz
59.8 Hz
60.3 Hz
59.7 Hz
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Description
Generator droop gain
BES droop gain
Battery efficiency
Initial SoC

BES SoC level

Parameter
R
Kb
η
SoCinitial
SoCmax1
SoCmax1
SoCmin1
SoCmin1

Value
0.03 pu
0.05 pu
85%
50%
90%
70%
40%
30%

This simulation is carried out using Microsoft Excel so that the calculation of
output power, frequency, and SoC is based on the mathematical calculations that have
been described (both this chapter and the previous chapter for other controls). Thus,
the generator swing characteristics are not reflected in this operation, likewise with the
battery model. The battery model is based on the battery equation described in this
chapter. By borrowing the battery data from [71], the battery control parameters are
given in Table 3.2, along with the operating limits. As the control parameter SOCmax2,
SOCmax1, SOCmin1 and SOCmin2 respectively are set to 90%,70%, 40%, and 30%.
Deadband droop control, the traditional LFC, and advanced LFC are also
simulated to evaluate the proposed control's performance. Both traditional and
advanced LFC are used as a comparison to the proposed control. The traditional LFC
is a droop control that has a deadband function. It is similar to advanced LFC but is
only composed of Region 1. On the other hand, as described in the previous section,
the advanced LFC is a deadband droop control with a frequency limit.
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3.5 Results and Discussion
3.5.1 Short-term operation
3.5.1.1 Case 1 – Load increasing
In this case, the load increases from 200 kW to 295 kW. The system is initiated
at 60.02 Hz and SoC at 60%. Figure 3.8(a)–(c) illustrates the BES active power, system
frequency, and SoC. At t = 10 s, the load increases to 295 kW. It causes the system

(a)

(b)
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(c)

Figure 3.8 Short-term operation - load increasing; (a) BES
active power, (b) frequency, (c) BES Soc
frequency to drop from 60.02 Hz to around 59.78 Hz as the generator reaction. The
reaction triggers the BES to operate, shown in Figure 3.8(a) and Figure 3.8(b).
When the battery participates in the system, both generator and BES start
finding the load sharing point to keep the power balance. The point is achieved at 59.8
Hz while the BES supplies 29.2 kW. The power supplied by the BES results in a
decrease in SoC. It causes the SoC is decreasing to SoCmin1, as shown in Figure 3.8(c).
At t = 20 s, the SoC operation changes from PS to LL, where the minimum frequency
limit changes to fcrmin, which puts the system frequency to 59.72 Hz. Changes in the
minimum frequency limit unnecessarily make the frequency at fcrmin, yet the frequency
still depends on the LFC curve. Now, the BES power drops to 18.06 kW, resulting in
a less sharp drop in SoC than the PS scenario. With the same load demand, the declining
SoC continues until it reaches SoCmin2. The SoC operation changes to LCS where BES
stops operating (returns to standby mode) and puts the SoC maintained at 45%. It
causes the frequency to drop to 59.65 Hz, which comes from the generator's governor
system. In contrast, without implementing SoC control, the frequency is maintained at
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59.8 Hz. However, a continuously decreasing SoC may cause the SOC to be outside its
operating limits or the battery to be undercharged.

3.5.1.2 Case 2 – Load decreasing
In this case, the load decreases from 200 to 110 kW. The system is initiated the
same with the SoC control Case 1. Figures 3.9(a)-(c) illustrates the BES active power,
system frequency, and the BES SOC, respectively. At t = 10 s, the load decreases to
110 kW. It causes the system frequency to rise to around 60.25 Hz as the system
reaction. The reaction triggers the battery to operate, as shown in Figure 3.9(a),(b).

(a)

(b)
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(c)
Figure 3.9 Short-term operation - load decreasing; (a)
BES active power, (b) frequency, (c) BES SoC
Once the battery participates in the system, both generator and battery start
finding the load sharing point to keep the power balance. The point is achieved at 60.20
Hz when the battery delivers -43.79 kW. The power absorbed by BES increases SoC.
It causes the SoC to increase to SoCmax1, as shown in Figure 3.9(c). At t = 20 s, the SoC
operation changes from PS to UL, where the maximum frequency limit changes to fcrmax,
which puts the system frequency to 60.36 Hz. Changes in the maximum frequency limit
unnecessarily make the frequency at fcrmax, yet the frequency still depends on the LFC
curve. Now, the BESS charging power has dropped to -8.75 kW, resulting in a less
sharp rise in SoC than the PS scenario. With the same load demand, the incline in SoC
continues until it reaches SoCmax2. The SoC operation changes to UCS, where BESS
stops operating (returns to standby mode) and puts the SoC maintained at 75%. It
causes the frequency to rise to 60.40 Hz, which comes from the governor's system
owned by the generator. In contrast, without implementing SoC control, the frequency
is maintained at 60.20 Hz. However, a continuously increasing SoC may cause the SOC
to be outside its operating limits or the battery to be overcharged.
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3.5.1.3 Case 3 – PV output increasing
In this case, the load is maintained at 200 kW, while the PV power increases
from 100 to 190 kW. The system is initiated at 60.02 Hz and SOC at 60%. Figure
3.10(a),(b),(c) illustrate the battery active power, system frequency, and the SoC,
respectively. At t = 15 s, the PV increases to 190 kW. It causes the system frequency
to rise to around 60.3 Hz as the system reaction against surplus power. The reaction
triggers the battery to operate, shown in Figure 3.10(a) and (b).

(a)

(b)
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(c)
Figure 3.10 Short-term operation – PV output increasing; (a)

BES active power, (b) frequency, (c) BES SoC
Once the battery participates in the system, both generator and battery start
finding the load sharing point to keep the power balance. The point is achieved at 60.30
Hz when the battery tries to deliver −45.92 kW, increasing BES SoC. It causes the SoC
to reach SoCmax1, as shown in Figure 3.10(c). At t = 20 s, the SoC operation changes
from PS to UL, where the maximum frequency limit changes to fcrmax. It puts the system
frequency to 60.3 Hz. However, changing the maximum frequency limit unnecessarily
makes the system operates at fcrmax, yet the frequency still depends on the load-sharing
point.
Now, the BESS charging power has dropped to −30.62 kW, resulting in a less
intense rise in SoC than the PS scenario. With the same load demand, the incline in
SoC continues until it reaches SoCmax2. The SoC operation changes to UCS, where BES
stops operating (returns to standby mode) and puts the SoC maintained at 75%. It
causes the frequency to rise to 60.42 Hz, which comes from the governor's system
owned by the generator. In contrast, without implementing SoC control, the frequency
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was maintained at 60.30 Hz. However, a continuously increasing SoC may cause the
SoC to be outside its operating limits or the battery to be overcharged.

3.5.1.4 Case 4 – PV output decreasing
In this case, the load is maintained at 200 kW, while the PV power decreases
from 100 to 20 kW. The system is initiated the same with the SoC control Case 3.

(a)

(b)
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(c)
Figure 3.11 Short-term operation – PV output decreasing; (a)
BES active power, (b) frequency, (c) BES SoC
Figure 3.11(a),(b), and (c) illustrate the BES active power, system frequency, and the
SoC, respectively. At t = 10 s, the PV decreases to 20 kW. It causes the system
frequency to drop to around 59.7 Hz as the system reaction. The reaction triggers the
battery to operate, as shown in Figure 3.11(a),(b).
Once the battery participates in the system, both generator and battery start
finding the load sharing point to keep the power balance. The point is achieved at 59.8
Hz when the battery tries to deliver 31.72 kW. The power delivered by the battery
causes the SoC to drop. When the SoC reaches SOCmin1, the SoC control works and
shifts the LFC curve of the battery. Now the operation changes from PS to LL, where
the maximum frequency is shifted to fcrmin. This shift causes the system to operate at
59.7 Hz, which causes a slight reduction in the power delivered by the battery to 15.53
kW. Participation from the battery still makes the SoC move down until it finally
reached SoCmin2. Now the operation has changed to LCS, so the battery must now stop
operating. The battery that has not participated makes the generator compensate for the
lack of power. As a result, the system frequency drops to 59.66 Hz. Stopping battery
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operation is also synonymous with stopping the SoC drop at 45%. It can be seen that
the proposed control keeps the SoC at a predetermined range by manipulating the
output power of the battery. Compared to traditional LFC, the battery SoC steadily
drops and causes the battery to be unable to participate when needed.

3.5.2 One-day operation

(a)

(b)

(c)
Figure 3. 12 One-day operation result; (a) BES active power, (b)
frequency, (c) BES SoC
In this case, a one-day operation is conducted to investigate the proposed
control operation. Figures 3.12(a)-(c) illustrates the BES active power, system
frequency, and the BES SoC, respectively. When BES is operated using traditional
LFC for one-day operation, the system frequency fluctuates between 59.48 – 60.46 Hz
shown in Figure 3.12(b). It is achieved since the droop control allows BES to do load
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sharing with the generator. An LFC control is introduced to improve the grid
performance. The result shows LFC's use can improve the frequency value to be
between 59.8 – 60.2 Hz. By applying this control, the system frequency can be
suppressed at a specific value and put the diesel generator output indirectly suppressed
by BES. The suppression causes BES to compensate for all the system changes where
directly causes rapid SoC changes. Without operation restrictions on BES, the SoC
may exceed 100% or less than 0%. Figure 3.12(c). shows that although the system
frequency is maintained, the SoC level nearly exceeds 100%. In an actual application,
it is impossible to put the battery SoC exceeds 100%, which the battery is overcharged.
After the system frequency problem is resolved, the SoC problem with BES itself
should not be left.
The proposed control, named advanced LFC with SoC control, is implemented
to overcome this problem. By implementing shifted-droop control, BES regulates its
output power while maintaining its SoC. In Figure 3.12 (a), there is a change in the
power supplied by BES. This change is also in line with changes in the system
frequency shown in Figure 3.12 (b). This change occurs when the SoC level touches
the control parameter values shown in Figure 3.12 (c). It is achieved by the BES droop
curve, which often changes depending on the level of SoC. At first, the results of this
control are similar to the LFC result. However, at t = 10 h, when the SoC starts to reach
SoCmax, the SoC control starts operating the Upper Limit. In this state, the BES charging
power decreases to slow the SoC increasing rate represented in Fig. 3.12(c). Lower
Limit operation is also encountered in this case. At t = 22 h, the SoC of the battery
touches 40%, the lower limit or SoCmin. This event leads to change the operation to
Lower Limit so that a shift in the Advanced LFC curve occurs. This shift led to different
BES participation when compared to other controls. BES reduces the amount of power
that must be supplied by it. This shift causes the BES operation to absorb power to
avoid SoCmin. When applying the proposed control, the system frequency maintains

91

within the allowed range. Furthermore, BES SoC during operation can be maintained
within the range of 50 – 90%.

3.5.3 One-year operation
The last verification is a one-year operation test. Figure 3.13(a) shows the
system frequency result from all the controls, while Figure 3.13(b) shows the battery

(a)

(b)

Figure 3.13 One-year operation result; (a) Number of
frequency events, (b) Number of SoC events
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SoC. The frequency fluctuates between 59.5 – 60.4 Hz in a one-year operation when
traditional LFC is performed. The advanced LFC implementation offers a frequency
suppression that allows the frequency to fluctuate around 59.8 – 60.2 Hz. Compared to
the traditional LFC result, the advanced LFC suppresses the frequency around the
described range, which leads to around 4,000 events on 60.15 – 60.2 Hz. It means the
battery regulating its output power to keep the frequency suppress at 60.2 Hz. The same
result appears at the lower frequency side, roughly 1,500 events on 59.75 – 59.8 Hz.
However, this participation brings a drawback to the battery. A considerable fluctuation
in the SoC appears as the battery's participation, as shown in Figure 3.13(b). The SoC
exceeds the limitation roughly 2,200 times, which does not apply to the implementation.
By using the proposed control, the SoC control is done by slightly relaxing the
battery control frequency limitation (fmax -> fcrmax; fmin -> fcrmin). It leads the battery to
reduce its output power when the SoC is outside of the desired range. Compared to the
LFC, the proposed control brings a similar performance. The control allows the
frequency is suppressed at fmax and fmin and shift to fcrmax and fcrmin if the SoC touches
the control parameter. Figure 3.13(a) shows the proposed control allows the frequency
to shift. The control puts the system frequency be 59.7 – 60.3 Hz when the SoC is
outside the desired range. The frequency fluctuates around 60.25 – 60.3 Hz around 750
times. It means the frequency shifts to suppress the SoC while maintaining the power
balance. It brings some differences to the SoC result, as shown in Fig. 3. The proposed
control keeps the SoC to be around 45 – 75%.
The number of events in one frequency range on the LFC result is relatively
high because the control suppresses the frequency at the fmax or fmin. However, this
results in a wide SoC range in the battery (up to about 95%). On the other hand, the
SoC control allows the frequency to become slightly wider than the LFC. The SoC
control shifts fmax to fcrmax and fmin to fcrmin. This shift causes the battery SoC to fluctuate
over a narrower area and within a predetermined range.
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3.6 Conclusion
In this chapter, further application of advanced LFC is carried out by adding an
SoC control feature based on the droop shift method. The proposed SoC control applies
five control scenarios. Each control scenario provides a different BES operation based
on the current SoC level. When the SoC level is outside the desired area, a shift in the
LFC curve occurs so that BES changes its output power to maintain the SoC level.
Control is verified through three operation cases, short-term operation, one-day
operation, and one-year operation. The results show that by utilizing the proposed
control, the BES can keep its SoC in the desired range by changing its output power,
resulting in a slightly "relaxed" system frequency.

Chapter 4
Optimal Battery Energy Storage
Sizing with Advanced LoadFrequency Control
4.1 Chapter Introduction
Electrical energy storage is recognized as underpinning technologies to have
great potential to meet system stability challenges. As one of its kind, the deployment
of battery energy storage (BES) is proposed. During the decision-making process of
planning, information regarding the effect of BES on power system stability and
economics is required before it can be introduced as a decision variable in the power
system model. Using BES for frequency regulation, the system response to load
variations is extremely fast because BES is a device based on power electronics
containing a battery and inverter. Besides, many studies on BES have been carried out,
so its ability to regulate frequency is more robust with greater capacity and lower selfdischarge rates. In [72], a technical overview of battery energy storage systems and
illustration of various operation modes for BES is introduced. Moreover, research
related to BES frequency regulation is becoming an emerging research line due to
increasing research in microgrid systems and RES fields [26], [72]–[74].
When discussing the advantages of BES, the significant issue of the battery
must also be discussed. One of the main issues is the high price of BES equipment.
This high cost is due to several things such as capital, operation, and maintenance costs
so that BES can operate during its lifetime. Designers often overestimate battery sizes
to guarantee reliability in the system. The designers are also afraid that if the BES size
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is too tiny, the BES cannot operate according to its function. However, if the installed
BES is too large, the BES can still operate, but the costs incurred to install the BES are
too large. Therefore, many studies on BES sizing were conducted. Several studies have
conducted sizing of BES by implementing frequency regulation [52], [71]–[77].
An emergency resistor is used to optimize BES with frequency regulation when
over-frequency occurs. This method considers the state-of-charge (SoC) limits [75].
Research by [71] proposes a comprehensive BES sizing. This method is tested on a
microgrid system by applying several operation scenarios. A control scheme using the
optimal sizing of BES-based particle swarm optimization (PSO) with a load shedding
scheme to improve the grid frequency after islanding occurred is proposed in [76]. In
[52], a BES sizing strategy for primary frequency regulation is proposed. This method
proposed a penalty function that depends on SoC. A paper investigating the impact of
energy storage systems on low-inertia microgrids' frequency and voltage stability is
conducted [77]. However, factors related to BES unit cost have to be considered,
including an economic evaluation of its performance characteristics.
As discussed in the previous chapter, the problem of frequency stability can be
resolved by implementing BES into the system. By implementing deadband droop
control with frequency limits, advanced load-frequency control (LFC) performs better
than traditional LFC. However, the proposed control study cannot stop at the technical
discussion stage alone. Need further discussion to find out the system performance
while the battery is operating. Moreover, the controls should be tested for a more
extended period and a more pronounced system condition to describe the BES
performance comprehensively.
Further investigation is needed whether, in a long period and more real system
conditions, BES can fulfill its role in regulating frequency. Not only that, if an
economic analysis is carried out, it is also necessary to investigate whether the proposed
control has an economic advantage, namely lower costs than traditional LFCs. This
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advantage can be realized if the BES size optimization is performed while the advanced
LFC is implemented.
This chapter proposes a BES sizing that applies a frequency regulation function.
The optimization model or expansion planning cost in this chapter covers the battery's
investment costs as often done by many researchers and the microgrid operation cost.
The microgrid operation cost consists of the fuel cost generated by the generator and
the load curtailment. Active-frequency power control is applied to improve BES
performance. An advanced LFC is used in BES as a function of power regulation. The
control implements the droop control method that allows BES to supply power based
on the system's frequency deviation. Also, a frequency limitation control is applied to
LFC to maintain the system frequency within a specific range. This chapter discusses
how the proposed control affects the battery size and the battery technology selection
according to the expansion cost and the battery limitation, such as cycle life.
The rest of the paper is organized as follows: Section 2 describes the installation
of BES. Section 3 describes the optimization model to find the optimal battery capacity.
Section 4 outlines the optimization approach. The system model is explained in Section
5. The optimization results and the discussion on the proposed model are provided in
Section 6 to demonstrate the proposed LFC benefits and validate its applicability. The
conclusion is provided in Section 7.

4.2 Battery Energy Storage Installation
4.2.1 Battery Energy Storage Technology
Battery energy storage consists of several components: the battery bank, the
DC-AC converter, the DC and AC filters, the protection circuits, and the step-up
transformer [78]. The battery bank becomes the primary unit of BES. A significant
development in battery technology is performed. Different types of batteries are being
developed, of which some are available commercially while some are still in the
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experimental stage [19]. There are some types such as lead-acid, lithium-ion (Li-ion),
sodium-sulfur (NaS), nickel-cadmium (NiCd), and vanadium redox (VR). The leadacid battery is the most mature technology, which has been employed for a majority of
power system applications. Meanwhile, the Li-ion, NaS, and NiCd batteries represent
the leading technologies in high-power-density applications [39].
In BES sizing terms, the battery capital cost is composed of power rating cost
in $/kW and energy rating cost in $/kWh. Each technology offers different capital costs
based on its characteristics. When choosing a battery technology, the low capital cost
is not a critical factor [79]. It should also be noted other factors, such as life cycle,
maintenance cost. Each technology has a different life cycle, high maintenance costs,
and different operating temperatures, affecting the BES application in the system [80].

4.2.2 Battery Energy Storage Size
The BES capital cost mainly depends on battery size, both power, and energy
rating. This cost positively affects the expansion planning cost. Figure 4.1 shows the
expansion cost as a function of BES size [81]. Expansion planning costs consist of the
battery capital cost and the microgrid operation cost. These two variables are key
components to determine whether a BES can be implemented or not. The two of them

Figure 4. 1 Total expansion planning cost against BES size [81]
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have different properties. When referring to Figure 4.1, the summation between the two
variables shows the microgrid expansion plan curve or the BES installation plan cost.
Microgrid operation cost is the cost generated due to the operation of the
generator in the system. This cost is broadly the fuel incurred by the operator to operate
all generators in the system. These costs are based on the main driving force of the
generator, also called the cost function. There are many types of prime movers, each
of which has a different function. Generally, the cost function is represented by a
second-order polynomial equation. This equation is not provided directly by the
manufacturer. Manufacturers only provide prime mover operation reports from no load
to full load. From these data, the cost function can be determined. There have been
many studies conducted to model the cost function of a prime mover. Many studies
write that each prime mover also has its uniqueness and operating characteristics that
can affect cost functions. For expansion planning using BES in the islanded system,
the greater the installed BES capacity, the cheaper the microgrid operating costs. It is
because the greater the capacity of BES, the more significant the contribution made by
BES. It impacts the lower the generator's power and the less fuel required to operate
the generator.
The battery investment cost is proportionally linear with the battery size.
Battery investment costs consist of battery capital costs, operation and maintenance
costs. Often operating costs and battery capital costs only apply to one battery lifetime
while maintenance costs are calculated annually. It is intended to maintain battery
performance and ensure the battery can work in one project time. All of these costs
depend on the size of the battery installed. In battery planning, size is often discussed.
Apart from the economic side that must be considered, there is also a technical side
that becomes the basis for planning the battery installation. Too small a battery size
cannot participate in the system.
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In contrast, an oversize BES is economically unattractive. Therefore, there is a
confluence between microgrid operating costs and battery investment costs. However,
as the battery size is increased, the microgrid operation is reduced. The lowest point of
the expansion planning cost is the optimal point. This point shows the highest BES
capital cost and the cheapest operation cost that can be achieved together. A mixedinteger programming (MIP) model is used to formulate the optimal BES sizing problem
[82].

4.2.3 Battery Energy Storage Degradation
In BES operation, the degradation problem is often encountered. It is mainly
caused by two factors: calendric aging and cyclic aging. The calendric aging is
encountered even if the BES is not operated. Meanwhile, the cycle aging mainly comes
from BES depth of discharge (DoD) and the number of cycles [83], [84]. The number
of cycles and DoD determines whether the BES might need to be replaced before the
end of the considered project lifetime or not. They are neglecting those matters in
expansion planning results in an inaccurate economic assessment. Figure 4.2 shows the
typical battery life cycle model versus DoD that the manufacturers usually provide [71],

Figure 4. 2 Linearization of the lifecycle as a function of the depth of
discharge [85]
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[85]. Several studies to estimate the battery lifecycle have already been proposed.
Those studies exhibit an exponential form of the relationship [86]–[88].

4.3 Optimization Approaches
4.3.1 Mathematical Programming
A battery energy storage system's operation can be modeled into an
optimization problem with a cost function defined by a mathematical grid calculation,
a financial mathematical calculation, or both. In modeling, some limitations must be
defined so that optimization problems can be resolved. Several approaches can be used
in modeling these problems and solving them, such as; mathematical programming,
Stochastic programming, dynamic programming, and optimal control. One that is
widely used in modeling electric power systems is mathematical programming. This
programming has several examples, such as linear programming (LP) and mixedinteger programming (MIP). The modeling of each is discussed below.
Linear program
minimize
cT x
subject to Ax  b
and
0 x x

For linear programming, the cost function is defined as a combination of the decision
variable, x, which is limited by linear constraints. Then, the decision variable must be
between zero and the upper bound of x [89]–[91]. Another example that is often used
to model expansion planning problems is MIP. Similar to LP. Generally, the objective
function in MIP is to minimize or maximize.

101

Mixed-integer program
minimize
subject to
and

cT x + oT y
Ax + Gy  b
0 x x
0  y  y, y 

For MIP, the cost function is defined as a combination of the x and y decision variables.
This programming is widely used in cases involving a component's working status
[92]–[94]. Furthermore, MIP is widely used to resolve unit commitment generator
problems. Considering the many changes in generator operation during the active life
and the BES operation that may fluctuate, MIP was chosen to model the problem.
The approach that is often used in MIP problems is the branch and bound
algorithm. This approach is divided into two stages of completion [95], [96].
1.

Bounding process: At this stage, the mixed-integer problem is simplified,
or the problem relaxes by removing the integral limitation so that it
becomes an LP problem. This process often happens because, in electrical
system modeling, this kind of thing cannot be avoided.

Figure 4.3 Bound and branch algorithm
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2.

Branching process: At this stage, the problem is broken down into several
smaller sub-problems. This process is done to facilitate problem-solving.

Several software tools are available to solve MIP problems, such as CPLEX,
Xpress-MP, and SYMPHONEY. These tools are potent solvers that utilize a
combination of branch and bound techniques and cutting-plane techniques to speed up
the time for solving MIP problems by computers. It results in solving problems in the
electrical system or expansion planning problems in MIP that can be solved using a
personal computer [81], [95], [96]. In this thesis, the software used to solve expansion
planning problems is the IBM ILOG CPLEX Optimization Studio or CPLEX.

4.4 Optimization Model
The BES investment cost mainly depends on its size, both power rating and
energy rating. The oversized BES is unattractive for investment. On the other hand, the
undersized BES may not satisfy the demand. This section discusses in detail the
objective function and constraints associated with the implementation of BES LFC.
The proposed BES optimal selection and sizing problem’s objective is to minimize the
planning and operating cost subject to operational constraint.
min  Q ( aPgdh 2 + bPgdh + c ) + V  LLdh +  PbR ( CP + CM ) + EbR ( CE + CI )
d

h

d

h

(4.1)

The terms in equation (4.1) represent the expansion planning cost. It consists of
microgrid operation cost, the value of lost load (VOLL), and the BES investment cost.
The microgrid operation cost is composed of the fuel needed by the generator during
its operation. The energy is determined according to the power supplied by the
generator to the system. The generator is assumed to be a thermal unit generator that
transforms the fuel-based energy source into electricity. Hence, the fuel needed is a
quadratic function of the generated power. The process is imposed by the cost
coefficients that determine the fuel cost.
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The VOLL is used to quantify the economic loss associated with unserved
energy. It is represented by the willingness of the customer to pay for reliable electricity
service. Power rating and energy rating capital costs, annual maintenance cost, and
installation cost are the components of the BES investment cost. The power conversion
system is assumed embedded in the power rating capital cost. Usually, the annual
maintenance cost is given in terms of the BES power rating. On the other hand, the
installation cost is calculated according to the BES energy rating. Both the capital costs
and installation costs are annualized using equation (4.2).
r (1 + r )

T

Annualized cost =

(1 + r )

T

−1

 one time cost

(4.2)

4.4.1 Microgrid Constraints
Microgrid constraints include the power balance, and grid limitation is shown
in (4.3)-(4.5).

P

iG

gidh

+ Pbidh +

P

iW 

ridh

+ LLdh = PLdh

 ( Pgidh − Pg0 ) 
f
f dh = R 
pu
 P

f min  f dh  f max

pu

+ f0

d , h

(4.3)

i  G, d , h

(4.4)

d , h

(4.5)

The power balance (4.3) ensures that the power generated from all generators,
RESs, and BES equals the load demand at one time. The BES power and generator
power are determined based on the LFC calculation. BES is discharging when the
power is positive and charging when negative. The linear equation model is necessary
to solve the model without introducing non-linear equations. Hence, the power losses,
as well as the bus voltage magnitude and angle, are ignored. The generator acts as the
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system backbone. Both the grid voltage and frequency are determined based on the
generator output. In islanded microgrid systems, droop control applications are widely
used. It allows the system to operate outside the nominal frequency. By applying the
droop control, the grid frequency is determined based on the droop slope and the
generator output power at each time interval in equation (4.4). The frequency is limited
by maximum and minimum value. It is represented by equation (4.5).

4.4.2 Generator Constraints
The generator power is limited by maximum and minimum capacities
illustrated in equation (4.6). Moreover, the ramp-up and ramp-down limitations, (4.7)
and (4.8), are also included in the constraints.
Pgi min  Pgidh  Pgi max

i  G, d , h

(4.6)

Pgidh − Pgid ( h−1)  RUi

i  G, d , h

(4.7)

Pgid ( h−1) − Pgidh  RDi

i  G, d , h

(4.8)

4.4.3 BES Constraints
In this study, as the proposed LFC is installed on BES, the BES constraints must
be included in the optimization model. The following equations model the constraint.


max

(f
=

 min =

(f

max

− f 0 ) P pu
f

min

pu

R

− f 0 ) P pu
f pu R

+ Pg0

(4.9)

+ Pg0

(4.10)
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− Pb R  Pbdh  Pb R

d , h

(4.12)

 min Pb R  EbR   max Pb R

d , h

(4.13)

d , h

(4.14)

d , h

(4.15)
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d , h

(4.16)

1
e
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(4.17)

Ebdh = Ebd ( h−1) −

dch
Pbdh
h
ch ch
− Pbdh
 h
dch


(1 −  ) EbR  Ebdh  EbR

(

 bdh = udh − ud ( h−1) udh

 
d

h

dh



By recalling the advanced LFC concept in Chapter 2, when BES is in Region 2,
the output power compensates for the difference between the load demand, the RES
output power, and generator power at fmax. This power is represented by the equation
ρmax (4.9). In charging mode, the output power is determined according to Region 1 and
Region 3. In Region 3, the output power comes from the load demand, the RES power,
and the generator power at fmin. This power is represented by the equation ρmin (4.10).
Equation (4.11) represents the output power of BES. This equation is
represented in two parts to determine the BES charging/discharging mode. The first
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part of the equation illustrates the discharging mode, and the second one illustrates the
charging mode. When BES is in discharge mode, the output power is determined based
on Region 1, representing the deadband droop, and Region 2, representing the lower
frequency saturation area. In Region 1, when BES operates in the deadband area, the
output power is zero.
The charging/discharging powers of BES are limited by its power rating, in
which the negative power illustrates the charging mode and positive power illustrates
the discharging mode. The charging/discharging powers are illustrated in (4.12). The
energy rating is correlated to the power rating and cannot be sized independently. The
correlation is illustrated with a ratio that determines the maximum discharge time at
rated power (4.13). Equation (4.14) describes the stored energy in BES at each time
interval. It equals to the preceding stored energy minus the discharged or charged
energy. The stored energy cannot exceed the maximum value. Also, the stored energy
cannot be less than the minimum value. The minimum and maximum values are
defined by the determined maximum depth of discharge and charge to keep the stored
energy or SoC within a determined range (4.15). This equation leads to the depth of
discharge estimation of the battery, which β respectively describe the maximum depth
of discharge. Equation (4.16) is used to describe the BES cycles. The binary variable
udh represents the BES operation status. The BES discharges when udh equals 1 and
charges when udh equals 0. The BES cycle’s summation cannot exceed the determined
lifecycle associated with the desired maximum depth of discharge and desired project
lifetime (4.17).

4.5 System Model
The system implemented to run BES, which utilizes advanced LFC, is an island
microgrid system. This system consists of a diesel generator, a renewable energy source
for PV, BES, and consumers. Each component will be discussed in this section to
provide an overview of the simulation carried out. The generator and BES parameters
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are shown in Table 4.1. Most of the parameters are the same as the parameter in
previous chapters. Four battery technologies are used in this study. The VOLL is
assumed to be 50 $/MWh borrowed from [71].
Table 4.1 System parameter
Parameter

Value

Generator droop gain

R

-0.0298 pu

Generator droop power reference

0
g

P

200 kW

Droop frequency reference

f0

60 Hz

Base power

P pu

400 kW

pu

Base frequency

f

BES droop gain

Kb

60 Hz
-0.015 pu

BES droop power reference

0
b

P

0 kW

LFC maximum frequency

f max

60.2 Hz

LFC minimum frequency

min

59.8 Hz

Maximum depth of discharge

f



80%

4.5.1 Diesel generator
One of the machines that are widely used in power generation applications is
the diesel engine. In this study, calculating the fuel used by the generator is very
important. The calculation of the fuel used is closely related to the required microgrid
operating costs. As a thermal power plant, the function of a diesel engine fuel cost can
be expressed as:

Y ( Pgdh ) = aPgdh 2 + bPgdh + c

(4.18)

In engine fuel cost modeling, the coefficients a, b, and c are not given directly by the
manufacturer. It should be noted that the fuel cost function of an engine is a model that
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reflects the engine operation. Hence, to determine the coefficient value, calculating the
engine's amount of fuel is necessary.
In this study, the generator is assumed to have a capacity of 500 kVA / 400 kW.
So, it can be said that the engine can run entirely or full-load at 400 kW. Fuel
consumption needs to be known because this is where the cost function of diesel is
obtained. However, this determination can only be made through accurate field testing.
Several references provide a table of diesel fuel consumption based on the loading level,
shown in Table 4.2 [97]–[100]. Each reference shows different results. However, the
numbers shown do not differ much, as each machine can give different results.
Table 4.2 Comparison of fuel consumption [97] – [100]
Consumption fuel (L/hr)
Source
generatorsource.com [98]
Mechatornics.by [99]
Krugerpower.com.au[97]
globalpwr.com[100]

25% load

50% load

75% load

100% load

33.69

56.40

80.63

108.27

-

59.85

89.78

119.7

36

62.4

90

120

32.56

55.27

80.63

107.88

Figure 4.4 Diesel fuel consumption curve
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We can draw the diesel fuel consumption curve from the obtained fuel consumption
values shown in Figure 4.4. Each loading level can be drawn a line which is denoted
by a dashed blue line. By using a quadratic approach, it is found that the fuel
consumption function becomes:

Y ( Pgdh ) = 0.0001134 Pgdh 2 + 0.19463Pgdh + 11.921 L/hr

(4.19)

Hence, the coefficients a, b, and c are written in Table 4.3. The fuel cost is assumed
0.9 $ / L borrowed from [101].
Table 4. 3 Diesel generator fuel coefficients
Type
Diesel unit

a
(L/kWh2)
0.0001134

Cost Coefficient
b
(L/kWh)
0.19463

c
(L)
11.921

4.5.2 Photovoltaic array
In this study, photovoltaics are used as an installed renewable energy source.
This study focuses on installing batteries in an islanded microgrid system so that neither
the PV installation costs nor the other PV-related costs are taken into account. However,

Figure 4.5 Average hourly PV output power per month [70]
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the PV operation is taken into account, so data regarding the PV output is required. The
PV output power for one year can be found at [70]. The selected location is similar to
the location shown in [102]. Therefore, by assuming the installed PV is 200 kWp, PV
data can be obtained. On average, the daily PV output can be illustrated in Figure 4.5,
which shows the daily average PV output power in 2019.

4.5.3 Load
As discussed in the previous chapter, the load used is the same as the one-year
operation load. This load is obtained from the load demand on the small island provided
on [20], [102]. The data obtained are the average load curve each day and the load
factor that applies every month. Thus, one year of the system operation can be carried
out. Figure 4.6 shows the load per day curve for one year. Each month, the load curve
changes due to the weather and season's influence, thus slightly changing the
consumer's lifestyle.

Figure 4.6 Average hourly load profile [20]

4.5.4 Battery energy storage
In this study, the main objective is to determine the size of the battery used. As
explained in the previous section, the battery's objective function depends on variable
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capital costs, operating and maintenance costs, and battery installation costs. The
characteristics of BES used are borrowed from [71] and shown in Table 4.4.
Table 4.4 List of BES technology investment costs [71]
Power
Rating Cost

Energy
Rating Cost

Maintenance
Cost

Installation
Cost

η

($/kW)

($/kWh)

($/kW/yr)

($/kWh)

(%)

Lead-acid

200

200

50

20

70

NiCd

500

400

20

12

85

Li-ion

950

600

–

3.6

98

NaS

350

300

80

8

95

Technology

Table 4. 5 BES lifecycle for various depth of discharge value [103] – [106]
Depth of Discharge

Number of cycles

(%)

Lead-acid

NiCd

Li-ion

Nas

10

8000

7900

–

100000

20

2500

5800

–

60000

30

1500

3400

–

30000

40

950

2000

–

15000

50

700

1200

8000

10000

55

645

1050

7500

9500

60

590

900

6900

9000

65

545

950

6200

8000

70

500

800

5800

7000

75

475

850

5000

6500

80

450

700

4500

6000

85

420

650

4100

5500

90

390

600

3700

5000

100

350

500

3000

4000

In this study, the selection of a battery technology that utilizes advanced LFC
was also carried out. The main parameter in battery technology choice is the number
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of cycles performed by a battery during its lifetime. Table 4.5 that borrowed from
[103]–[106], shows the number of cycles that apply to each battery technology with
various DoD.

4.6 Results and Discussions
4.6.1 Implementation of Advanced LFC
In order to show the effect of the proposed control in the system, three
scenarios are studied in this paper:
Case 1: Microgrid system optimal scheduling without BES installation.
Case 2: BES installation in microgrid system with traditional LFC.
Case 3: BES installation in microgrid system with the advanced LFC.
Case 1: Table 4.6 shows the operating system's results without using a battery
where the generator compensates for all changes in the load and PV power. The
absence of a battery makes expansion costs equal to microgrid operating costs. When
the frequency cap is not in place, frequencies operate between 59.28-60.63 Hz at an
expansion cost of $ 484,591 / year. However, when the system imposes frequency
limits, the expansion costs are even higher. The tighter the frequency limit, the more
expensive the operation cost is due to the generator's operation limits. Thus, the VOLL
of the system is getting higher. This result shows that the lowest cost of expansion is
obtained when the frequency limitation is neglected.
Case 2: Table 4.7 shows the operation of a system that implements the
traditional LFC on the battery, with a considered project lifetime of 10 years and an
interest rate r 4%. The optimization results with the droop gain variation are conducted
to show their effect on expansion costs. Traditional LFC has no frequency limitation,
so the system operates according to a load-sharing mechanism between the generator
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and battery. The results show that the greater the battery's droop gain, the greater the
frequency deviation from the nominal value. Even with -0.08, the system operates in
the 59.45-60.34 Hz range, outside the value recommended by the manual. The choice
of droop gain affects the amount of power capacity and battery energy, causing changes
in the cost of expansion to the droop gain. The greater the droop gain, the lower the
expansion costs required. Due to the battery's small participation, the generator must
compensate for any changes in the system. This operation causes the battery's cost to
be smaller, and the system frequency deviates from the nominal value.
Table 4.6 Optimization result for case 1
Operating frequency

Microgrid operation cost

Total expansion cost

(Hz)

($/year)

($/year)

59.28-60.63

484,591

484,591

59.5-60.5

759,188

759,188

59.6-60.4

1,641,050

1,641,050

59.7-60.3

3,556,352

3,556,352

59.8-60.2

7,075,788

7,075,788

59.85-60.15

9,696,305

9,696,305

Case 3: Table 4.8 shows the results of operating a system that implements
advanced LFC on the battery. Optimization with droop gain variation is carried out in
order to show its effect on expansion costs. Besides, investigations are also carried out
by varying the operating ranges of fmax and fmin. In general, the larger the droop gain
contributes to lower expansion costs. The frequency limitation contributes to holding
the generator from operating outside the specified range. It causes the diesel operation
to be suppressed so that the battery's power compensation increases the size of the
battery. The large size of the battery can be confirmed in the table showing the low cost
of expansion. However, the limit of frequency should be kept in mind because a broader
range tends to provide lower costs than a narrow range (59.85-60.15 Hz). It is closely
related to VOLL, which is getting higher.
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Table 4.7 Optimization result for case 2
Operation
range

Battery
capacity

Microgrid
operation
cost

BES
Investment
Cost

Expansion
cost

(Hz)

(MWh/kW)

($/year)

($/year)

($/year)

-0.015

59.69-60.21

22.57/130.78

4,668,919

621,868

5,290,787

-0.02

59.65-60.23

20.3/117.65

4,668,990

559,431

5,228,422

-0.03

59.59-60.26

16.9/97.98

4,669,107

465,881

5,134,988

-0.04

59.55-60.29

14.45/83.94

4,669,198

399,136

5,068,334

-0.06

59.49-60.31

11.26/65.25

4,669,330

310,242

4,979,571

-0.08

59.45-60.34

9.21/53.61

4,669,419

253,731

4,923,150

Droop gain

Table 4.8 Optimization result for case 3

Droop gain

-0.015

-0.02

-0.03

-0.04

-0.06

-0.08

Operation
range

Battery
capacity

Microgrid
operation
cost

BES
Investment
Cost

Expansion
cost

(Hz)

(MWh/kW)

($/year)

($/year)

($/year)

59.8-60.2

104.73/164.65

1,060,442

2,852,941

3,913,383

59.85-60.15

50.19/180.63

3,040,992

1,374,837

4,415,829

59.8-60.2

81.86/164.65

1,524,755

2,232,710

3,757,465

59.85-60.15

27.79/180.63

3,600,879

767,340

4,368,219

59.8-60.2

50.71/164.65

2,163,021

1,387,708

3,350,729

59.85-60.15

13.9/94.87

4,875,732

384,112

5,259,844

59.8-60.2

31.77/164.65

2,560,896

873,942

3,434,838

59.85-60.15

9.175/94.35

5,762,704

255,924

6,018,627

59.7-60.3

49.81/132.69

1,048,955

1,361,071

2,410,026

59.8-60.2

14.57/95.43

3,338,498

402,203

3,740,701

59.85-60.15

131.80/180.63

466,105

3,588,302

4,054,407

59.7-60.3

36.25/132.69

1,261,462

993,057

2,254,519

59.8-60.2

10.44/65.99

4,050,660

287,974

4,338,635

59.85-60.15

130.88/180.63

465,976

3,563,400

4,029,376
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In general, Case 1, the diesel-only operation, offers the cheapest expansion cost.
However, the resulted grid frequency is found to be outside the allowed range. The
second-cheapest expansion cost is found to be Case 3 for every droop gain. Besides,
Case 3 results the grid operates on the allowed frequency range. The proposed control
can lower the expansion cost without violating the power quality. It is realized because
the control can maintain the generator output, impacting the amount of fuel needed.
Figure 4.7 shows the comparison of operations for each case for 1 week. This
figure illustrates that when the battery is not implemented, the grid frequency fluctuates
within 59.8 Hz – 60.63 Hz. In terms of power quality, this result is still outside the
allowed range in [107]. Thus, the use of a battery with deadband droop is introduced.
The utilization of deadband droop control keeps the frequency within 59.69 Hz – 60.28
Hz due to the load sharing between the generator and the battery. It reduces the grid
operation cost. The proposed control introduces a broader range of active-frequency
control capabilities. This control ensures that the frequency is maintained within 59.69
Hz – 60.2 Hz. This control expands the battery ability to regulate the grid frequency in
the desired range. Hence, it causes the generator output to be maintained at these points
affecting the grid operation cost.

Figure 4.7 Frequency result comparison for each case in 1-week operation
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4.6.2 Selection of BES technology installed advanced LFC
The previous subsection estimates that the maximum DoD of BES using LFC
is found to be 80% in a one-year operation. It shows unrealistic results since the
installed BES is estimated to display 621 cycles per year. By referring to Table 4.5, it
can be estimated that the battery must be replaced in about 8.5 months or less than 1
year. The BES replacement certainly causes additional planning costs and is
unattractive economically. Thus, a discussion of whether the proposed control is
applicable for various battery types must be performed to draw the control capability.
Each battery technology's simulation results are shown in Table 4.9, assuming each
battery has a maximum DoD of 80%. These results indicate that the Li-ion battery can
perform the proposed control. With an installed 2.5 MWh/59.44 kW, the total
expansion cost becomes $4,630,710 per year. During one-year operation, BES is
estimated to perform 1002 cycles per year. However, it is estimated the battery
replacement still needs to be done after operating for about 4.5 years for a 10-year
project.
Table 4.9 Optimization results based on BES technologies (same maximum DoD)
Total Cost

Operation
Cost

BES
investment
Cost

Energy
Rating

Power
Rating

Maximum
DoD

Number of
Cycles

($/year)

($/year)

($/year)

(MWh)

(kW)

（％）

(Cycles/year)

Lead acid

3,413,552

2,552,140

861,412

31.31

164.65

80

621

NiCd

4,377,500

3,973,638

403,862

7.81

89.71

80

870

Li-ion

4,630,710

4,435,223

195,488

2.54

59.45

80

1002

NaS

4,195,552

2,567,113

1,628,439

42.49

121.32

80

636

Battery
Type
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Table 4. 10 Optimization results based on BES technologies (different maximum
DoD)
Total
Expansion
Cost

Operation
Cost

BES
investment
Cost

Energy
Rating

Power
Rating

Maximum
DoD

Number of
Cycles

Expected
end of
lifetime

($/year)

($/year)

($/year)

(MWh)

(kW)

（％）

(Cycles/year)

(Years)

Lead acid

3,689,075

2,827,663

861,412

31.31

164.65

50

688

1

Type

NiCd

4,406,673

3,606,274

800,399

15.61

89.71

65

848

1

Li-ion

4,630,710

4,435,223

195,488

2.54

59.45

80

1002

4.5

NaS

4,180,408

2,552,140

1,628,268

42.89

120.18

75

628

10

The optimal results for each battery type are described in Table 4.10, where
each maximum DoD for each battery is distinguished. The lead-acid battery delivers
the total expansion cost of $3,689,075 per year at a 31.31 MWh/164.65 kW with a
maximum DoD of 50%. Compared with the DoD calculation result of 80%, the
expansion cost increases due to the battery operation restriction. Hence, the power
difference must be satisfied by the grid. It increases the microgrid operation cost.
In one year, the lead-acid battery operates 688 cycles. However, after a 1-year
operation, the battery replacement must be carried out due to the cycle limitation. A
similar result is also found in the NiCd battery. At a total cost of $4,406,673 per year,
size of 15.61 MWh/89.71 kW, and a maximum DoD of 65%, the battery performs 848
cycles per year. The battery can operate for 1 year without a replacement. However,
assuming a 10-year project, around 9 replacements are required, leading to the
additional cost of battery replacement. Li-ion battery shows an installed battery of 2.54
MWh/59.45 kW, a total expansion cost of $4,630,710 per year, and a maximum DoD
of 80%. The battery is estimated to operate for 4.5 years without a battery replacement.
By assuming a 10-year project, battery replacements are required. The best result is
obtained with a NaS battery.
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The operation cost incurred is $4,194,552 per year, with a 42.89 MWh/120.18
kW and a maximum DoD of 75%. In one year of operation, the battery operates 628
cycles, where a replacement battery is not needed. Assuming the project period is 10
years, the battery cycle is still below the operating cycle limit. It shows the NaS battery
can perform the proposed control. Moreover, NaS battery offers the second cheapest
after lead acid when compared to other technologies. It shows that selecting a suitable
battery and the proposed control can reduce the expansion cost without relinquishing
the system power quality.

(a)

(b)

(d)

(c)

Figure 4.8 Battery size against number of replacements: (a) Lead-acid,
(b) NiCd, (c) Li-ion, (d) NaS
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These results indicate the proposed method has limitations that must be satisfied
for battery implementation. This method only applies to a battery technology that has
a high energy density or high capacity. A sensitivity analysis of battery size for each
type is performed, shown in Figure 4.8(a)-(d). The relation between battery capacity,
expansion cost, and some battery replacements can be seen by varying the battery
energy capacity.
The number of battery replacements tends to decrease for all battery
technologies as the battery capacity is increasing. The higher capacity causes lower
DoD, which leads to a higher operation cycle. Thus, the higher capacity battery can
operate much longer due to the allowed operating cycles. However, it leads to an
increasing expansion cost which is the objective function of this study due to the higher
BES investment cost.

4.7 Conclusion
It is found that the proposed LFC reduces the expansion planning cost. The
frequency limitations in the LFC cause the operation of the generator to be restricted.
The operation restrictions ultimately lead to reduced grid operation costs. Hence, it is
concluded that the proposed LFC can reduce the expansion cost and keep the grid
power quality.
In choosing a battery to implement, it is necessary to consider the degradation
factor or battery life cycle. The factor illustrates that the BES operation affects the
lifetime of the BES itself. By comparing the four battery types, it is found that the
proposed control applies only to high-density or high-capacity batteries. Hence, this is
the limitation in implementing the proposed control.

Chapter 5
Conclusion and Future Works
5.1 Conclusion
This thesis defines one control method used in BES, namely advanced loadfrequency control (LFC). To elaborate on battery participation to regulate system
frequency, advanced LFC can participate in regulating system frequency. The proposed
control utilizes three control areas, each of which determines the battery operation of
the system. The three regions include Region 1 deadband droop, Region 2 Lowerfrequency saturation, and Region 3 Upper-frequency saturation. The proposed control
is proven to have the ability to regulate the frequency to stay in the desired area. Thus,
further deviations from the nominal value can be avoided.
The active participation of the battery to continuously regulate the system has
an obvious drawback. This participation often makes the battery SoC touch critical
numbers. As a result, this operation can result in the battery performing more cycles
and impacting battery life. SoC control is proposed to solve this problem. The proposed
control adopts an LFC curve reference change so that the power supplied by the battery
can change depending on the SoC level. The proposed control can keep the battery SoC
in the desired range without sacrificing frequency values that deviate too far from their
nominal values.
Advanced LFC has technical advantages but not yet proven economic
advantages. In order to address the problem of how advanced LFCs impact microgrid
operation from an economic point of view, an economic analysis based on the
performance of the proposed controls is carried out. Expansion planning costs hit the
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cheapest when advanced LFC is employed. It occurs because the proposed control
suppresses the generator operation at a certain point so that the required fuel costs do
not soar. Furthermore, a discussion of battery type selection is also included to show
that the proposed control may not be suitable for all battery types and is only effective
for some battery types.

5.2 Future Works
The proposed LFC has tested its performance under one example system. One
of the future works that can be done is investigating SoC control's impact on battery
size optimization. If this is done, a new perspective will open up regarding battery
operation in microgrid systems, particularly the islanded microgrid. Next, it will be
interesting to test the proposed control on other systems. A test system such as the IEEE
microgrid testbed poses an appropriate challenge for testing the proposed control. After
the technical test is carried out, an investigation of the battery size can be carried out
to see the advanced LFC effects.
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