energies

Article

Design Framework of a Stand-Alone Microgrid Considering
Power System Performance and Economic Efficiency

Hak-Ju Lee !, Ba Hau Vu 2, Rehman Zafar 2, Sung-Wook Hwang ! and Il-Yop Chung %*

check for

updates
Citation: Lee, H.-].; Vu, B.H.; Zafar,
R.; Hwang, S.-W.; Chung, L.-Y. Design
Framework of a Stand-Alone
Microgrid Considering Power System
Performance and Economic Efficiency.
Energies 2021, 14, 457. https://
doi.org/10.3390/en14020457

Received: 7 December 2020
Accepted: 12 January 2021
Published: 15 January 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Korea Electric Power Research Institute (KEPRI), 105 Munji-ro, Yuseong-gu, Daejeon 34056, Korea;
jureeya@kepco.co.kr (H.-].L.); sungwook.hwang@kepco.co.kr (5.-W.H.)

School of Electrical Engineering, Kookmin University, 861-1, Jeongneung-dong, Seongbuk-gu,
Seoul 02707, Korea; vubahau@kookmin.ac.kr (B.H.V.); rehmanzafar@kookmin.ac.kr (R.Z.)

*  Correspondence: chung@kookmin.ac.kr; Tel.: +82-2-910-4702; Fax: +82-2-910-4449

Abstract: Stand-alone microgrids integrating renewable energy sources have emerged as an efficient
energy solution for electrifying isolated sites, such as islands and remote areas. The design of
a microgrid involves various influential factors, including technological development, economic
feasibility, and environmental impacts, based on the conditions and regulations of a particular site.
This paper proposes a comprehensive microgrid design framework based on power system analysis
and techno-economic analysis. The obtained optimal microgrid configuration satisfies both the design
objective and power system performance regulations. The proposed design approach focuses on
using practical data and can adapt to any microgrid design problems based on the local characteristics
of a specific site. The practicality and effectiveness of the design framework are validated by applying
it to the design of a stand-alone microgrid for Deokjeok Island in South Korea. The case study results
justify the importance of considering site-specific characteristics and the impacts of power system
conditions on the optimal microgrid design.

Keywords: microgrid design; stand-alone microgrid; renewable energy integration; dynamic perfor-
mance; techno-economic analysis

1. Introduction

Electricity demands have increased exponentially in recent decades, resulting in
technical and economic challenges for conventional power grids in supplying higher
demands reliably. Both the industrial and academic sectors have studied alternatives to
strengthen the power grids rather than the system enlargement solution with conventional
energy sources, which adversely impacts the environment. Recently, there has been a
paradigm shift in electric power system design from the conventional centralized systems
toward decentralized and independent systems referred to as microgrids. A microgrid
is defined as a group of interconnected loads and distributed energy resources (DERs)
within clearly defined electrical boundaries that functions as a single controllable entity
with respect to the grid [1]. A microgrid can be interconnected with the grid to operate in
grid-connected mode or disconnected from the grid to operate independently in stand-
alone mode. Grid-connected microgrids are an effective countermeasure to support the
power grid by directly handling local loads and supplying ancillary services to the bulk
system [1]. Furthermore, stand-alone microgrids with the integration of renewable energy
sources (RESs) have emerged as the most efficient energy solution to electrify remote sites
where expanding the utility grid is not economically feasible [2,3].

Comprehensive literature reviews of microgrid concepts, technologies, key drivers,
solid advantages, and challenges can be found in [4,5]. The outstanding advantages of
microgrids include high energy sustainability, improved energy reliability and resilience,
as well as better long-term cost predictability [6]. Microgrids have been considered as one
of the most effective and sustainable approaches to increase renewable energy penetration
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level to reduce carbon emission [6]. The studies presented in [7,8] clarified the energy
reliability, economic, and environmental benefits of microgrids with renewable energy
integration. The analysis results indicated the effectiveness of microgrid deployment
in reducing the system lifecycle cost, cost of energy, and emission cost. In addition to
substantial energy savings, a grid-connected microgrid can enhance the energy resilience
of a community under the upstream network failures [9].

Due to technological innovations, the costs of renewables and energy storage technolo-
gies have been significantly reduced [10,11]. This greatly enhances the practical feasibility
of microgrid solutions. Especially, energy storage systems (ESSs) play a key role to enhance
renewable energy integration in microgrid design and operation [12]. Due to highly flexible
controllability, ESSs can be used in various applications, from short-term applications such
as voltage and frequency regulation, ramp rate control, and stability improvement, to
long-term ones such as peak shaving, energy arbitrage, and load leveling [12,13].

The design of microgrids can differ from case to case depending on the design objective,
whether maximizing the revenues generated by a microgrid, maximizing the renewable
energy penetration level, minimizing the total system operating cost, or minimizing emis-
sions [14-16]. Furthermore, the microgrid design is associated with various influential
factors, including technology availability, economic feasibility, and environmental impacts
based on the conditions and regulations of a particular site. The optimal microgrid design
involves determining the optimal sizing of selected DER technologies to satisfy a design
objective subject to design and system operating constraints. In the literature, numerous
studies have been conducted on microgrid planning and design methods using different
approaches.

Several microgrid design frameworks based on techno-economic analysis were pro-
posed. A microgrid design process considering both before-tax and after-tax cash flow
analysis using the Microgrid Decision Support Tool (MDSTool) was proposed in [17,18].
The advantage of MDSTool over other commercial tools is its ability to incorporate any type
of financial incentives and credits for various DER technologies in cash flow calculations
for a microgrid project [17,18]. An optimization-based design framework for microgrids
was presented in [19] that considers optimization tasks for both system configurations and
operation signals for the operating cost minimization. A planning and design framework
for AC-DC bi-layer microgrids was introduced in [20]. The framework is capable of deter-
mining the optimal network configuration, with both AC and DC connections, to minimize
the total system cost [20].

In addition to the microgrid design approaches for economic efficiency evaluation,
there are design methods proposed to consider other influential factors, such as social and
environmental impacts, on the optimal design. A microgrid design framework using social,
economic, and technical analysis was presented in [21]. In addition to the techno-economic
analysis using the Hybrid Optimization of Multiple Energy Resources (HOMER) software,
the proposed method incorporates socio-economic analysis, which evaluates the impacts of
the local site’s social characteristics on the optimal microgrid configuration [21]. In Ref. [22],
a novel methodological framework for the design of rural microgrids was proposed. The
framework comprises four stages: Selection of energy alternatives, load growth projection,
techno-financial analysis, and decision analysis [22]. The advantage of the approach is its
ability to consider various criteria, such as social and environmental impacts and future
load growth, for selecting the optimal microgrid design. In Ref. [23], an optimal microgrid
design method was presented with multiple objectives, including minimization of system
operating cost, maximization of RES penetration, and minimization of pollutant emissions.
Similarly, the studies presented in [24,25] discussed microgrid design methods based on
techno-economic analysis considering environmental emission objectives and constraints.

There are many studies focusing on enhancements of the microgrid operation opti-
mization technique in techno-economic analysis to obtain better microgrid design solutions.
In Ref. [26], the authors presented a method for the optimal sizing of power generation units
in a microgrid using a particle swarm optimization (PSO) algorithm. The optimal microgrid
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configuration was determined based on the least-cost perspective approach [26]. Similarly,
the studies presented in [27-29] proposed methodologies to determine the optimal sizing
of stand-alone systems to minimize the total system cost, and the optimization problem
was solved by genetic algorithms (GA). The application of a grasshopper optimization
algorithm, which is the latest metaheuristic optimization technique, in the optimal micro-
grid design problem was discussed in [30]. The optimal sizing of DER technologies was
determined to minimize the system cost of energy (COE) considering a microgrid reliability
constraint, which is the deficiency of power supply probability [30]. The research presented
in [31] proposed a novel hybrid techno-economic optimization method for distributed
energy systems and microgrids design. The method has advantages for the optimal design
of grid-connected microgrids with islanded operating conditions [31].

These microgrid design methods are fundamentally based on the techno-economic
analysis with some modifications to integrate new parameters. However, most of the
design approaches in the literature do not consider the impacts of existing power system
conditions at the site. This is a crucial consideration, especially for the design of stand-
alone microgrids with a high penetration of renewable energy. Stand-alone microgrids
designed for islands or remote areas are typically based on the current power systems
at the locations, which are usually powered by internal combustion engine generators.
Furthermore, off-grid hybrid renewable energy systems are represented by their low system
inertia, making the system frequency vulnerable to instantaneous power imbalances caused
by RES output intermittency [32]. This is a technically unique and challenging feature of
stand-alone microgrids compared to grid-connected systems. For these reasons, besides
the indispensable techno-economic analysis, it is essential to perform the power system
analysis for microgrid planning and design procedures.

Noting the above-mentioned gap, this study proposes a comprehensive microgrid
design framework incorporating power system analysis and techno-economic analysis.
Based on the current power system and microgrid design specifications, the power system
analysis is performed to determine the technical design and operating constraints to satisfy
power system performance regulations. The identified constraints and other input data
are applied in the techno-economic analysis to find the optimal microgrid configuration.
Accordingly, the optimal design obtained by the proposed methodology satisfies both the
design objective and technical constraints to ensure high power system performance.

The major advantage of the proposed approach is that it dramatically improves the
realistic feasibility of a microgrid design solution. The practicality and effectiveness of the
proposed microgrid design framework are validated by applying for a real stand-alone
microgrid design for Deokjeok Island in Gyeonggi-do, South Korea, which is located
approximately a 3 h drive from Seoul. In this case study, the power system analysis is
performed using PowerFactory software (Version 2017 SP4, Gomaringen, Germany) while
the techno-economic analysis is conducted in the HOMER tool. The optimal design aims
to maximize the system economic efficiency with renewable energy integration, while
ensuring high power system performance. The analysis results justify the significance of
considering site-specific characteristics in the design process and the impacts of power
system enhancements on the optimal microgrid configuration.

The remainder of this paper is organized as follows. Section 2 presents the proposed
microgrid design framework. Section 3 describes the power system configuration of Deok-
jeok Island. The power system analysis and techno-economic analysis for the Deokjeok
Island microgrid design are presented in Sections 4 and 5, respectively. Section 6 discusses
the impacts of power system improvements on the optimal microgrid design, and the
conclusions are provided in Section 7.

2. Proposed Microgrid Design Framework

A complete microgrid design involves the design of the electrical network structure,
power system control and operation, and the optimal selection of DERs subject to a specific
objective considering local conditions of the site such as existing power system facili-



Energies 2021, 14, 457

40f28

ties, power system performance regulations, available technologies, energy demand and
consumption status, available energy resources, and local economy and policies. The moti-
vation of this study is to propose a design framework for stand-alone microgrids with high
renewable energy penetration based on power system performance and techno-economic
feasibility, thereby providing microgrid designers a methodology to evaluate the system’s
dynamic and steady-state performance, energy reliability, and economic efficiency.

Figure 1 presents the proposed microgrid design framework, which can be divided
into three major sections: Power system analysis, techno-economic analysis, and optimal
sizing and configuration design. The objective of power system analysis is to identify the
technical operating constraints under which the power system performance is guaranteed.
Subsequently, these are considered as hard constraints applied in the techno-economic
analysis to obtain feasible microgrid configurations, which mean sizing options of DERs.
As a result, the optimal microgrid design is selected among feasible configurations.

Microgrid Design Specifications
DER Technologies
Specifications of DERs

Control modes of DERs

Demand and Resources
Load Profile for One Year
Solar Irradiance

System Coordinated Control
Points of Interconnection

<

Power System Analysis

Wind Speed
Temperature HOMER
l:lATLI;BIfimulink Fuel MDSTool
Pg\gle\roac ory iHOGA
DER-CAM
ETAP

PSS/E

/Techno-Economic Analysis \

SAM
RETScreen

Steady-state Operation: N o |
Power Flow Simulation
Voltage profile

Loading conditions of equipment

Transient Operation:

Dynamic Simulation
Power sharing between generators
Voltage stability

k Frequency stability
10

Current Power System

Single Line Diagram

Generation Units

Operation and Control

Performance Regulation
Reliability, Power quality
Voltage and frequency

DER Maximum Capacity
Dispatch Strategy
Operating Constraints

Performance Model
Energy production

Emission reduction

Renewable energy penetration

Economic Model

Feasible
Configurations

Levelized cost of energy (LCOE)
Net present cost (NPC)

Cost breakdown
-‘5 AN Payback period A\ F

Decision-Making
Optimal Microgrid Design

Optimal sizing of DERs

Optimal dispatch strategy

P

Costs of Technologies

Electricity Tariff

LT 1 F

Capital Cost Discount Rate
Replacement Cost Inflation Rate

O&M Cost Tax and Incentives
Fuel Cost Type of Ownership

Project Lifetime

Project Finance

Figure 1. Proposed microgrid design framework.

Compared to other microgrid design procedures mentioned in [17-25], the primary
advantage of the proposed framework is that the optimal microgrid design satisfies both the
design objective and the operating constraints, ensuring high power system performance.
In practice, the power system performance requirements vary from system to system,
and from region to region. The fundamental techno-economic analysis solely determines
the optimal capacity of DERs by solving a power balance optimization problem without
considering essential technical performance measures of a microgrid, such as voltage and
frequency regulations. For these reasons, the proposed framework enhances the realistic
feasibility of a microgrid design solution for a specific site. Furthermore, this design process
provides a method to analyze the impacts of power system improvements on the optimal
microgrid configuration. Therefore, the most technically and economically feasible design
solution can be obtained based on site-specific characteristics.

The technical problems of RES integration include over-voltage due to reverse power
flow and transient instability due to abrupt changes in RES output power. These critical
performance issues are addressed in power system analysis using power flow analysis and
dynamic simulation. The input data required for power system analysis include the single
line diagram, equipment data, operation and control schemes, and regulations. The single
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line diagram contains the power network configurations and information about power
equipment including generators, transformers, and loads, protective switches, and so on.
The system operation and control methods are essential to evaluate the performance of the
current power system, which directly affects how new generation units can be integrated
into the system. The performance regulations, including reliability, power quality, and
voltage and frequency regulations, facilitate analyzing the impacts of RES integration.

In addition, the technical specifications of the designed microgrid are required to
evaluate the system performance under a high penetration level of renewable energy.
The data include the selected DER technologies and their specifications, control modes of
individual DERs and the system coordinated control schemes, and points of interconnection
at which DERs are electrically interconnected to the power system. These design parameters
strongly affect the optimal microgrid configuration. For instance, a simple coordinated
control scheme may be adopted for a stand-alone microgrid designed for an isolated
and remote site, where advanced technologies are limited and conducting maintenance
activities is problematic. Consequently, the integrated RES capacity is limited to guarantee
the system reliability. On the other hand, state-of-the-art control algorithms supported by
fast and reliable communication technologies can be deployed in developed areas, resulting
in a higher RES hosting capacity.

Based on these data, the power system analysis is conducted to evaluate the technical
performance of microgrid under the designed specifications considering worst-case scenar-
ios and contingency analysis. The power flow analysis uses standard models and solutions
while the dynamic models of DERs used for transient simulation may vary depending on
their specifications and control modes. Accordingly, user-defined DER dynamic models
are developed by researchers to satisfy the accuracy requirements of dynamic simulation.
There are many power system analysis tools for academic studies and industrial operations.
The most widely used tools are MATLAB/Simulink [33], PowerFactory [34], PSCAD [35],
ETAP [36], and PSS/E [37]. These tools offer users significant flexibility to build dynamic
models for specific plants and controllers. As described above, this step decides the design
constraints to ensure the system stability and reliability, such as the maximum capacity of
DERs, energy dispatch strategy, and other operating constraints.

The technical constraints determined by the power system analysis, together with
demand and resources data, costs of DERs, and project financial parameters, are the input
of techno-economic analysis, which aims to determine the optimal microgrid configuration
considering all the costs and economic benefits by operating a microgrid over its lifetime.
The techno-economic analysis typically consists of two computation models, which are
the performance model and economic model. Based on the input data of energy demand
profile, generation capacity, dispatch strategy, and operating constraints, the performance
model simulates the power balance operation of a microgrid for a complete year and
records all relevant variables, including the energy production profile and operating states
of generation units.

Subsequently, the economic model uses these data to calculate all the costs and
benefits associated with the system operation over its lifetime, which are used to compute
economic measures for the system’s economic efficiency evaluation. The techno-economic
analysis generates all feasible configurations that satisfy the design constraints, with their
corresponding economic metrics and detailed system operation profiles. At present, the
popular tools for techno-economic analysis of a power system with DERs integration are
HOMER [38], MDSTool [18], iHOGA [39], DER-CAM [40], SAM [41], and RETScreen [42].
Finally, the optimal microgrid configuration is selected among the feasible configurations
based on the design objective.

The proposed microgrid design framework focuses on practical considerations for a
specific microgrid at a specific site. It is apparent that the optimal microgrid configurations
differ for different areas, depending on many particular properties such as geographical
conditions, local economy, available technologies, operation and maintenance conditions,
and availability of well-trained system operators. Therefore, this process increases the
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realistic feasibility of a microgrid design solution. Furthermore, this method enables the
designer to examine the impacts of different design specifications on the optimal solution,
such as the impacts of coordinated control schemes on the system economic efficiency.
Therefore, the designer can select the most suitable specification for a particular microgrid.
The proposed microgrid design approach is applied to design a real stand-alone microgrid
for Deokjeok Island in South Korea as a case study to justify its effectiveness. The design
objective is to maximize the system economic efficiency with high renewable energy
penetration while guaranteeing high power system performance.

3. Power System Configuration of Deokjeok Island
3.1. Current Power System Configuration

Deokjeok Island has an area of 20.87 km? with a current population of 1947 people
living in 1072 households. The estimated maximum, average, and minimum loads are 1900,
1190, and 700 kW respectively. The average energy consumption demand of the island is
28,554 kWh/day. Based on an on-site study, a single line diagram of the existing power
system was constructed, as illustrated in Figure 2.
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Figure 2. Single line diagram of the current power system of Deokjeok Island.

Currently, Deokjeok Island is powered by diesel generators, photovoltaic (PV) systems,
and wind turbine (WT) generators. It should be noted that the ESS in Figure 2 is not
installed yet, and it only indicates how the ESS will be interconnected with the system
for the designed microgrid configuration. The diesel power plant has a rated generation
capacity of 2900 kW, comprising three 300 kW generators and four 500 kW generators. The
total rated power of PV systems is 169 kW, and that of WTs is 63 kW. The wind power plant
is composed of 11 WTs, each of 3 kW; and 3 WTs, each of 10 kW. It is seen that the total RES
capacity is 232 kW, which is only 33% of the minimum load. Therefore, the power system
of Deokjeok Island has not witnessed any issues associated with RES integration.

The distribution system utilizes a medium voltage level of 6900 V with a 60 Hz
nominal frequency, which is the standard distribution voltage for small and medium
islands in South Korea. There are two main feeders, namely Buk-ri and Seopo-ri feeders,
with two normally open tie lines between them. The type of line conductor is an aluminium
conductor steel-reinforced (ACSR) 240 mm? 6900 V overhead cable. Sectionalizing switches
are installed along the two feeders to minimize the areas affected by faulted conditions. The
single line diagram shows that the current power system was well designed to have high
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system reliability. This radial configuration with normally open tie lines and sectionalizing
switches on main feeders is the standard design applied in South Korea.

In this system, diesel generators are the main sources that control the system voltage
and frequency, and respond to instantaneous power imbalances. Parallel diesel generators
are operated by droop control with 5% frequency droop regulation. PVs and WTs are
operated by maximum power point tracking (MPPT) algorithms to extract the maximum
power available from solar irradiance and wind. Table 1 describes the voltage and frequency
regulation for DER interconnection applied in Deokjeok Island. The clearing time is defined
as the duration between the detection of an abnormal condition and the disconnection of
DER units. This operating regulation will be applied for the power system analysis of the
microgrid design.

Table 1. Voltage and frequency regulation for distributed energy resources (DERs) interconnection in
Deokjeok Island.

Parameter Operating Range Clearing Time (s)
V<05pu 0.167
05pu<V<09pu 2
Voltage 09pu<V<1lpu Continuous operation
1.1pu<V<125pu 2
1.25pu <V 0.167
f <585 Hz 15
Frequency 58.5Hz < f <61 Hz Continuous operation
61 Hz <f 1.5

3.2. Microgrid Control Structure

As mentioned in the proposed microgrid design process, the system control method
strongly affects the power system analysis and, consequently, the optimal microgrid design.
The microgrid control structure comprises the control modes of individual DERs and
coordinated control schemes, which define how DERs are operated in parallel. Figure 3
presents the control concept of Deokjeok Island microgrid. In normal operating conditions,
PVs and WTs are operated by MPPT algorithms to produce the maximum available power.
In addition, the output power of PV systems is limited by a maximum threshold, which
can be easily configured in PV inverters and does not require any additional control or
communications. By contrast, in abnormal conditions such as unexpected low load or
unavailability of ESSs due to maintenance operations, PV and WT systems are controlled
in power reduction mode by switching off appropriate PV arrays and WTs to ensure the
power balance and system reliability.

Diesel generators can be operated in droop control to maintain the system voltage and
frequency, or in active power/reactive power (P/Q) control to generate the desired power
setpoints issued by the central controller. Similarly, the ESS has constant voltage /constant
frequency (CVCF) control with droop settings available and P/Q control, which are also
called grid-forming and grid-parallel or grid-feeding controls in the literature, respec-
tively [3,43]. In CVCF control, the ESS operates as a voltage source controlling the system
voltage and frequency. If the ESS has only one converter operated in CVCE, its terminal
voltage magnitude and frequency are controlled at constant values. When multiple ESS
converters are operated in CVCF, they are controlled by droop characteristics similar to
conventional generators. Based on the control modes of individual DERs, there are two
coordinated control schemes for Deokjeok Island microgrid, which are called diesel-on
mode and diesel-off mode in this study:.
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Figure 3. Microgrid control structure for Deokjeok Island.

In diesel-on mode, diesel generators are operated by droop control while the ESS is in
P/Q control. Diesel generators are the source controlling the system voltage and frequency.
When RES generation is greater than the load demand, online diesel generators operate
at their minimum loading condition, which is typically 25% of their rated power. Online
generators mean the generators that are turned on, synchronized with the system and
delivering power to the network. Any surplus power produced by RESs is used to charge
the ESS.

In diesel-off mode, the ESS is operated by CVCF control as the reference source
forming the microgrid voltage and frequency and responding to instantaneous power
variations. The most important feature of this coordinated control scheme is that all diesel
generators can be turned off entirely under the condition that the energy stored in ESSs
and RES generation are sufficient to supply the entire load, which is achievable during
the daytime on sunny days. Therefore, diesel-off mode maximizes renewable energy
penetration and minimizes fuel consumption.

3.3. Power System Modeling Including DER Models

The dynamic models of DER technologies are developed based on their control fea-
tures, as presented in Figure 3. The purpose of these models is to simulate and evaluate the
system’s dynamic performance under the coordinated control schemes, hence identifying
related system operating constraints that are subsequently applied to the techno-economic
analysis to find the optimal microgrid design.

3.3.1. PV Model

The block diagram of the PV dynamic model developed in this study is presented in
Figure 4. The model consists of solar modules, a DC link capacitor, a three-phase pulse-
width modulation (PWM) inverter, and an LC filter. The model integrates the perturb-
and-observe (P and O) MPPT algorithm [44]. PV systems operate as current sources, and
PV inverters are controlled in P/Q mode, referred to as grid-feeding mode and explained
comprehensively in [43].
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Figure 4. Simplified block diagram and control of photovoltaic (PV) system.

A single diode-equivalent circuit with series and parallel resistance is used to model
the PV cell. This equivalent model is the most accurate and practical by considering series
and parallel resistance to incorporate their impacts on the efficiency of the PV cell and
PV module [45]. Using this model, the output current of a PV cell is calculated using the
following equations [45,46]:

Ly, = Gif |:Iph,ref + Hsc (Tcell - Tcell,ref)} 1

_ B q(V+1-Rs) . _V+I-Rs
I = Iph Ig{exp |:kTazllA 1 71{10

where [, (A) is the photocurrent, G (W/ m?) is the currently available solar irradiation,

@

Grer = 1000 (W/ m?) is the reference solar irradiation defined at standard test conditions
(STC), Ly, s (A) is the reference photocurrent at STC and is approximately equal to the
short-circuit current of the PV cell at STC, us. (A/K) is the temperature coefficient of the
short-circuit current, Ty (K) is the actual cell temperature, Teoor = 298 (K) is the cell
temperature at STC, I (A) is the PV output current, Iy (A) is the reverse saturation current
of the diode, g (C) is the electron charge, k (J/K) is the Boltzmann constant, A is the ideality
factor, V (V) is the PV output voltage, Rs (Q2) is the series resistance, and R;, (Q)) is the
parallel resistance.

3.3.2. WT Model

The block diagram and control structure of the WT is presented in Figure 5. The
dynamic model of a wind power system includes a WT, a permanent magnet synchronous
generator (PMSG), and a full-scale back-to-back converter, which is composed of a machine-
side converter (MSC), a DC link capacitor, and a grid-side inverter (GSI) [33,47]. In this
structure, the rotational speed of the PMSG is regulated by the MSC to produce the
maximum power from the available wind. The GSI controls the DC link voltage and
reactive output power [33]. Similarly to the PV inverter, the GSI is controlled in grid-
feeding mode [43].
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Figure 5. Simplified block diagram and control of wind turbine (WT) system.

The maximum mechanical power extracted by the WT from the available wind can be
determined by the following equations [48]:

Aopt Vi
Wiopt = =1 ©)
Pw,max = EP ST Cp,max : Aot (4)
op

where Py iy (W) is the maximum mechanical output power of the wind turbine, p (kg/ m?)
is the air density,  (m) is the radius of the wind turbine blade, C; juqx is the maximum wind
turbine power coefficient, Wt opt (rad /s) is the optimal wind turbine rotor speed, Agy is the
optimal tip-speed ratio, and V, (m/s) is the wind speed.

3.3.3. ESS Model

The ESS block diagram and its controllers are illustrated in Figure 6. The components
of an ESS include a battery bank, a DC link capacitor, a PWM converter, and an LC filter.
The control structure of the ESS converter consists of a current control loop and a voltage
control loop [49]. The details of ESS current and voltage controllers can be found in [43,49].

DC 3-phase
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Bank Capacitor Converter Filter Transformer
T + - I GD-@ GRID
T T | Ve ae (PQ)
w* (CVCF)
IL_abc PLL Vc_abc
L abc 4 abc
dq dq
Vinv abc 1 V,
. L_dq C_d
Viny o I 4" - P*, Q* (P/Q)
abc Current Voltage
* * ¥*
dq Viny_q Controller I q Controller Ve 4" (CVCF)

Figure 6. Simplified block diagram and control of energy storage systems (ESSs).

When the ESS operates in CVCF control, the ESS converter is controlled in a closed
loop to operate as an AC voltage source with predefined setpoints of its terminal voltage
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magnitude and frequency. The voltage controller controls the ESS terminal voltage to
match its reference value while the current controller regulates the ESS output current.
Therefore, the controlled current flowing through the inductor instantaneously charges
the capacitor to regulate the output voltage at its setpoint [43]. In this control mode, the
system frequency is generated by an internal oscillator [49]. The AC voltage generated by
the CVCF ESS is used as the reference for the other generation units, such as PV, WT, and
diesel generators.

In P/Q or grid-feeding control, the ESS converter is controlled as a current source to
generate or absorb the desired active and reactive power values. The ESS terminal voltage
is synchronized with the system voltage measured at the point of common coupling (PCC).
In this control scheme, a phase-locked loop is used to detect the system frequency and the
phase angle at the PCC using a synchronous reference frame transform [49].

3.3.4. Diesel Generator Model

The block diagrams of the diesel generator model and its governor model are pre-
sented in Figure 7. The generator model consists of four main components, which are a
synchronous machine, a diesel engine, a governor, and an excitation system. The governor
controls the rotational speed of the diesel engine, hence controlling the electrical frequency
at a reference value under variations in electric demand [50]. The fundamental function
of an excitation system is to provide and control the direct current to the synchronous
machine field winding, hence controlling the output terminal voltage of the generator [50].
An excitation system normally has an automatic voltage regulator (AVR) to regulate the
generator output voltage at a predefined setpoint.

Measurement

w Governor Diesel o
Engine 3[: : )

Excitation System Step-up GRID
Transformer

V,
f Synchronous

Generator

v

‘:L P/'L Electric Control Box Actuator 7 Engine w
max
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w P,
5 + s 1+ T3 K(1+ sT,) e—5Tp m

1+ sT, + s2T,T, s(1+ sT5)(1 + sTg)

Tmr‘n

1+sTg

Woodward Diesel Governor

Figure 7. Simplified block diagrams of diesel generator model and its governor model.

Basically, the simulation accuracy on the dynamic response of diesel generators de-
pends on the model implementation and parameter selection of synchronous machines
and their controllers. The mathematical models of the synchronous machine, governor,
and excitation system have been comprehensively and accurately developed in the liter-
ature. There are several standard models that are typically implemented in the built-in
library of power system simulation tools. In this paper, the standard models provided in
PowerFactory are used to simulate the dynamic performance of the diesel generator. The
dynamic parameters of synchronous machine models are taken from the corresponding
generator datasheets. The standard simplified excitation system is deployed [51]. For the
governor model, the Woodward diesel governor is selected as this controller is used in the
existing system with 5% frequency droop regulation [51].
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4. Power System Analysis for Microgrid Design

This section presents the power system analysis for the design of Deokjeok Island
microgrid. As presented, the current power system of the island already has some PVs and
WTs. PV systems have several crucial advantages over WTs. A solar power system typically
has no rotating parts, resulting in much lower operation and maintenance costs and higher
durability over a wind energy system. Therefore, PVs normally have longer lifetimes than
WTs. The transportation and installation of WTs are significantly more challenging than for
PVs, which partially constitutes to the lower total installation cost of PVs. Moreover, WTs
are more susceptible to very high winds and lightning. For these reasons, the microgrid
design for Deokjeok Island considers more PV installations while the WT capacity is kept
at 63 kW.

In a diesel-based microgrid, it is obvious that ESSs must be integrated to increase the
renewable energy penetration. The interconnection points of ESSs and PVs are depicted in
Figure 2. New PV arrays and inverters will be installed at the existing PV sites while the
ESS will be connected to the main 6900 V bus via an independent step-up transformer. In
this study, the PowerFactory tool of DIgSILENT is selected to perform the power system
analysis due to its advantages in solving power flow problems for both AC and DC system:s,
and for balanced and unbalanced networks [34]. In addition, PowerFactory allows the user
to develop and model specific controllers and block diagrams of power plants with a great
degree of freedom, which are then used for dynamic simulation [34].

4.1. Power Flow Analysis

The single line diagram of Deokjeok Island microgrid shown in Figure 2 is imple-
mented in PowerFactory software for the power system analysis, as presented in Figure 8.
As described previously, one of the critical issues with RES integration is over-voltage near
the interconnection points. This problem can be verified by power flow analysis, and the
primary interest is to check the system voltage profile.
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4
PV1 Ve
GEN —s : : r
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MRS .3,% %
- L]
B2 B3 B4 B5 B6 B7 B8 B9

:}.

T
Tie Line 1 Tie Line 2
T2 o T3 ote
L L
s1 s2 s3V | sa s5 s6 s7 s8 9 st0  sm stz s13 V|S14  sis

- - -

Seopo-ri Feeder - T s114 —
PVZ& Pvaﬁ PV4F§]

Buk-ri Feeder

B12-1 _5_2
B12 B13
.

B10

.:i.

B11

A

Figure 8. Deokjeok Island microgrid modeling in PowerFactory.

The fundamental cause of the over-voltage problem due to RES integration is the
reserve power flow from the RESs in the network. The worst-case scenario considered for
over-voltage is under the minimum load and maximum RES generation. Therefore, this
scenario is selected in this study. The minimum load of this island microgrid is 700 kW.
The power flow simulation is performed considering different levels of PV generation. The
results of the microgrid voltage profile are depicted in Figure 9.
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Figure 9. System voltage profile under minimum load and different PV generation levels.

Regarding the over-voltage problem, the Buk-ri feeder has a better voltage profile
because this feeder is shorter and hosts only one PV plant and a small WT plant. By contrast,
the Seopo-ri feeder accommodates three PV plants, resulting in larger reverse power flows.
With the existing feeder configuration, the results indicate that the over-voltage problems
occur in the Seopo-ri feeder when the total PV generation exceeds 3325 kW, which is 175%
of the microgrid maximum load. Therefore, the total maximum output power of the four
PV plants is limited to 3325 kW for a reliable microgrid design. This constraint will be
applied in the techno-economic analysis for DER sizing.

4.2. Dynamic Simulation

Regarding the microgrid dynamic stability, the crucial problem of RES generation
is abrupt variations in their output power with significant ramp rates. These variations
subsequently cause voltage and frequency deviations. In the worst case, if voltage and
frequency deviate out of the regulation ranges, load shedding and RES disconnection
may be triggered, and system collapse may even occur. Therefore, the primary interest
of dynamic simulation in this study is the impact of severe PV output fluctuations on
the microgrid stability, thereby identifying associated design constraints, which are then
applied in the next step in the proposed microgrid design process.

In order to define the worst ramp-down event of PV power variations, a real-world
dataset of measured PV generation was analyzed in this study. The dataset is extracted
from microgrid data of a research building in Tsukuba, Japan [52]. The dataset recorded
the actual output power of a 90.84 kW PV system starting from 1 January 2015 to 24
April 2018 [52]. With a high 1 s time-step resolution, this dataset conserves all essential
dynamic characteristics of PV power fluctuations. Using this dataset, the ramp rates of PV
power variations are computed for different time intervals, and the results are presented in
Figure 10. The negative values indicate ramp-down rates while the positive values show
ramp-up rates.

Apparently, the PV power ramp rates over longer time intervals are higher in both
magnitude and frequency of observations. Regarding the impacts of PV power fluctuations
on the microgrid dynamic performance, the ramp rates over 1 s, 10 s, and 1 min intervals
are considered because they directly affect the transient frequency variations. From the
analysis, the highest ramp-down rates over 1 s, 10 s, and 1 min intervals are 44%, 53%,
and 56%, respectively. Therefore, for a conservative approach, this study considers a PV
power ramp-down rate of 60% over a 1 s interval as the worst PV ramp-down event for the
dynamic simulation.
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Figure 10. Extracted power ramp rates from the PV generation measurement dataset in Tsukuba, Japan.

The worst-case scenarios of microgrid operation regarding PV power fluctuation
are performed. Those are the scenarios when the PV generates the maximum power of
3325 kW and abruptly drops by 60% within a 1 s interval. The simulation is conducted for
the minimum and maximum load conditions, as detailed in Scenarios 1 and 2 in Table 2.
In these two scenarios, the ESS converter size is assumed to be sufficient to absorb all
the surplus power produced by PVs. Online diesel generators operate at their minimum
loading requirements, which is 25% of their rated power. Scenario 3 considers a smaller
ESS converter to see the microgrid dynamic behavior when over-generation happens in
the worst case. These three scenarios are simulated using the developed microgrid model
in PowerFactory. The system frequency and voltage magnitudes at critical points are
measured. The simulation results are shown in Figures 11-13.

Table 2. Description of dynamic simulation scenarios.

Scenario Simulation Conditions Operating Units Simulation Event
Minimum load (700 kW) 2 Diesel (300 kW x 2), Y
1 Maximum PV generation (3325 kW) ESS, PV, WT PV output drops by 60%
Maximum load (1900 kW) 4 Diesel (300 kW x 2,500 kW x 2), Y
2 Maximum PV generation (3325 kW) ESS, PV, WT PV output drops by 60%
3 Minimum load (700 kW) 2 Diesel (300 kW x 2), PV output causes over-generation
ESS converter is set to 2500 kW ESS, PV, WT p g
61 11¢
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Figure 11. Active power, frequency, and voltage responses in Scenario 1.
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Figure 13. Active power, frequency, and voltage responses in Scenario 3.

The simulation results of Scenarios 1 and 2 justify the microgrid performance under

sudden PV power fluctuations. The dynamic simulation results confirm no over-voltage
problem if the total maximum PV power generation is limited to 3325 kW. Under the worst
PV output drop, variations occur in transient voltage and frequency responses, but these
variations are within the voltage and frequency regulation ranges. These results verify the
dynamic performance of Deokjeok Island microgrid.

In Scenario 3, the capacity of the ESS converter is confined to 2500 kW. Under the
minimum load of 700 kW, diesel generators are operating at the minimum load and the
surplus power from PVs is used to charge the ESS. When the output power of PVs increases
more, the over-generation problem occurs. Consequently, the online diesel generators
accelerate, as shown in Figure 13, which leads the system frequency to increase and triggers
over-frequency relays to trip the diesel generators. In the worst case, this will cause system
collapse and blackouts. The simulation results of Scenario 3 indicate the significance of the
ESS converter size depending on the microgrid control structure.

From the analysis results, a design constraint on the ESS converter capacity is formed
for the control structure of Deokjeok Island microgrid. Considering the minimum load
ratio of diesel generators, which is typically 25% of the generator rating, and the extreme
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case of surplus power from RESs, the required capacity of the ESS converter must satisfy
the constraint in Equation (5).

ESSConverter > RESmax + 0-25L0admin - Loadmin (5)

where ESSconperter (kW) is the required capacity of the ESS converter, RESmax (kW) is the
admissible maximum output power of the RES, and Loadyi, (kW) is the minimum load of
the microgrid.

In summary, the power system analysis was performed for Deokjeok Island microgrid
based on critical problems of RES integration. The analysis results identified two design
constraints to guarantee the power system performance. The first constraint is that the
total maximum output power of PV plants must be limited to 3325 kW to eliminate the
over-voltage issue. The second constraint is that the ESS converter capacity must be
sufficient as determined by Equation (5) to address the over-generation problem. These
two constraints are applied as hard constraints in the techno-economic analysis to find the
optimal microgrid configuration.

5. Techno-Economic Analysis for Microgrid Design

In this study, the optimal design of Deokjeok Island microgrid aims to maximize the
system economic efficiency with renewable energy integration, which can be evaluated by
the total net present cost (NPC) and levelized cost of energy (LCOE). NPC addresses all the
costs and revenues occurring within the project lifetime, with future cash flows discounted
back to the present using the real discount rate [53]. For stand-alone systems, NPC includes
the costs of initial installation, component replacement, maintenance, fuel consumption,
and miscellaneous costs such as emission penalty if applicable, and the revenue of salvage
value that occurs at the end of the project lifetime [53]. NPC is calculated using the
following equations.

N (R
CRF(i,N) = a1 (6)
o Cann,tot
NPC = =REli, N) @

where CRF is the capital recovery factor, 7 (%) is the annual real discount rate, N (y) is the
project lifetime, NPC ($) is the total net present cost, and Cyun ot ($) is the total annualized
cost.

LCOE is the average cost for each kilowatt-hour of useful electrical energy generated
by the designed power system [53]. HOMER determines the LCOE using Equation (8). The
optimal design seeks for the microgrid configuration with the lowest LCOE and NPC.

C
przm,s+ def,s

where LCOE ($/kWh) is the levelized cost of energy, Epyin,s (kWh) and Egef,s (kWh) are the
total amounts of primary energy demand and deferrable energy demand served by the
system in one year, respectively.

5.1. Input Data

As indicated in the proposed microgrid design framework, in addition to the design
constraints obtained from the power system analysis, the input data for techno-economic
analysis include load demand and renewable energy resources data for a complete year
with a typical time-step of 1 h, the associated costs of DER technologies, and financial
parameters for the calculation of economic metrics. It is apparent that the accuracy of
input data predominantly decides the quality of analysis results. This section describes the
preparation of input data in detail.
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5.1.1. Load Demand

There are several methods to construct an energy consumption profile for various
types of customers. The widely applied approaches include survey, regression, and data-
driven. The survey method uses question forms to collect the information of the electricity
demand of each individual customer or representative customers [54,55]. The regression
method is a statistical technique to model the load profile based on associated variables
such as the numbers of industrial, commercial, and residential customers, education level,
income and major economic activities, and population growth rates [56]. The data-driven
approach estimates the load demand based on the measured data of existing loads [55].
Among the above-mentioned techniques, the data-driven approach is perhaps the most
reliable and accurate for load estimation, which is adopted in this study. This method
can be applicable in well-designed and developed systems with an energy management
system (EMS), in which the electricity demand has been measured and recorded for certain
periods.

Based on the available measured data of Deokjeok Island, the load profile of the
whole island for a complete year was constructed. The island has maximum, average, and
minimum loads of 1900, 1190, and 700 kW, respectively. The relatively high load factor
of 0.63 partly shows the potential for renewable energy penetration. Figure 14 describes
several representative features of the load profile for the Deokjeok Island microgrid design.
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Figure 14. The average daily load profile and monthly energy consumption of Deokjeok Island.

5.1.2. Renewable Energy Resources

The time-series data of renewable energy resources, including solar irradiance, wind
speed, and temperature for one year, are required to evaluate the energy production of
WTs and PVs. However, the on-site measurement data of these weather resources are
not available at Deokjeok Island. Instead, the data of global horizontal irradiance (GHI),
wind speed, and temperature were downloaded from the NASA Surface Meteorology
website for the coordinates of Deokjeok Island (37°14.3' N, 126°7.7' E) [57]. This approach
is commonly used for obtaining the renewable energy resources data used for the techno-
economic analysis, and this functionality is embedded in HOMER for the user convenience.
Figure 15 shows the key statistics of the availability of solar irradiance and wind speed at
the site.
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Figure 15. The average daily radiation and average wind speed at Deokjeok Island.

5.1.3. DER Costs and Project Finance

0
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It is obvious that the costs of DER technologies directly affect their capacity in the
optimal microgrid design. The costs of DERs vary significantly depending on many
properties such as the manufacturing technology, rated capacity and installation scale,
local market policies, and applicable technical features. Based on the surveyed data, the
associated costs and parameters of DER technologies are listed in Table 3. Table 4 presents
the financial parameters of the local market used for economic calculation. The project

lifetime is considered to be 25 years.

Table 3. Associated costs and parameters of DER technologies.

Technology Costs and Parameters Value Unit
Capital cost 1500 $/kW
PV [58] O&M cost 10 $/kW/y
Lifetime 25 y
Capital cost 2500 $/kW
WT [58] O&M cost 30 $/kKW/y
Lifetime 25 y
Capital cost 450 $/kWh
O&M cost 10 $/kWh/y
ESS Battery Bank [59] Replacement cost 225 $/kWh
Throughput 3000 kWh/unit
Round-trip efficiency 90 %
Capital cost 200 $/kW
Replacement cost 200 $/kW
ESS Converter [59] Efficiency 98 o
Lifetime 125 y
Capital cost 500 $/kW
O&M cost 0.03 $/kW/h
. Replacement cost 500 $/kW
Diesel Generator [3] Lifetime 60,000 h
Minimum load ratio 25 Y%
Diesel fuel price 1.1 $/L
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Table 4. Financial parameters.

Parameter Value Unit
Nominal discount rate 8 %
Inflation rate 2.38 %
Real discount rate 5.49 %
Project lifetime 25 y

5.2. Techno-Economic Results and Optimal Design

The techno-economic analysis is performed for Deokjeok Island microgrid using the
above-presented input data and the design constraints obtained from the power system
analysis. The decision metrics on the system economic efficiency include LCOE and
NPC. An extensive set of various microgrid configurations considering different PV rated
capacities was simulated in HOMER. According to the constraints identified from the
power system analysis, for the microgrid configurations with a PV rated capacity greater
than 3325 kW, the output power of the PV is limited by 3325 kW, and the ESS converter must
be greater than or equal to 2900 kW. The results of the LCOE and NPC are summarized in
Figure 16.
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Figure 16. Levelized cost of energy (LCOE) and net present cost (NPC) for various PV capacities for
Deokjeok Island microgrid.

The economic results reveal that the microgrid LCOE and NPC decrease significantly
with PV and ESS integration compared to those of the current system. Under the design
constraints, the system LCOE reaches a minimum at 0.269 $/kWh in the configuration
with the PV of 5020 kW and the ESS with a battery bank of 12,850 kWh and a converter of
2900 kW. For more accurate comparisons, Table 5 presents detailed results of the selected
configurations, and Figure 17 gives a graphical comparison of their key economic measures.

In the current power system of Deokjeok Island, the annual renewable energy pene-
tration is only 3.0%, and the system consumes approximately 2,556,508 L/y of diesel fuel,
which contributes significantly to the annual operating cost of 3,232,571 $/y. In the optimal
microgrid configuration, the penetration level of energy production from PVs and WTs
reaches 59.3%. As a result, a significant amount of fuel consumed by diesel generators is
saved. The annual fuel consumption is 1,087,777 L/y, which decreases by more than a half
compared to that of the current system, leading to a considerable reduction in the system
operating cost to 1,674,429 $/y. Compared to the current system, the NPC of the optimal
configuration declines by $7,683,550.
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Table 5. Results of selected cases for Deokjeok Island microgrid.
. Current Case 2
Parameter Unit System Case 1 (Optimal) Case 3
DERs Sizing
PV kW 169 2000 5020 10,000
WT kW 63 63 63 63
ESS kWh - 1850 12,850 18,600
ESS converter kW - 1550 2900 2900
Diesel generator kW 2900 2100 2100 2100
Energy Production
PV kWh/y 264,949 2,888,518 6,473,993 8,917,634
WT kWh/y 49,448 49,448 49,448 49,448
Diesel generator kWh/y 10,107,980 7,529,622 4,246,593 2,032,597
Fuel consumption L/y 2,556,508 1,922,135 1,087,777 522,868
RES penetration Y% 3.0 27.8 59.3 80.5
Economic Metrics
LCOE $/kWh 0.324 0.281 0.269 0.288
NPC $ 45,267,580 39,284,640 37,584,030 40,238,770
Capital cost $ 1,861,000 5,350,000 15,100,000 25,157,500
Operating cost $/y 3,232,571 2,527,178 1,674,429 1,123,131
.
Case 3 ' 1
Case 2 (Optimal) mNPC 1
[|Capital Cost
iOperatin.g Cost
Case 1 ' : g
Current System 1
0 0.5 1 15 2 25 3 35 4 45 5
Cost ($) x107

Figure 17. Cost comparison of selected cases for Deokjeok Island microgrid.

It is clear that higher PV capacity results in more fuel saving, producing lower system
operating costs and higher renewable energy penetration. When the rated PV capacity
increases from 2000 to 10,000 kW, the annual energy penetration ratio of RESs increases
from 27.8% to 80.5%. In the microgrid configuration with a PV of 10,000 kW, the annual fuel
consumption is only 522,868 L/y, which is approximately one-fifth of that in the current
system. However, in the case integrating 10,000 kW PV, it must be noticed that the system
LCOE and NPC are 0.288 $/kWh and $40,238,770, respectively, which are higher than those
of the optimal case. This is because of the significantly higher capital cost of $25,157,500
for larger PV and ESS plants. Subsequently, the savings in system operating costs are
insufficient to reduce the LCOE and NPC compared to the optimal configuration.

The techno-economic analysis for the Deokjeok Island microgrid design verifies the
system economic efficiency for higher PV and ESS integration. The results indicate that
the microgrid configurations with higher PV and ESS result in higher renewable energy
penetration levels and lower system operating costs, primarily due to the considerable fuel
savings. However, excessive PV and ESS capacity can increase the system LCOE and NPC
due to high capital costs.

From the analysis results, there is an optimal microgrid configuration, as highlighted
in Figure 16 and Table 5, in which the system LCOE and NPC reach the minimum values.
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As the design objective of Deokjeok Island microgrid is to maximize the system economic
efficiency, which means the lowest LCOE and NPC for stand-alone microgrids, the micro-
grid configuration with 5020 kW PV, 63 kW WT, the ESS with a 12,850 kWh battery bank
and 2900 kW converter, and 2100 kW diesel generators is selected for the optimal design
considering the current power system conditions of the island and the microgrid control
structure presented in Figure 3.

6. Impacts of Technical Improvements on Optimal Design

This section aims to evaluate whether some technical improvements in the power
system structure can increase the microgrid economic efficiency, hence resulting in a better
optimal design. As presented, the two design constraints identified from the power system
analysis for Deokjeok Island microgrid are the maximum output power of PVs due to the
over-voltage problem, and the required ESS converter capacity due to the over-generation
problem. The solutions to improve the power system performance regarding these two
problems are considered. The solutions include power system reconfiguration to improve
the system voltage profile under high renewable energy generation, and real-time control
of PV output power to address the over-generation issue.

6.1. Power System Reconfiguration

With the existing feeder configuration shown in Figure 2, it was found that the total
output power of PV systems must be limited to 3325 kW to prevent the over-voltage
problem, which will trigger over-voltage relays and may lead to RES disconnections or
even cascading outages. The most technically efficient and complete countermeasure for
the over-voltage issue due to RES integration is to upgrade the distribution voltage to a
higher voltage level. Specifically, for Deokjeok Island, the distribution voltage level can
be upgraded to 22,900 V according to the voltage regulation in South Korea. However,
upgrading the distribution voltage leads to the replacement of all transformers and possibly
the type of conductor. Consequently, this solution is costly, requiring significant time and
workforce for implementation.

Regarding these issues, there is a much simpler and less costly solution, which is to
reconfigure the feeder configuration to enhance the system voltage profile. This solution
can partially address the over-voltage issue. As presented, the existing power system of
Deokjeok Island has two main feeders, two normally open tie lines, and sectionalizing
switches installed along the feeders. These facilities sufficiently support power system
reconfiguration without requiring additional equipment installation. Various system
reconfigurations were examined. The option with the best voltage profile under high RES
generation is presented in Figure 18.
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Figure 18. Power system reconfiguration for Deokjeok Island microgrid.
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The voltage profiles of this reconfigured system under different PV generation levels
are shown in Figure 19. The results clearly justify the efficiency of power system recon-
figuration in this case study. The total maximum output of PV plants can be extended to
5700 kW, which is three times the peak demand. Due to the higher PV output power, the re-
quired capacity of the ESS converter must be upgraded accordingly. The techno-economic
analysis for Deokjeok Island microgrid is performed again considering these updated
design constraints due to the power system reconfiguration. The results are presented in

Figure 20 and Table 6.
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Figure 19. System voltage profile under minimum load and different PV generation levels considering power system
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Figure 20. LCOE and NPC for various PV capacities considering power system reconfiguration.
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Table 6. Results of selected cases for Deokjeok Island microgrid considering power system reconfigu-

ration.
Parameter Unit Case 1 ( O(i)at?renil) Case 3
DERs Sizing
PV kW 2000 4500 10,000
WT kW 63 63 63
ESS kWh 1850 10,800 19,700
ESS converter kW 1550 3150 5250
Diesel generator kW 2100 2100 2100
Energy Production
PV kWh/y 2,888,518 5,895,037 9,256,350
WT kWh/y 49,448 49,448 49,448
Diesel generator kWh/y 7,529,622 4,768,654 1,733,127
Fuel consumption L/y 1,922,135 1,220,112 445,629
RES penetration % 27.8 54.2 83.4
Economic Metrics
LCOE $/kWh 0.281 0.269 0.289
NPC $ 39,284,640 37,706,790 40,414,200
Capital cost $ 5,350,000 13,447,500 26,122,500
Operating cost $/y 2,527,178 1,806,636 1,064,330

The optimal configuration under the updated design constraints also produces the
LCOE of 0.269 $/kWh. However, the system NPC is higher than that of the previously de-
termined optimal configuration. The results indicate that the power system reconfiguration
is efficient in improving the microgrid voltage profile but not in enhancing the microgrid
economic efficiency. It should be noted that the reconfigured system considers the current
system facilities and does not require additional costs. Furthermore, the original optimal
configuration, which has 5020 kW PV with its output power limited to 3325 kW, has a max-
imum voltage of nearly 1.1 pu. For these reasons, the combination of the original optimal
configuration and the power system reconfiguration results in a better design for Deokjeok
Island microgrid considering power system performance and economic efficiency.

6.2. Real-Time PV Output Control

In the control structure considered for Deokjeok Island microgrid, there is a require-
ment for the minimum capacity of the ESS converter to prevent the over-generation issue.
An enhanced control feature of PV systems is considered based on the real-time control
of PV output power to address this technical disadvantage. This technological feature
requires additional communication links between the EMS and PV inverters. The PV
inverters must be able to receive external power setpoints from the central controller, and
generate the desired outputs accordingly by adjusting the PWM signals in their MPPT
algorithm. It is obvious that the maximum power produced by PV systems depends on
the available solar irradiation at a particular time. Therefore, this feature of PV output
control curtails the PV power during real-time operation when needed to ensure other
operating constraints of the microgrid. Implementing this feature of PV systems requires
a fast and reliable communication technology at the site, and accurate measurements of
system demand and generation status with very high measurement resolution. Based on
the system loading conditions, the central controller calculates and sends control signals
of power setpoints to PV and ESS systems. Consequently, there is no concern about the
over-generation problem, and the microgrid can use a smaller ESS converter if it improves
the system economic efficiency.

Considering the advantage of the real-time PV output control scheme, the techno-
economic analysis is performed again for Deokjeok Island microgrid. In addition, the
extended maximum limit of PV generation, which is 5700 kW due to the power system
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reconfiguration, is considered in the simulation to minimize the PV power curtailment.
The updated techno-economic results are presented in Figure 21 and Table 7.
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Figure 21. LCOE and NPC for various PV capacities considering real-time PV output curtailment.

Table 7. Results of selected cases for Deokjeok Island microgrid considering real-time PV output

curtailment.
Parameter Unit Case 1 ( Oc'i)at?fnil) Case 3
DERs Sizing
PV kW 2000 4950 10,000
WT kW 63 63 63
ESS kWh 1500 11,900 19,350
ESS converter kW 1100 2000 2750
Diesel generator kW 2100 2100 2100
Energy Production
PV kWh/y 2,828,871 6,273,571 9,135,683
WT kWh/y 49,448 49,448 49,448
Diesel generator kWh/y 7,582,607 4,424 375 1,839,507
Fuel consumption L/y 1,937,123 1,132,644 472,696
RES penetration % 27.2 57.5 82.4
Economic Metrics
LCOE $/kWh 0.280 0.267 0.285
NPC $ 39,192,520 37,349,410 39,853,060
Capital cost $ 5,102,500 14,387,500 25,465,000
Operating cost $/y 2,538,749 1,710,018 1,071,506

The results show that the microgrid control structure with the real-time PV output
management effectively enhances the system economic efficiency. Overall, microgrid
configurations under various PV ratings tend to select smaller ESS converters compared to
the previously determined configurations in Table 5, which constrains the ESS converter
size due to the over-generation problem. The optimal configuration integrates 4950 kW PV
and requires an ESS converter of only 2000 kW, resulting in a system LCOE of 0.267 $/kWh
and NPC of $37,349,410, which are lower than those of the original optimal case. It must be
noted that this updated optimal case has both a capital cost and NPC lower than those of
the original optimal case. Regarding the overall economic efficiency, the option requiring
lower capital cost and NPC presents an economically attractive selection for investment.
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6.3. Selection of Optimal Microgrid Design

In summary, the design of Deokjeok Island microgrid was performed for three sce-
narios considering different power system conditions. The first scenario considered the
existing power system configuration of the island and a simple and reliable microgrid
control structure, which subsequently result in the constraints on the maximum PV out-
put power and the required ESS converter capacity. The second scenario evaluated the
system economic efficiency considering the power system reconfiguration to enhance the
system voltage profile under high renewable energy penetration, hence extending the
constraint of maximum PV generation. Finally, the third scenario considered an advanced
microgrid control structure, which integrates the real-time PV output control so that the
over-generation issue is figured out, and the extended PV output limit to minimize the
power curtailment. The optimal microgrid configuration with the lowest LCOE and NPC
was obtained for each scenario. Table 8 summarizes and compares the economic metrics of
the three optimal configurations corresponding to the three scenarios.

Table 8. Summary of economic metrics of the optimal configurations for three scenarios.

Parameter Unit Scenario 1 Scenario 2 Scenario 3
DERs Sizing
PV kW 5020 4500 4950
WT kW 63 63 63
ESS kWh 12,850 10,800 11,900
ESS converter kW 2900 3150 2000
Diesel generator kW 2100 2100 2100
Economic Metrics
LCOE $/kWh 0.269 0.269 0.267
NPC $ 37,584,030 37,706,790 37,349,410
Capital cost $ 15,100,000 13,447,500 14,387,500
Operating cost $/y 1,674,429 1,806,636 1,710,018

As analyzed, the optimal configuration of Scenario 3 has the highest economic ef-
ficiency with the lowest LCOE and NPC. The coordinated control scheme considered
in Scenario 3 requires up-to-date technical features in the communication system and
operation of DER units. With the technological development status of South Korea, it is
guaranteed that all of these operation and control requirements are fulfilled. Recently, this
country has been developing stand-alone and grid-connected microgrid models using state-
of-the-art technologies to enhance the integration of RESs technically and economically.
For these reasons, the microgrid configuration of Scenario 3 is selected for the final design.

In conclusion, based on the power system performance and economic efficiency, the
optimal design of Deokjeok Island microgrid consists of 4950 kW PV, 63 kW WT, the
ESS with a battery bank of 11,900 kWh and a converter of 2000 kW, and 2100 kW diesel
generators. The microgrid control structure integrates the real-time PV output control, and
the power system reconfiguration is selected to enhance the system’s technical performance.

As presented, the proposed microgrid design framework was applied to the design of
a stand-alone microgrid in Deokjeok Island for the design objective of minimizing the total
system operating cost. The design framework can adapt to various microgrid planning
and design problems under different objectives. For example, if a microgrid design aims to
minimize the system carbon emission, the amount of emission in each feasible configuration
must be calculated based on the system generation profile obtained from the performance
model. When government or state incentives granted for renewable energy technology
should be considered, annual cash flow calculation considering tax credits must be applied
in the techno-economic analysis to capture all the benefits from available financial incentives
for a microgrid project. Depending on particular design objectives, necessary modifications
can be made in the techno-economic analysis to consider additional parameters.
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7. Conclusions

This paper proposed a microgrid design framework based on power system analysis
and techno-economic analysis, which targets practical microgrid designs. Techno-economic
analysis simulates the power balance of a microgrid considering economic prices and
operating constraints of DER units, and the simulation is typically performed with annual
operation data on a 1 h time-step resolution. Techno-economic analysis cannot evaluate
the power system performance criteria, such as voltage and frequency regulations, which
are essential for system operation when the microgrid design is implemented in practice.
Accordingly, power system analysis is vital for a complete microgrid design. The optimal
microgrid configuration obtained by the proposed method satisfies the design objective
in terms of economic efficiency and the power system performance regulations, thereby
enhancing the realistic feasibility of the microgrid design solution. The effectiveness of this
approach was validated by applying it to a real stand-alone microgrid design for Deokjeok
Island in South Korea.

The case study results justify the importance of considering power system specifica-
tions in the microgrid design process. The power system conditions affect not only the
technical performance but also the optimal microgrid design. Considering the power sys-
tem improvements, the selected optimal design for Deokjeok Island microgrid maximizes
the system economic efficiency and provides high power system performance. This result
indicates an advantageous application of the proposed microgrid design framework that is
to evaluate the impacts of different power system design options on the optimal microgrid
configuration. In practice, the planning and design of microgrids must consider local
conditions of the site to obtain the most technically and economically feasible solution.
This study can be a reference for microgrid designers seeking a complete microgrid design
process that can be adopted in practical design problems and provides a means to evaluate
technical and economic variants in the design solution.

The presented work in this paper has some limitations. The techno-economic analysis
considered in the proposed microgrid design framework is based on deterministic calcu-
lation methods. We did not consider uncertainty in the required time-series data such as
power demand and weather resources data. This is currently the most common approach
in the microgrid planning and design process. However, this method cannot capture the
intermittency in RES generation, which is a technical challenge in real-time microgrid oper-
ation for high renewable energy penetration. By incorporating power balance uncertainty
in the performance model of the techno-economic analysis, the simulated operation of a
microgrid can be more accurate for actual systems.
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