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Abstract: Microgrids are one of the effective solutions for utilizing renewable energy sources and distributed generations in
distribution networks. This paper proposes a model to study operation modes of a microgrid consisting of a battery energy
storage system (BESS), a solar power system, a diesel generator, a main grid and consumers. The microgrid components
and control systems are modelled in the MATLAB Simulink software. Based on this model, different operating scenarios
including the islanded mode and the black start mode are carried out to analyse and evaluate the dynamic response of the
microgrid. The voltage, current, power, and frequency of the various locations on the system are simulated in the scenarios
and they indicate that with the support of the BESS control, the microgrid is maintained at a stable operation condition in
both studied modes.
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1. Introduction

Many scientists are focusing on finding solutions to improve the efficiency of renewable energy integration into the
existing grid. These solutions are recognized as one of the important criteria to improve power supply reliability, reduce
energy loss, and operate flexibly power systems [1, 2, 3]. The microgrid is considered as a technique to enhance the
renewable energy integration and optimization participating in the grid, such as wind power plants, solar power plants,
diesel generators, battery energy storage systems (BESS) [4, 5]. The integration of microgrids into electrical systems is
garnering significant interest due to their numerous advantages. These include facilitating more sustainable operations by
incorporating local renewable energy sources such as wind and solar; lowering energy costs through optimized demand
management, energy storage solutions, and the resale of electricity to the grid during peak demand periods; and improving
reliability to ensure continuous power supply to facilities during outages [6]. Furthermore, this model can be utilized to
deliver electricity to remote regions that are not connected to the main power grid.

Compared to traditional power systems, islanded microgrids have a low system inertia. Additionally, distributed
generations using renewable energy sources have fluctuating, random, and interrupted output power, making it difficult
to control and balance power in the power system [7]. The challenge for islanded microgrids is to ensure that the power
balance between generations and loads is always balanced when there is a power change to stabilize the frequency and
voltage, as well as having high compatibility, so it is necessary to have a source that is able to regulate and respond quickly
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[8]. Microgrids also play an important role with customer participation in power generation, energy storage, control, and
management in the grid. This development converts consumers into professional consumers and allows them to take an
active role in the grid [9, 10]. The integration of microgrids into the existing distribution system has transformed it from a
passive grid into an active grid [11, 12].

Recently, researchers have focused on exploring various aspects of microgrids, including studies on efficient energy
management systems for small-scale hybrid solar microgrids [13], optimizing the operation of microgrids using renewable
energy sources, investigating distributed economic operation in smart grids [14] and addressing challenges related to
microgrid protection and methods for mitigating the impacts of these challenges [15, 16, 17]. Additionally, modeling and
simulating the operational modes of a microgrid for research purposes is a significant topic of interest, such as dynamic
simulations of microgrid systems for universities and simulations of the coordination between Battery Energy Storage
Systems (BESS) and photovoltaic (PV) systems with bidirectional power control strategies in microgrids [18, 19, 20].
The simulation results from various scenarios contribute to the design calculations and rational operation of microgrids.
Consequently, this paper focuses on the modeling and simulation of a microgrid using MATLAB/Simulink software.
This microgrid includes essential components such as a Battery Energy Storage System (BESS), a photovoltaic (PV)
system, a diesel generator, grid power, and electrical loads. The integration of the BESS enhances the stability of the
microgrid studied in this model. The microgrid is analyzed under two operational modes: islanding mode and black start
mode. The novel contributions of this paper include: (i) Establishing a microgrid model with components such as the
photovoltaic system, BESS, and diesel generator; (ii) Analyzing and evaluating the operational capability of the microgrid
while operating in islanding mode; (iii) Verify the operation ability of the black start mode and study the microgrid dynamic
responses under the disturbances.

2. Proposed microgrid test system model

A microgrid consists of distributed energy sources, microturbine sources (diesel generators, thermal power plants, and
small hydro power plants), battery energy storage systems, consumers, and these elements can be managed through a central
control system as depicted in Figure 1. Based on the central control system, the microgrid can operate in grid-connected,
island-separated modes or can flexibly switch between these two modes as needed [21]. In the microgrid, the microturbine
and BESS play a key role in controlling power, voltage, and frequency stability. The BESS responds quickly to disturbances
in renewable energy sources to regulate the power system frequency and voltage [22]. Besides, the storage capacity is also
a very important factor, it means the proportion of energy available after a full charge and upon self-discharge and the
proportion of time required to reach the deep discharge capacity [23].

( AC loads [ MG Microgrid \
~ ——- 7 DNO  Distribution Network Operator
= =S v | BESS Battery energy storage system )

Figure 1. Microgrid overview
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2.1 System configuration

The microgrid model proposed for studying in this paper is depicted in Figure 2 that consists of main components: a
BESS, a solar power system, a diesel generator, a main grid, consumers and a central control system [24, 25]. In particular,
the diesel generator, which plays a backup source in the microgrid, is equipped with frequency and excitation control
systems to control its generation power and voltage. On the other hand, the solar power system and the BESS are main
sources to supply energy for the microgrid. The solar power system is connected via an inverter. The BESS has also the
controllers to receive commands and setpoints from the central control system, operating with many modes, such as the
grid-following, grid-forming, or resynchronization [26].

During normal operation, the microgrid remains connected to the main grid. In case of disturbances, however, the
microgrid disconnects and switches to islanded mode. In islanded mode, a section of the distributed network becomes
electrically isolated from the main grid, and loads are supported solely by local distributed generation sources. These
distributed sources are typically power-electronic-based, adding complexity to the study of the system as a whole [27].
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Figure 2. Proposed microgrid test system model

In this system configuration, the solar power system consists of two parallel chains with 100 panels in series and total
peak power of 500 kWp. The solar power system is assumed to operate at the irradiance of 1000 W/m? and the temperature
of 25 °C. The diesel generator has the capacity of 125 kVA, the rated voltage of 480 V, and the rated frequency of 50
Hz. The step-up transformer is used to increase the output voltage for the diesel generator from 0.48 kV to 4.16 kV for
supplying the loads. The main grid has the rated voltage of 132.5 kV, the rated frequency of 50 Hz, and the total power
impedance of 2 Q. Furthermore, the system includes three major categories of loads, such as the 100-kVA lighting load,
the 100-kVA auxiliary load, and the 750-kVA motor load. The BESS will respond rapidly to variations in the microgrid. It
includes main components, such as battery modules, grid-side converters, filters, transformers, measurement, and control
systems. This BESS has a total power capacity of | MVA and a DC output voltage of 2.2 kV. The converter creates an AC
voltage of 1 kV from a DC output voltage of 2.2 kV and connects it to the system via a 1-MVA transformer with a primary
voltage of 1 kV and a secondary voltage of 13.8 kV.

2.2 Main components

Figure 3 illustrates the mask creation blocks for the BESS, while Figure 4 shows the control blocks within MATLAB
Simulink. These control blocks are designed to manage the BESS during power fluctuations, allowing the microgrid to
seamlessly switch between different operating modes, such as grid-following, grid-forming, and resynchronization.
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According to Figure 4, the main components of the BESS control system are the measurement unit, the power control
unit, the voltage and current control unit. The measurement unit is used to compute the frequency and active and reactive
power generated by the inverter. It also computes the d-¢ components of the three-phase voltage and current at the microgrid
point of common coupling (PCC) bus. In the grid-following mode, the power control unit is active to regulate the active
and reactive power by using the measured power at the BESS primary bus and the power reference signals Pref and Qref
to generate the activeControl, reactiveControl, and angle signals. In grid-forming mode, the voltage control unit is active to
regulate the three-phase voltages at the PCC bus. For the current control, the regulators process the measured and reference
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Figure 3. BESS modeling blocks in MATLAB Simulink
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The BESS power at the time ¢ (Pggss,) can be positive or negative. If Pggss, > 0 the BESS is discharging and acting
as a generator, unless Pggss,; < 0 the BESS is charging and acting as a load. The value of Pggss, is constrained by the

following equation:
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Figure 4. BESS control system in MATLAB simulink
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Pgiss < Peesss < Faiss (1)

Besides, SoC; is the state-of-charge of the BESS at the time 7. SoC; is within the range between the minimum and
maximum of the state-of-charge to ensure the battery life span.

SoC™" < SoC; < SoC™* ()

where SoC™™ and SoC™* are the minimum and maximum of the state-of-charge of the BESS, respectively.

The diesel generator is another essential component that helps stabilize system parameters such as frequency and
voltage, and it can supply power to the system in all operational scenarios as required by the controller. Figure 5 shows the
diesel generator model in MATLAB Simulink. In conjunction with Figure 1, the diesel generator is connected to a 4.16
kV busbar to efficiently supply power to the load while also stabilizing the grid when the Battery Energy Storage System
(BESS) is in a charging state.
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Figure 5. Diesel generator model in MATLAB simulink

The renewable energy source used in the model is a solar power system. It supplies power to the system, reducing
reliance on the main power grid and thereby optimizing costs. After conversion by the inverter, the solar power system is
fed through a transformer to a 13.8 kV busbar to provide power and support transmission. The solar power system model
is illustrated in Figure 6, which includes the photovoltaic (PV) panel array and inverter systems.

The output power of this solar power system is calculated as follows:

Ppy = fPVPPV,R ( > [1 + op (Tcell - Tcell,STC)] (3)

T
Grsrc

where Ppy is the output power of the PV system (kW); fpy is the derating factor, reflecting the impact of dust on the surface,
lifespan, and other factors on the output power; Ppy g is the rated power of the PV system (kW); Gr is the actual solar
radiation (kW/m?); Gr src is the solar irradiance under standard test conditions (STC) (kW/m?); o is the temperature
coefficient of the power source; T;; is the temperature of the PV cell (°C); T...i; s7c is the temperature of the PV cell under
standard test conditions with 7" value of 25 (°C).

In this model, the load system consists of lighting loads, auxiliary loads, and motor loads. All loads can be controlled
through circuit breakers (CB) positioned in front of them. Additionally, the motor load includes a dedicated controller
to regulate load power, enabling black start operations and flexible load power adjustments within the system. Figure 7
shows the load model in MATLAB Simulink, including the components mentioned above as well as those in Figure 2.
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Figure 7. Load model in MATLAB simulink

To ensure that the components operate, interconnect, and function stably while facilitating flexible transitions between
modes, a controller has been integrated into the model to manage the overall operation of the microgrid. This model is

illustrated in Figure 8.

Journal of Electronics and Electrical Engineering

Volume 3 Issue 2|2024| 465



PLL > MGControlr mPLL
mPCC. Gikdoltage @—H Girid Voltage ReferenceGeneration
[ Haconwoter Resne [*[Resyne
mPLL PLL Resync
mPCC  PCCvoltags @—b{PCC Voliage ’ o [ @ MaConioler . Planedilandiog *|Planned Islandi VReff—(D
CiiRm . BESSRasctvePower @—» BESS Reactive Power o r.. [ —— VRef
BlackStart +|BlackStart

mpCe. PCC.sctvaPower @— PCC Active Power

Resyne Statu owifm. BESS PRef @-#| Control Room PRef

mpCe. PCC.

PCC Reactive Power  plannedisland Statu CiRm. 8255.0R< @+ Control Room QRef  FRef—(2D
FRef

[ Euwg >—»iStatus BlackStart Statu Gwrm. 255 ver @] Control Room VRef

Microgrid Control Functions

cuiRm. sess FRef @ Control Room FRef

curm . ranercms @-» Power Tracking PQRef—>(3D
= PQRef

oo
\‘ Status

Reference Generation

Resyne Status

Plannedslanding Status r»o MGConimler BrkGoniro

BlackStart Status BrikC

Ctrirm. Resync @) ———»| Resyne Enable

m ——{PL
oo . MGCentrolerBRK Status
CirRm o—U BrKControl
Cllfn.ockSiot @——#| BlackStart Enable PCCBRK
BiK Cirl
mPLL Status MGContraller . Status
iR blaokout @———] Blackout Status [N F—
rlRm
BreakerStatus
Microgrid Supervisory Control Breaker Control

Figure 8. Microgrid controller model in MATLAB simulink

3. Numerical simulation results and discussion

From the above studied modeling, this paper focuses on simulating two typical operation modes, including the islanded
mode and black start mode.

3.1 The islanded mode

In the islanded operation mode, the microgrid will be disconnected from the main grid at the PCC bus following a grid
outage or as scheduled, and that the distributed generations, battery energy storage systems, and loads within the microgrid
will be independently operated [28]. In this scenario, the microgrid test system will be simulated during a power outage of
the main grid, therefore, the microgrid will be operated in the islanded mode. At this time, the BESS will be controlled to
stabilize the power, voltage and frequency of the microgrid. The loading power will be supplied by the solar power system,
the diesel generator, and the BESS. Figure 9 shows the frequency, voltage angle and peak voltage variations of the main
grid and microgrid in islanded mode. In this figure, the simulation results are zoomed at the islanding command time of
7.96s.

Figure 10 shows the three-phase voltage waveforms, the output current waveforms of the BESS and the main grid.
When there is a islanding command, the main grid current gradually drops to zero. After appropriately 4 s, the circuit
breaker and the microgrid island separation process are completed at the time of 7.96 s, the voltage and current of the
BESS gradually stabilize within the acceptable limits, indicating that the test system has successfully changed to the stable
islanding operation mode. If the BESS voltage and current are unstable or fall outside the permissible range, the control
system must be inspected and adjusted. It can be observed that before the test system is operated under its islanded mode,
the BESS current was relatively large, showing that at this time the BESS is generating the power for the loads and the
main grid is only a supplementary source. After the main grid is disconnected, the microgrid is change to the islanded mode
and the main grid current will drop to zero, and the BESS current also decreases due to the solar power system penetration.
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Figure 9. Frequency, voltage angle and peak voltage of main grid and microgrid in islanded mode
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Figure 11 shows the load three-phase voltage and current of the microgrid test system in the islanded operation mode.
It can be obviously seen that the voltage and current tend to decrease before the time of 4 s due to the load variations, and
after the reverse separation from the time of 7.96 s, the load current stabilizes and shows small variations. This indicates that
the load voltage and current are still remained in a stable condition during the islanding process, demonstrating effective

control and stability.
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Figure 11. Load three-phase voltage and current in islanded mode

The active and reactive power of the BESS are illustrated in Figure 12. As shown in this figure, the load power is
slightly over 0.5 MW, while the main grid power drops to 0 MW. At the time of 7.96 s, the BESS power is negative because
the solar power system and the diesel generator are generating active power to the microgrid. Thus, the islanding process
finishes, the load power is supplied by the PV system and the diesel generator. The BESS is changed to the frequency and
voltage control mode to respond to the disturbance in the microgrid. After the time of 7.96 s, the BESS is charging because
it is absorbing the excess power generated by the solar power system. Since the microgrid is operated in the islanded mode
and cannot generate the active power to the main grid, the BESS absorbs power to recharge and maintain reserves for

future operations.

3.2 The black start mode

The black start mode is the generation ability to restart parts of the distribution network to recover from a blackout of
the main grid. This requires isolated power stations being started individually and gradually reconnected to one another to
form an interconnected system again. It is used when the main grid experiences a blackout and must be restarted from
scratch. As such, the black start is a critical resource for maintaining the reliability and resilience of the distribution network
and is central to system restoration and recovery plans for power system operators [29]. The purpose of this work is to
check the operating status of the BESS as well as whether the microgrid meets the requirements when the microgrid is
operated in reverse separation mode. In this case, the black start mode is carried out at the time of 3 s, the BESS discharges
enery to the microgrid and the black start process begins at the time of 4 s. The BESS output voltage increases in step by
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step as defined by the black start parameters. The voltage steps and the delay between each step can be specified in the
input data program file.

Active power (MW)

Grid active power
g BESS active power
= Load active power
= i 1 PV active power
Diesel active power

5 5.5 6 6.5 7 7.5 8 8.5

Time (s)
015 Reactive power (MVAr)
0.1+

E Grid reactive power

> BESS reactive power

S 0.05 .

< Load reactive power

o PV reactive power

0 e —
-0.05 . . . . . .
5 5.5 6 6.5 7 7.5 8 8.5

Time (s)

Figure 12. Active and reactive power of BESS, main grid, solar power system, and loads in islanded mode

Figure 13 illustrates the three-phase voltage and current of the BESS, as well as the current from the main grid
during the black start process. In this mode, it is clearly observed that the BESS three-phase voltage and current change
incrementally, demonstrating the BESS’s response capability and the microgrid’s operation. Starting from 7.3 s, the BESS
three-phase voltage and current stabilize, indicating the successful initiation of black start mode and that the microgrid is
now supplying power to the loads. Additionally, the final plot in Figure 12 shows that the main grid current is zero, as the
microgrid is operating in islanded mode.

Figure 14 shows the three-phase voltage and current of the loads. When the black start process begins, the BESS
de-charges for supplying an energy to the loads of the microgrid. Thus, the load voltage starts at a much lower value, below
the minimum steady state one. As the black start process is started, the load power increases gradually according to the
various levels. Figure 15 shows that the load three-phase voltage and current become stable, indicating that the black start
control process is stable. Figure 15 illustrates the active and reactive power of the Battery Energy Storage System (BESS),
the solar system, the main grid, and the electrical loads. During this process, the BESS provides both active and reactive
power to the microgrid in black start mode, while the solar energy system and diesel generator are not operational in this
mode. According to this graph, the system begins to restore the load from a state of collapse at the time of 5.5 s. Besides,
the load is reintroduced incrementally to avoid overloading the system, ensuring it can respond effectively. By 7.3 s, the
system has successfully restored the entire load, with the BESS continuing to supply stable active and reactive power to
the loads. This demonstrates both reliable power provision and effective system control.
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Figure 13. Three-phase voltage and current of BESS and main grid in black start mode
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Figure 14. Load three-phase voltage and current in black start mode
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4. Conclusions

The paper studied modeling and simulation of the operation modes of a microgrid including the battery energy storage
system (BESS), the diesel generator, the solar power system, the main grid, and consumers. The entire microgrid test
system is configured, modeled and simulated using the MATLAB Simulink software, and the microgrid control system is
also established to flexibly control its various operation modes. Two scenarios corresponding to two operation modes (the
islanded mode and the black start mode) are examined, analyzed, and evaluated in this paper. The numerical simulation
results show that the control systems of the microgrid and the BESS will maintain the microgrid in a stable operation status
in both scenarios. This provides a foundation for the calculation, analysis, and reasonable selection of basic parameters for
the main components in the microgrid. Additionally, it aids in effectively leveraging the integration of the solar power
plant within the microgrid.
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