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Abstract

In recent years, islanded microgrid systems have been operated by integrating
renewable energy sources, diesel generators and energy storage systems for
economical and efficient operation in providing power for local loads. Diesel
generators contribute to stabilize the system's voltage and frequency, meanwhile
the storage systems respond quickly to changes of the renewable sources’ output
as well as the load demands. However, the capacity of the energy storage systems
is limited and characterized by the state of charge. As a result, a proper energy
management strategy based on state of charge of hybrid energy storage system is
required to increase the reliability and economic operations of the islanded
microgrid system. The research demonstrates the effectiveness of the proposed
strategy based on Battery State of Charge approach to maintain the stability of
the system frequency. State of Charge value is always maintained in the
operational limit, in conjunction with the PV output limitation and load shedding
scheme to retain the stability. Matlab/Simulink is used to obtain simulation
results that show the efficiency of the proposed method.

Keywords: Battery, Hybrid energy storage system, MPPT controller, Photovoltaic
system, Supercapacitor.
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1. Introduction

One of the key points of minimizing greenhouse gases emissions is to shift the
focus from conventional energy like fossil fuels to Renewable Energy Sources
(RESs) which are friendly to environment such as solar and wind power. The solar
energy has been one of the pioneering renewable technologies over the decades
[1]. The total installed capacity of solar energy reached 480 GW globally by
the end of 2018, representing the second - largest renewable electricity source
after wind. In 2019, solar energy again dominated total renewable and power
capacity additions, adding twice as much capacity as wind and more than all
fossil fuels and nuclear together, solar PV additions reaching around 94 GW.

Microgrids (MGs) are considered as necessary solutions to integrate RESs into
power systems [2]. The target of using MGs is maximize benefits from RESs
sources. Microgrid can operate in either grid-on mode or grid-off mode and switch
between these two modes flexibly when it is required. In grid-on mode, control
strategy of microgrid is focus on generating P/Q and maximum power from RESs
[3]. On the other hand, the target of controller is focusing on balancing power
between load demand, sources, stabilizing voltage and frequency in the grid-off
mode. In the off-grid operation mode, the balance of power between the generator
and load demand is extremely vital [4]. However, with the high penetration of the
renewable energy system, the grid faces a lot of issues such as: poor power quality,
stability issues, frequency control and unbalanced load [5]. The role of inertia in
the power system is referred as in [6, 7]. In a utility with a huge penetration of
renewable energy sources, the total inertia of the system decreases. According to
Moreira and Lopes [6], the system with lower inertia has more frequency oscillation
with the same variation in the load as well as the source.

The Energy Storage System (ESS) with the advantage of a fast response time
and dispatchable ability can attenuate these issues in MGs. The ESS can provide
fast response to minimize the issue of fluctuation and interruption of RESs to
stabilize voltage and frequency. Thus, the generated and consumed power are
always kept in balance. The combination of ESS and renewable energy sources to
become a virtual power generator (VSG) [8] can increase the inertia of the electrical
power system when there is the participation of Distributed Energy Resources
(DERs). Therefore, the quality of electricity is improved under the increasing
penetration of DERs [9]. According to Thounthong et al. [10], there are two main
groups of storage devices: High power density storage devices capable of response
a large amounts of power in a short time with fast dynamic characteristics but
unable to store large amounts of power (supercapacitors, superconducting magnetic
materials, flywheels, ...) and high energy density storage devices capable of
delivering a large amount of power over a long period of time with slow dynamic
characteristics (electrochemical batteries , fuel cells,...). Nevertheless, no storage
technology has both vantages in energy density and power density. The proposal
usage of a Hybrid Energy Storage System (HESS) is to combine both advantages.
Hence, this research proposes a combination of a battery storage system with a
large energy density and supercapacitors with large capacity density. As a result,
the storage system will have a higher response frequency than a battery-only system
and increase the life of the battery by reducing the amount of instantaneous
response power.
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ESS is proposed to use in an islanded Microgrid system [11-14]. Various energy
storage technologies such as flywheels, superconducting materials, battery storage
systems and supercapacitor storage systems are used for responding the frequency
in the system [15]. However, there should be a consideration when using multiple
storage technologies together to take the advantages of each type. Nguyen et al.
[16] proposed control algorithms for HESS systems that can help the PV system
provide exactly required power into the grid. However, the mobilization of power
is really huge in a short time while the capacity of ESS is limited leads to some
issues in terms of lifespan of ESS. Studies indicated that deep charging and deep
discharging can shorten the life of the ESS [17, 18]. At the same time,
accompanying phenomena such as overheating can adversely affect the
performance of the ESS. Thus, the SoC of the Battery Energy Storage System
(BESS) should be maintained within an allowable range to extend the life of BESS.
However, the implementation of ESS capacity constraints via SoC parameter has
not yet been investigated thoroughly.

Based on BESS SoC parameters, this study proposes a control approach for an
islanded AC Microgrid system. This strategy's goals are to stabilize the system's
frequency and maintain the SoC of BESS within the permitted range to extend the
life cycle. The surplus of generated power is used to charge HESS. When the SoC
of battery (SoCg%) reaches the top boundary, the limitation algorithm of produced
power in PV systems is employed. Due to the slow reaction times of diesel
generators, PV systems and HESS are proposed as a dispatchable source to
response to quick changes in the power system. HESS is in discharge mode when
the load increases. a load-shedding scheme is used in the situation that the produced
sources do not deliver enough power to meet the load demand and the SoCg%
decreases to the lower threshold. Priority and non-priority loads are categorized as
consumers in the proposed system. The load-shedding program will firstly shed
non-priority loads to maintain power quality for the priority load, and the system
will restore non-priority loads when the SOCg% meets the stable operating level.

The remaining of this paper is organized as follows: In Section 2, the
configuration of the studied islanded microgrid is presented. The power control
method is depicted in Section 3. The power management strategy based on SOC%
of BESS is shown in detail in Section 4. The simulation results of control
algorithms achieved by Matlab/Simulink are described in Section 5. Finally, the
main conclusions of this paper are drawn in Section 6.

2.Structure of islanded microgrid and components in the system

In this research, the islanded Microgrid structure consists of distributed energy
sources: PV system, diesel generator and Hybrid Energy Storage System (HESS)
which are connected to an AC Bus to provide power as shown in Fig. 1. This work
focuses on the simulation of battery, supercapacitor combining Maximum Power
Point Tracking (MPPT) algorithm for PV and hence optimizing power and
frequency responses of the system [7].

2.1.Photovoltaic System Modelling

A real PV cell is modelled with an I, current source in parallel with the diode, the
shunt resistor Rsy, and the series resistor Rs. The following equation describes the
math model for a PV cell [13, 14]:
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where | and V are respectively the current and output voltage of the PV cell; Ip is
the current to the diode; Iy is the reverse saturation current; n is the ideal diode
factor (n = 1); g is the elemental charge (q = 1.6022 x 10° C) k is Boltzmann's
constant (k = 1,3806 x 1022 J/K); and T is absolute temperature.
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Fig. 1. The studied islanded microgrid system.

2.2.Diesel Generator Electric Modelling

A simple model of a diesel generator consists of a frequency controller and a diesel
generator system [19] as shown in Fig. 2.

Feedback speed |—— AVR
Af L

Governor ——® Turbine - Synchrqnous
* Machine
AR, AP

m

Fig. 2. Modelling of diesel generator.
The diesel generator's frequency controller is modelled with a PI controller as:
. K,
AP (s) = —(KP + ?'j Af (s) 2)

where AB;, is the power deviation reference; Af is the difference between actual
frequency fe and nominal frequency fo; K, and K; are the proportional and integral
stages of PI controller respectively.
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Dynamic parts of thermal generator consist of an actuator, a governor and a
turbine. For the simplification, the diesel generator is modelled with a first-order
transfer function as in (3):

*

AR, (s) = AR, (9) ®)

T.s+1

g

where Ty is the time delay of the diesel generator.

2.3. Supercapacitor Modelling

Several different equivalent circuit models for an SC have been developed in
literature. They include the classical equivalent circuit model, an RC parallel
branch model, an RC series-parallel branch model and a transmission line model.
In addition to the capacitance Csc of the SC, this model considers the Joule’s loss
and self-discharge phenomenon of the SC, which are represented by the equivalent
resistances Rssc and Rpsc, respectively. The corresponding dynamic equations of
the employed SC can be obtained as in [20]:

Voo =Vese + Rysclsc

av, 1 1 . (4)
% = _R_-Vcsc +C_-'sc
psC sc

where Vsc and isc are the voltage and current of the SC respectively; and Vcsc is the
voltage across Csc.

2.4. Battery Modelling

The equivalent model circuit of the battery consists of a DC voltage source, series
resistors and two parallel RC circuits. The DC voltage source is represented by the
open circuit Vo voltage, resistor Rs represents the internal resistance and the RC
parallel circuits (Ru-sCir-s and RyCia) describe the short-duration response and
long-duration response of the voltage characterized by Vgair. SOC% shows the
battery's status calculation based on the initial SoCy and charge/discharge current
of the battery. A battery module consists of m branches and each branch consists
of n cells. The formula for calculating the SoCsg (%) [9]:

(i@
SoC, =SoC, — [—~2dr 5)
B 0 !Cap

where SoCo (%) is the initial value of the battery's state of charge; i(z) (A) is
charging current; Cap (Ah) is the total capacity of the battery.

3.Energy Control in the System

3.1. Droop control method

In the islanded microgrid with high penetration of renewable energy, the system
always has uncertain fluctuations of generated power. Therefore, the frequency
stability is a difficult issue. Hence, it is necessary to have a control method to
distribute the power immediately and accurately among modulated sources in the
primary control level to promptly respond to fluctuations to stabilize the frequency.

Journal of Engineering Science and Technology August 2022, Vol. 17(4)



2676 H. V. P. Nguyen et al.

The power control method based on the characteristic line as shown in Fig. 3
called the Droop Method Control as follows:

f=f,—K,AP= fo—%.AP (6)

where K, is the coefficient characterizing the characteristic line (P - f); AP is the
deviation of active power that needs dispatching from sources; R is the droop
coefficient of each source.
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Fig. 3. Droop characteristics.

3.2. Dynamic model of islanded Microgrid

A frequency response modelling of islanded Microgrid is shown in Fig. 4.
According to [16, 17, 21], the DERs in Microgrid are modelled by a first-order
transfer function described in the following equation:

1
Ts+1

where T is the time constant of DERs.

G(s) U]

3.3.Control the power of HESS

The overall control scheme of HESS [16] is illustrated in Fig. 5. As the SC responds
faster than battery when power variation suddenly happens in a very short time, it
is used to quickly compensate for sudden power changes [22, 23]. The battery with
higher energy density is used for long-term energy storage due to its slower
response. These advantages of HESS help them to be a primary response of
frequency variations in the islanded system before the control scheme of diesel is
engaged [24, 25]. A low pass filter is designed with a time constant Tpar, Used to
filter out the low-frequency power, provide the reference value to the battery
controller. High-frequency power is taken to the supercapacitor controller. These
controllers employ the approach of controlling the current via PI controllers. The
duty cycle D of the controller is sent to DC/DC converters [26]. These bidirectional
converters can operate in two modes: discharge state where the power is transmitted
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from storage sources to the DC bus and charging state where the power is charged
from the DC bus to the storage sources.
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Fig. 4. Frequency response model of islanded Microgrid.
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Fig. 5. Overall control scheme of HESS.

4.Power Management Strategy Based on SOC% of Battery Energy
Storage System

To optimize the system operation economically and improve the lifetime of the
storage system, especially the battery, this paper proposes an energy management
strategy for the islanded Microgrid AC system based on the SoC% of battery.

4.1. Proposed Energy Management Strategy

The system employs BESS to maintain and respond quickly to minor power
fluctuations in the system. In addition, controlling the flow of energy distributed to
the energy storage system helps to improve the battery’s life. The main energy
storage device is battery, while supercapacitor only plays a role in responding to
power fluctuations in a very short time. Therefore, the battery power status
determines the working status of the system. The system management strategy
based on the SoCg% of BESS is shown in Pseudo-code 1 Energy Storage System
Management Algorithm.

e When SoCg% is greater than the maximum value (S0Cmax = 80%), the system
switches to the PV limit operation mode (Case 3).

o When SoCg% is less than the minimum value (SoCwin = 20%), Battery runs out
of energy and stops discharging. Then, the operating system considers the case
of load shedding scenario to maintain the stability (Case 4).
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o When SoCg% is between SoCnin and SoCrax, battery and supercapacitor can be
operated flexibly between charging and discharging modes to support the
system (Case 1 and case 2).

In case 1 and 3, the generated power of RESs is maximized (Ppy = Pmpp). AS
SoCg% is within the normal operating condition (SoCmin < S0Cg < S0Cnax), the
HESS is operating normally. The power deviation between the sources and the load
is compensated as the power of HESS:

PHESS = PPV + PD PL (8)

iesel

where Phess < 0 when the HESS receives power from the system; Press > 0 when
the HESS generates power into the system.

Pseudo-code 1 Energy Storage System Management Algorithm

1. function F(fne ,S0Cgat)

2 APress = Af *1/Ruess; % Ruess is the droop coefficient of HESS
3 if (Puess > 0) then do

4 if (S0Cg < SO0Cmax) then do

5: Case = Case 1; % Charge Battery and SC

6 else

7 Case = Case 2; % PV limited

8 end if

9 else

10: if (SoCg > SoCnin) then do

11: Case = Case 3; % Discharge Battery and SC
12: else

13: Case = Case 4; % Load-shedding

14: end if

15: end if

16: end function

4.2. PV output power limitation condition

Under the circumstance that battery is fully charged (SoCg% > 80%), if the
generated power of the PV system is greater than the load demand, it has to be
reduced the generated power as it is connected to an islanded grid [5]. To control
the output power from the PV system, Maximum Power Point Tracking (MPPT)
algorithm must be equipped. Accordingly, the MPPT will find the corresponding
opening angle D (Duty Cycle) to be able to generate maximum power according to
the amount of radiation. By changing this value D, the output power of the PV
system can be adjusted to the desired value. When there is a frequency deviation
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due to power imbalances, the frequency difference is calculated. Based on the droop
characteristic, the amount of power that the PV system needs to vary is determined.
The assumption is that the radiation under this investigation is unaltered radiation,
following values can be calculated: Prp, is the maximum power value of the PV
system under investigation with fixed radiation; Dmgp is the duty cycle
corresponding to the fixed radiation under the investigation. The block scheme of
the limitation MPPT mode control is shown in Fig. 6.

Limitted
Signal
D = f(Pret, Prpps Drnpp) 1\’_
D
—

Voy—»

P, MPPT ®0

Fig. 6. PV limitation mode control.
The value of the new duty cycle D is calculated:
1-D
D=1-=2"" P, &

mpp

where Py is the reference power that needs to be reached for the PV system while
commissioning in PV limitation operating mode.

4.3. Load shedding condition

In this scenario, the battery's charging status reaches SoCg < SO0Cnin (20%) and the
power from PV sources is low. Therefore, when the generated power cannot meet
the load, the system frequency drops below the lower threshold of fne = 49.5 Hz,
the non-prioritized load will be cut-off. Meanwhile, the power from the diesel
generator can be mobilized in time to be able to stabilize the frequency [27].

Nguyen et al. [28] proposed an energy management strategy in which diesel
generators operate with a constant power. When SoCg = So0Chin, then mobilize the
diesel generator to charge the storage system to the value of SoCg = 30%. The
proposed load shedding algorithm is shown in Pseudo-code 2: Load-shedding
program [6]. When the load is shed, the SoC of the battery is recovered and
increased. When SoCg > 30%, the program ends and the storage system is back to
normal operation.

Pseudo-code 2 Load Shedding Program

1. function F(SoCagat,fret)

2 Load-shedding = 0;

3:  if fhee <49.5 then do

5 Load-shedding = 1;
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5 if (SoCg% == 30%) then do

7 Load-shedding:=0;% End load-shedding program

8: else

9 Load-shedding:=1;% Continue the load-shedding program
10: end if

11: else

12: Load-shedding:=0;

13: endif

14: end function

5.Simulation Results
5.1. Scenarios

The research system is an islanded Microgrid in which the maximum capacity of
the PV plant is 600 kWp. The Photovoltaic-Diesel system provides power to the
local load consisting of two components: priority load and non-priority load. Based
on the SoCg of the BESS, it is possible to shed non-priority loads to ensure the
power quality of the system. The purpose of the system simulation is to integrate
the HESS system into an islanded grid, and to examine its operation in different
cases based on BESS's SoCg. In this simulation, two scenarios are considered to
facilitate the evaluation of the effectiveness of the proposed strategy. The entire
model is built in Matlab/Simulink. Main parameters used to simulate the system
are tabulated in Table 1.

The investigated cases are shown in detail as shown in Fig. 7. Figure 7(a) denotes
the Charging mode of HESS and PV output limitation. In this case, the load has a
constant power consumption Pieaq = 1080 kW whereas the power from the solar
system has a large power change at time t = 11 s from Py, = 330 kW to P,y = 540 KW.
To ensure the power balance between the generators and the load consumption,
sources such as HESS must be charged, and the diesel generator must reduce power.
When SoCg = 80%, the energy level of the HESS is at upper threshold and the power
cannot be charged further into the HESS. Under this circumstance, the system is
proceeded to limit the output power of PV sources (PV limitation condition). Figure
7(b) shows the condition of Discharge mode and Load shedding condition. In this
scenario, there is a 10% increase of load consumption at time t = 10s. When SoCg =
20%, the energy level of the HESS is at the lower threshold and stops discharging its
power to the system. At this moment, a load shedding condition has to be employed
to balance capacity from source and load consumption.

The proposed control strategy is towards frequency stability of the electrical
system taking into account the energy level of the HESS SoCsg. Using the proposed
strategy, the energy level of the HESS system is always maintained within the range
of 20% < SoCg < 80%. Moreover, the HESS 's life expectancy is also enhanced by
avoiding deep-charged as well as overcharge.

Table 1. Parameters of the system.
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Parameters Value
Maximum PV Power (MWp) 0.6
Rated power of diesel generators (MW) 1.4
Priority Load (MW) 15
Non-priority Load (MW) 0.3
Battery storage capacity (Ah) 603.5
Supercapacitor capacitance (F) 12.7
Low-pass Filter constant (s) 0.2
Time constant of the Diesel generator (s) 0.8
Droop coefficient of HESS (Rwess) (Hz/W) 6.25x 107
Droop coefficient of PV (Rev) (Hz/W) 1.3x10°®
Droop coefficient of Diesel (Rpieset) (Hz/W) 1.785x10°
Initial Power of Diesel (kW) 780
Initial Power of PV (kW) 300
Initial of Load demand (kW) 1080

The Initial SoC of BESS in Case 1, 2, 3, 4 (%) 50%, 78%, 50%, 23%

107

Power (W)

0 2 4 6 8 10 2 14 16 18 20
(a)

Power(W)

0 2 4 6 8 10 12 14 16 18 20
Time(s)
(b)

Fig. 7. PV system output power and load demand.

5.2. The frequency response of islanded system

Figure 8 depicts the frequency response of the research system in investigated
cases. Frequency value is continuously maintained in the working range from 49.8-
50.2 Hz [29]. This paper presents two responses of the system’s frequency in two
condition studies of HESS: The charge operation case of HESS is shown in Fig.
8(a) and the discharge mode is illustrated in Fig. 8(b). In Fig. 8(a), two scenarios
of SoCg are presented: normal charging mode with SoCg < 80% and stopping-
charged mode with SoCg > 80%. When the SoCg < 80%, the exceeded power from
the PV system is charged to the battery. At time t = 13.8s when the value of SoCg
reaches 80%, the battery cannot be charged further. At this moment, the frequency
is increased suddenly as the generated power is larger than the load consumption,
and hence the limitation program of PV output power is activated to maintain the
frequency’s stability. By reducing the PV power via the proposed method in section
4.2, the system’s frequency is returned to fnet = 50.2 Hz.

Figure 8(b) depicts two scenarios when the battery is in discharge mode. The
HESS system is operating in normal discharge mode with SoCg > 20% when there
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is a need of generating power. At time t = 16.8s when SoCg drops below 20%,
HESS stops discharging power to the grid. Due to lack of generated power, the fue
system frequency decreases to the value of 49.5 Hz and the load shedding program
sends the signal to shed non -priority loads. The reduction in load consumption
enables the system to recharge HESS by surplus generated power to bring the SoCg
back to normal operating threshold.

50.3
= =PV limitted case
50.2 || ==Charge mode P IR R—

50

(Hz)

49.9
[1]

50.1

50
= =Load shedding case

499
o — Discharge made

:_\: 498
,__E 49.7
49.6 L
49.5
0 2 4 6 8 10 2 14 16 18 20

Time(s)
(h)

Fig. 8. The frequency response of islanded system.

5.3.The power distribution in the microgrid

Figure 9 shows the load graph with consideration of load shedding and SoCgs
characteristics during simulation duration. In this scenario, it is assumed that PV
output is constant value of Ppy = Pupp = 540 KW. At time t = 10 s, there is a sudden
increase of load consumption meanwhile the generated power from diesel cannot
responds accordingly. Consequently, the HESS is put in discharging mode to
compensate the underbalance power from the time of 10 s onwards, and hence the
system frequency is kept stable. When the SoCg drops below 20% at the time t =
16.8 s, the frequency starts dropping quickly as the battery stops providing power
to the grid. The system frequency is reduced to f.e = 49.5 Hz and the non-priority
is cut-off at this time. The excess power from the source due to the reduction in the
shed load charges to the HESS and the SoCg increases to the value within the
normal operating threshold. The system frequency is always kept in the range 49.8
- 50.2 Hz as shown in Fig. 8(b).

In case the HESS operates charging and discharging mode with 20% < SoCpg <
80%, the system will always operate stably. The HESS power response in charging
mode is shown in Fig. 10, which shows HESS's ability to quickly mobilize power
to balance the power in the system. Supercapacitor storage system with very small
response time tsc ~ 0.1s responds to instantaneous changes while BESS with tga: ~
1s is for long-term charge and discharge purposes. The instantaneous response of
HESS at time t = 10s in the discharge case is depicted in Fig. 10. The diesel
generator system with slow response time as the frequency regulator will act as a
background source, but with the mechanical properties of the governor and the
turbine, the changing power from the machine Diesel generator is very slow. In the
simulated mathematical model, the time constant tpieser = 0.8s is used, the diesel
generator would reach the steady state after the time t = 5T piesel = 4S.
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Fig. 9. Load shedding program: Power response.

Figure 11 shows the PV system output power when the SoCg charging state
reaches 80% and power limitation must be performed. A proposed droop
characteristic reducing the output power of the PV source is used as shown in Fig.
3, whereby the PV source is seen as a modulated source when excess power is
provided to the system. At time t = 13.5s, PV power decreases from Ppy = 540 KW
to Ppv =400 kW in order to balance the power between the generator and the load
consumed without the support of HESS. According to Fig. 11, the charging power
of BESS reduces from Pgar = 175 kW to 0, and the SC must quickly discharge the
amount of power to avoid large fluctuations in power.

The combination of PV/Diesel/HESS sources help increase the electric quality
of the islanded Microgrid. The simulation results show the feasibility of the
proposed control strategy through controlling power electronics system. Therefore,
the integration of renewable energy sources such as PV and wind into the islanded
Microgrid system with HESS which using the proposed control strategy always
maintains the system frequency stability as well as the power balance between
generation and load consumption.
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Fig. 10. Response of battery, SC and diesel generator in discharge case.
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Fig. 11. Response of PV power, SoC of battery and power of HESS.

6.Conclusions

The operation of a microgrid system comprised of PV and Diesel with a high
renewable energy penetration may cause significant fluctuations in the system's
frequency. The application of HESS aims to improve system frequency stability when
the power of renewable energy sources and loads fluctuates. Because of storage
system's energy capacity is limited, an energy management strategy based on the
SoCg level of the battery is recommended to keep the islanded microgrid flowing
efficiently. When SoCg < SoCnin and the source capacity cannot satisfy the load
demand, the load shedding scenario must be considered. On the other hand, when
SoCg reaches the upper threshold SoCrmax, it is necessary to consider output power
reductions in order to balance the power in the system. The simulation results indicate
the effective performance of the proposed energy management system when it is
employed. The system frequency is always stabilized during the variations of power
sources and loads in different scenarios with the help of the proposed strategy.

The load shedding technique, however, should be adjusted to a specific
condition. The optimum amount of shed loads is still undergoing various
researches. The next approach would be to apply this management strategy to a
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specific system utilizing solar radiation forecast with a real load profile and optimal

method to determine the amount of loads to be shedded.
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Nomenclatures

Cap Total capacity of the battery, Ah

fo Nominal frequency of system, Hz

Ki Integral coefficient of Pl controller

Ko Proportional coefficient of Pl controller

Prmpp Power at maximum power point of PV system

R Droop coefficient of each source

SOCs State of charge of battery, %

T Time constant, s

Vsc Value of operating voltage of SC, V
Greek Symbols

) Angular frequency of power grid, rad/s

Abbreviations

AC Alternating Current

BESS Battery Energy Storage System

D Duty Cycle

DC Direct current

DER Distributed Energy Resources

DG Diesel Generator

ESS Energy Storage System

HESS Hybrid Energy Storage System

IRENA International Renewable Energy Agency

MG Microgrid

MPPT Maximum Power Point Tracking

PV Photovoltaic

RES Renewable Energy Sources

SC Super Capacitor

SOC State of Charge

Pl Proportional Integral
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