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Abstract: In grid-connected operations, a microgrid can solve the problem of surplus power through
regeneration; however, in the case of standalone operations, the only method to solve the surplus
power problem is charging the energy storage system (ESS). However, because there is a limit
to the capacity that can be charged in an ESS, a separate energy management strategy (EMS) is
required for stable microgrid operation. This paper proposes an EMS for a hybrid AC/DC microgrid
based on an artificial neural network (ANN). The ANN is composed of a two-step process that
operates the microgrid by outputting the operation mode and charging and discharging the ESS. The
microgrid consists of an interlinking converter to link with the AC distributed system, a photovoltaic
converter, a wind turbine converter, and an ESS. The control method of each converter was determined
according to the mode selection of the ANN. The proposed ANN-based EMS was verified using
a laboratory-scale hybrid AC/DC microgrid. The experimental results reveal that the microgrid
operation performed stably through control of individual converters via mode selection and reference
to ESS power, which is the result of ANN integration.

Keywords: energy management strategy; distributed generation; interlinking converter; artificial
neural network; hybrid AC/DC microgrid

1. Introduction

Recently, the power generated by renewable energy sources, such as solar power and
wind power generation, has increased. However, there are several variables that affect
centralized power supply methods. Because of these challenges, interest in microgrids that
perform local generation and consumption of power by arranging distributed generation
(DG) centered on customers is increasing. Research on methods and operations for linking
AC-based centralized power supply systems with DC microgrids is underway [1-3].

Figure 1 illustrates microgrid configurations according to voltage type. Figure la
shows the AC microgrid. The AC microgrid has the advantage of being able to supply
power in connection with the AC distributed system [4]; therefore, the initial installation
cost is low, and the existing load can be used as the distribution system voltage is in the
form of AC. However, when large-scale DG is a factor, the microgrid’s stability and power
factor are adversely affected, and power generation sources, such as solar and wind power,
must undergo a two-step power conversion process, resulting in low efficiency. Figure 1b
shows a DC microgrid. Unlike an AC distributed system, the DC microgrid does not need
to consider reactive power, power factor, or frequency. In addition, the power conversion
step of the linked DG source is reduced, and power generation efficiency is increased [5,6].
However, because existing loads are based on AC voltage, there is a disadvantage in that
additional power conversion facilities are required.

Because microgrids have distinctive strengths and weaknesses according to voltage,
research on hybrid AC/DC microgrids that can connect DC microgrids and AC distributed
systems is underway. Figure 1c shows the hybrid microgrid. The hybrid microgrid can be
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operated in connection with an AC distributed system (grid-connected) and independently
in islands and mountains (standalone) [7-9].
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Figure 1. Classification of microgrids with voltage type (a) AC; (b) DC; (c) hybrid AC/DC.

The hybrid microgrid can have several advantages, such as easy connection with the
AC distributed system and increased efficiency of the DG source. To construct a hybrid
microgrid, various studies have been conducted on an interlinking converter (ILC) with
a bidirectional AC/DC converter to link AC distributed systems and DC microgrids [10,11].
ILC not only has the function of linking AC distributed systems and DC microgrids, but
it can also supply energy from AC distributed systems when DC microgrid power is
insufficient. In addition, it can supply reactive power when the voltage of AC drops, and it
can supply power to a point where an accident has not occurred even when a single-line
ground fault occurs [12].

A microgrid uses AC power or renewable solar and wind energy sources as its power
source, and an energy storage system (ESS) is required to efficiently use the intermittent
energy characteristics of these renewable power sources [13]. An energy management
strategy (EMS) is needed for the operation of a microgrid. In grid-connected operation, it
can receive surplus power and boost insufficient power. However, in standalone operation,
surplus power and insufficient power must be resolved by charging and discharging the
ESS and balancing load power and generated power. Even in grid-connected operation, an
EMS is required to minimize the power reception from the AC distributed system.

Figure 2 depicts two methods of microgrid operation: the decentralized system and
the centralized system. Figure 2a shows a decentralized system that facilitates microgrid
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expansion. This control method has the disadvantage that a circulating current flows
because voltage control is performed for each converter. When the droop method is applied
to suppress such a circulating current, the voltage becomes unstable because the voltage
drop, according to the droop coefficient, is different, and the state of other converters is
unknown [14-16].
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Figure 2. Microgrid control methods: (a) distributed system; (b) centralized system.

Figure 2b illustrates the centralized system. The centralized system uses a commu-
nication line between each converter to monitor power easily. It has the advantage of
easy energy management by giving power commands to the ESS based on these moni-
toring data [17-19]. However, because the method relies heavily on communication, it is
vulnerable to communication delay, noise, and accidents.

In this study, the proposed EMS was experimentally verified by applying a centralized
control method with the aforementioned advantages.

In the case of conventional EMS, there are several operation modes. Algorithms
become complex when considering various situations [20], and the criteria for mode
switching are unclear [21].

Because the load pattern of a small-scale regional microgrid does not have a large and
constant load pattern, such as that of a building, it is difficult to apply a conventional EMS
that predicts load demand [22-24].

For the foregoing reasons, research on microgrid prediction has been conducted, and
as part of it, research on artificial intelligence-powered EMS exists [25]. However, it is
difficult to apply due to the complexity of the structure and techniques used.

In the conventional EMS mentioned previously, an operation mode is selected with
an algorithm. In order to determine the mode with the algorithm, a lot of information is
required; the problem is that communication delay is long due to this, and more data must
be received from a number of converters. Because of these problems, this paper proposes
an EMS that minimizes the information received from the converter using ANN.

Therefore, the proposed method in this paper is summarized as follows.
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1. A hybrid microgrid EMS with a two-step process based on an artificial neural network
(ANN) is proposed to simplify the operation mode of the conventional complex
microgrid and increase the efficiency of ESS power management.

2. The proposed microgrid operation method is applied to the ANN with a two-step
structure that reduces the burden of learning compared to a multilayer ANN with
only one hidden layer, and it enables easy structural changes by learning individual
steps [26].

3. The proposed EMS can easily derive the correct operation mode and ESS power
commands based on DG power and load power, which is unpredictable in a small-
scale microgrid.

The proposed microgrid EMS was established in a laboratory-scale microgrid to
experimentally verify its feasibility.

2. Structure and Operation of Proposed Energy Management Strategy

Figure 3 illustrates the configuration of a hybrid microgrid. The hybrid microgrid
can use both AC and DC voltages and has the advantage of being suitable for areas with
many islands and mountainous areas. An ILC connects the AC distributed system and DC
microgrid, and the ILC is a bidirectional, three-phase, four-leg AC/DC converter, which can
maintain the balance of voltages with unbalanced load conditions in the AC distribution
system [27].
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Figure 3. Microgrid configuration with DGs and loads.
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2.1. Artificial Neural Network Configuration and Microgrid Control

A DC microgrid is composed of photovoltaic (PV) generators, wind power generators,
and an ESS. In standalone operation, it must supply the power to the DC and AC side loads.

In addition, each PV, wind turbine (WT), ESS converter, and load performs power
quality monitoring (PQM) through a communication line with a microgrid central controller
(MGCCQ), and the ESS is charged and discharged according to the instructions received
from the MGCC. Figure 4a shows the structure of the two-step ANN. The microgrid is
operated depending on the first step’s output, and the ESS power reference is determined
by the output of the second step. Figure 4b shows the structure of the entire converter
control block diagram, which is determined by the first step’s output.
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Figure 4. Microgrid control configuration based on ANN. (a) Structure of MGCC with proposed
two-step ANN for EMS. (b) Structure of whole converter control block diagram.

2.1.1. First Step of Artificial Neural Network Operation

The first step has 3 input nodes, 20 hidden nodes, 1 bias node, and 1 output node.
Each of the three input nodes consists of MGgra7E, microgrid power status, and the state
of charge (SOC) of the battery. The output indicates the operating mode of the microgrid.
Figure 5 depicts the structure of the ANN. The learned operation mode algorithm is shown
in Figure 6. The output of the first step of the ANN is a value between 1 and 5 according
to the learned algorithm, and it is composed of the input elements of the second step of
the ANN.
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Figure 6. Operation algorithm of hybrid AC/DC microgrid.

Figure 7 shows the ANN mean square error (MSE). Here, the first step of the ANN
process performed 43 iterations for learning, and it was confirmed that the algorithm had
an MSE of 3.3642 x 107°.
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Best Validation Performance is 3.3642e-06 at epoch 43
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Figure 7. MSE of first step of ANN.

2.1.2. Second Step of Artificial Neural Network Operation

The second step of the ANN'’s process comprises 3 input nodes, 20 hidden nodes,
1 bias node, and 1 output node. Each of the three input nodes is composed of the Mode,
which is determined by the first step’s output, the power status of the microgrid, and
the battery SOC. The output indicates the ESS power command of the microgrid, which
is output as a value between —5 kW and 5 kW depending on the input value. Figure 8
illustrates the structure of the second step of the ANN’s process.
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Figure 8. Configuration of second step of ANN structure.

Figure 9 shows the MSE of the ANN. The second step of the ANN’s operation per-
formed 48 iterative learning epochs, and it was confirmed that the ESS power command
was learned with a mean square error of 1.5837 x 10~°.

Best Validation Performance is 1.5837x100%
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Best

3
T

2
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Figure 9. MSE of second step ANN.

2.2. Operation Mode Analysis of AC/DC Hybrid Microgrid Energy Management Strategy

In this paper, we propose a small-scale hybrid microgrid EMS in which a two-step
ANN is applied. The MGCC is composed of a two-step ANN: the first step derives the
microgrid control mode, and the second step determines the ESS power command for
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operation. First, the ILC is essential for connecting the AC distributed system and the
DC microgrid. Second, each converter control method is divided into standalone and
grid-connected depending on whether they are linked.

In the grid-connected mode, the voltage of the DC microgrid and current of the
AC distributed system are controlled by the ILC. The PV and WT converters perform
maximum power point tracking (MPPT) control. The ESS operates according to the MGCC'’s
commands. This determines charging and discharging power. In the standalone operation
mode, the AC distributed system voltage is controlled by the ILC. The voltage of DC
microgrid is controlled by the WT converter. In this mode, the PV converter operates under
power-limit and MPPT controls. Detailed operating modes are given in Sections 2.2.1-2.2.4

The microgrid state is divided into four categories, where 0 and 1 correspond to the
grid-connected mode, and 2, 3 correspond to the standalone mode. The linkage of the AC
distributed system is determined by faults in the main AC circuit breaker in Figure 3. In the
case of grid-connected microgrids, the ILC receives approximately 400 W from the grid to
maintain DC voltage. With a margin of 2.5 times the minimum amount of power received, it
is assumed that if it is less than 1 kW, then power can be supplied from within the microgrid.
The power received is expressed as Pj;c, and MGgrarg is 0. During the grid-connected
mode, the ESS SOC must be maintained at 50% or more in preparation for the transition to
the independent operation mode. If the SOC of the ESS is less than 50%, then it receives
power from the AC distributed system until the SOC becomes 80%, the ESS is charged, and
the DC load has received power. The reason for separating MGgsraTg as described above
is to maximize the economic advantages of these microgrids by minimizing the power
reception from the AC distributed system.

If a fault occurs in an AC distributed system and the connection to DC microgrid
is lost, then the microgrid operates independently. Because power cannot be received
or regenerated, like in the grid-connected mode, it is necessary to check the microgrid’s
power status at all times. When the demand for load is greater than that of the microgrid’s
distributed power source, the SOC of the ESS will fall below 20% and power cannot be
supplied; thus, either a drop in the power distribution network voltage of the microgrid or
overdischarge of the ESS occurs. In such a situation, if the cut-off and linkage criteria for
non-critical loads are not clearly defined, then the cut-off and linkage are infinitely repeated
depending on the SOC of the ESS. Therefore, MGsrarg was divided into 2 and 3 even for
the standalone mode. When MGgrarg is 2, it indicates a load-linked situation, and when
MGgsTaTE is 3, it means that the load is a cut-off situation. Table 1 lists the operating mode
conditions of each operation.

Table 1. State values of microgrid.

MGSTATE AC Distributed System PILC Load
0 . 0 (on) <1 kW -
1 Grid-Connected 0 (on) 1 kW B
2 1 (off) - Off
3 Standalone 1 (off) _ On

2.2.1. Modes 1 and 2: Discharging and Charging Operation

The ILC maintains the DC microgrid’s voltage and the AC distributed system’s current
during grid-connected operation. The ESS is operated according to the MGCC’s commands,
and each DG source performs MPPT control.

Grid-connected operation is classified into two modes. In the first mode, it does not
receive power from the AC distributed system (MGgrarr is 0). In the second mode, it
receives power from the AC distributed system (MGsrarg is 1). When the SOC is sufficient,
the operation is performed depending on the command received from the MGCC. If
the microgrid has enough power, then there is no reason to receive power from the AC
distributed system; therefore, MGsrarg is changed to 0. If the SOC is smaller than 50%,
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then the ESS will stop discharging and conduct the charging operation until the SOC is over
80%, at which point MGgrarr will be changed to 1. Because the power of the microgrid
is not enough, it needs to receive power from AC distributed system. Figures 10 and 11
illustrate the flow of the DGs, each converter power during grid-connected operation.

ILC : DC Bus Voltage Control

AC Bus AC DC Bus
P
'_:_I—:-' DC e PDCLnad
( > T+ o] [l
.—O—‘—Cl_ — DC | ; DC
AC Grid D — Load
DC
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AC [ DC .
L()a d | | DC PPV DC Critical Load
) . — DC
PV : MPPT Control | I Critical
Power Flow AC == Load
Py
Power Generation DC
ESS Power WT : Reverse Torque Control

Figure 10. Mode 1: ESS Discharging.
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Power Flow AC P == Load
WT
Power Generation DC
ESS Power WT : Reverse Torque Control

Figure 11. Mode 2: ESS Charging.

2.2.2. Mode 3: Standalone Operation

During standalone operation, the main AC distributed system circuit breaker is turned
off. The ILC maintains the AC distributed system’s voltage. The WT converter maintains
the DC microgrid’s voltage.

When the SOC is between 20 and 90%, the mode of microgrid is 3. In mode 3, the ESS
conducts charge and discharge operations according to the MGCC’s commands. Figure 12
illustrates the flow of the DGs to each converter during standalone operation.
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2.2.3. Mode 4: Power Limit Operation

Mode 4, power generation limit mode, is included in standalone operation. When
the SOC is over 90%, or when there is surplus power even though the ESS cannot be
charged anymore because of the high generated power of the distributed power generation
source, the mode of microgrid is 4. Mode 4 limits the power of the DGs up to the load
power. This mode prevents overcharging and increases the voltage of the DC microgrid.
Figure 13 illustrates the flow of power through the DGs and each converter during power
limit operation.

ILC : AC Bus Voltage Control

AC Bus AC DC Bus
NN s Ppcroad
7O O7 = |
07 93 DC o DC
AC Grid Prss | maary Load
DC
Picroas ESS : Discharging
1]
AC [ EE? DC .
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PV : Limit Power Control | ; Critical
Power Flow —AC P ~| Load
— WT
Power Generation — / DC

ESS Power WT : DC Bus Voltage Control
Figure 13. Mode 4: Power Limited Operation.

2.2.4. Mode 5: Cut-Off Load Operation

Mode 5, cut-off load mode, performs an operation to cut off the load.

During standalone operation, in a scenario where the SOC is less than 20% and
generation is lower than load demand, the mode of microgrid becomes 5. Because the grid
cannot supply power to the load, the load must be cut off.

In mode 5, all DC and AC loads, excluding critical loads, are shed from the microgrid.
The ESS conducts its charging operation first. The load is cut off until MGgrarr becomes 2.
MGgstaTE changes to 3 when the load is cut off and returns to 2 when the ESS is charged to
50%. At the end of mode 5, non-critical loads are linked back to the microgrid. This mode
prevents overdischarging and voltage drops in the DC microgrid. Figure 14 illustrates the
flow of power to the DGs and to each converter during cut-off load operation.
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Figure 14. Mode 5: Cut-off load operation.

3. Experiment Results

The experimental equipment were configured as shown in Figure 15 to verify the
proposed hybrid microgrid. The individual converters constituting the microgrid are
shown in Figures 16-19. The experiment was conducted by simulating the power flow
for each mode through the DC and AC loads, and the proposed operation method was
verified experimentally.

Wind Turbine Energy Storage
Converter System (ESS)

Photovoltaic
Converter J
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(TMS320F283779) | [ Gate Fault
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AC Power
Relay
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Figure 16. (a) ILC; (b) power stack of ILC.
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Figure 17. Energy storage system (ESS): (a) ESS converter; (b) battery for ESS.
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Figure 18. Photovoltaic (PV) generation system: (a) PV converter; (b) PV panels.

DC Dynamo
Controller

AC Grid

Control Board
TMS320F28335

(a) (b)
Figure 19. Wind Turbine (WT) generation system: (a) 3-level NPC converter; (b) M-G set.

Figure 16a,b illustrates the experimental equipment of the ILC and the power stack
of the ILC. The topology of the ILC comprises three-phase four-leg converters. When the
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AC distributed system is linked, it operates as an AC/DC PWM converter, and in the
independent mode, it operates as an inverter.

Figure 17 depicts the configuration of the ESS converter and battery. Each battery had
12V, and 20 of them were connected in series for a total of 240 V.

Figure 18 illustrates the composition of the PV system and PV panel. A 5 kW class PV
panel was used.

Figure 19 shows the WT converter. The WT converter had a DC motor and PMSG
connected in series, and it had a capacity of 13.3 kW.

3.1. Experimental Results in Grid-Connected Operation

An experiment was conducted to simulate the case in which the AC distributed
system is linked to the microgrid, as shown in Figure 3. In the grid-connected mode, the
ILC maintained DC voltage, and the WT and PV converters performed MPPT control.

Figure 20 illustrates the experimental results of the microgrid operating in conjunction
with the individual converters through the MGCC. When the SOC was over 50%, the
microgrid operation mode was determined according to the output of the first step of the
ANN’s process, and the charge/discharge power command of the ESS was determined
according to the output of the ANN'’s second step. Section t;~t; operated in Mode 1, section
ty~t3 operated in Mode 2, and after f3, it reverted to Mode 1. Figure 20a illustrates the
waveforms of the ANN as the output of MGsrarg, SOC, Mode, and ESS Power Reference as
the inputs. Figure 20b illustrates the waveforms of the DC voltage of the microgrid, the
output current of the DG converter, the DC load, and the ESS current. Table 2 lists the flow
of each converter’s power in Modes 1 and 2.
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Figure 20. Experimental waveforms of microgrid operation in Modes 1 and 2 during grid-connected
operation (1): (a) waveforms of input data (MGgrarg, SOC) and output data (Mode, ESS power
reference) of ANN; (b) waveforms of DC link voltage, current of ESS, DG, and DC load.

Table 2. Microgrid power flow (1) in grid-connected operation.

Value
Parameter Unit
t1—12 tz—t3 After t3
Mode 1 2 1 -
ESS 3 -2 3 kW
PV 2 2 2 kW
WT 0 0 kW
DC Load 5 5 5 kW
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The ANN was input at time ¢;; the situation in section ¢;—t, was given by Equation (1),
that of section t,—t3 was given by Equation (2), and the mode of ESS operation was selected
by the ANN output. In the section after t3, the same operation as in section t;—-t, M

Prosd > Ppg 1)

Proqd < Ppg )

Figure 21 illustrates the experimental waveform in which the SOC of the ESS became
50% or less at time t4, at which time the ESS was forcibly charged by receiving power from
the grid despite the presence of a DC load. Here, the MGgrarr was changed to one.
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Figure 21. Experimental waveforms of microgrid operation Modes 1 and 2 in grid-connected op-
eration (2): (a) waveforms of the input data (MGgraTg, SOC) and output data (Mode, ESS power
reference) of ANN; (b) waveforms of the current of DG, DC load, and DC link voltage.

Figure 21a depicts the waveforms of the ANN as the inputs of MGsrarg and SOC, and
Mode and ESS Power Reference are the outputs. The DC voltage of the microgrid, current of
the DG converter, DC load, and the ESS current were as shown in Figure 21b. Table 3 lists
the flow of each converter power in Modes 1 and 2 and in the forced charging mode.

Table 3. Microgrid power flow (2) in grid-connected operation.

Value
Parameter t—ty bty tomts After £, Unit
Mode 1 1 1 2 -
ESS 3 1 2 2 kW
PV 2 2 2 2 kW
WT 0 2 1 1 kW
ILC 0 0 0 5 kW
DC Load 5 5 5 5 kW

At t1, the ANN was input, and the situation was given by Equation (1). The SOC
decreased to less than 50% at ¢4, and the ESS was forcibly charged by the ANN to prepare
for the switch to the independent operation mode.
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Figure 22 illustrates the experimental waveform for the ESS mode changing from
the forced charge to the general charge/discharge operation when the SOC becomes 80%.
Figure 22a illustrates the waveforms of the ANN as the output of MGsrarg and SOC, and
Mode and ESS Power Reference are the inputs. The DC voltage of the microgrid, current of
the DG converter, DC load, and the ESS current were as shown in Figure 22b. Table 4 lists
the flow of each converter power in Modes 1 and 2 and in the forced charging mode.
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Figure 22. Experimental waveforms of microgrid operation Modes 1 and 2 in grid-connected opera-
tion (2): (a) waveforms of input data (MGgrarg, SOC) and output data (Mode, ESS power reference)
of ANN; (b) waveforms of DC link voltage, current of ESS, DG, and DC load.

Table 4. Microgrid power flow (3) in grid-connected operation.

Value
Parameter tty tts tts After 12 Unit
Mode 2 1 2 1 -
ESS —4 3 -2 1 kW
PV 2 2 2 2 kW
WT 0 0 5 2 kW
ILC 5 0 0 0 kW
DC Load 5 5 5 5 kW

At t1, the ANN was the input, and during the period t1—t;, the ESS received power
from the AC grid. At time f,, the SOC of the ESS became 80%, and MGgraTr became zero;
the ESS stopped forced charging according to the ANN’s command, and it then performed
normal charging and discharging operations.

3.2. Experimental Results in Standalone Operation

To simulate the standalone operation experiment, the main AC circuit breaker in
Figure 2 was switched off to dispatch the AC grid. In standalone operation, the WT
converter maintained DC voltage control, and the ILC performed AC voltage control.

Figure 23 illustrates the experimental waveforms of Mode 3. In Mode 3, the ESS
conducted charging and discharging depending on the command of the ANN when the
SOC was between 20 and 90%.
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Figure 23. Experimental waveforms of standalone Mode 3. (a). Waveforms of the input data (MG
state, SOC) and output data (Mode, ESS power reference) of the ANN. (b) Waveforms of DC link and
AC voltage, ESS, and DG current. (c) Waveforms of each load current and AC grid voltage.

Figure 23a shows the waveforms of ANN as the output of MGsrarg, and SOC, Mode,
and ESS Power Reference are the inputs. Figure 23b illustrates the voltages of the AC and
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DC grids as well as the DGs” and ESS’s current waveforms. Figure 23c shows the AC grid
voltage and AC and DC load currents. Table 5 lists the flow of each converter’s power
in Mode 3.

Table 5. Microgrid power flow (1) during standalone operation.

Value
Parameter Unit
t1—1> tr—13 t3—1g After ty
Mode 3 3 3 3 -
ESS -1 1 -1 1.7 kW
PV 2 2 2 2 kW
WT DC Voltage Control kW
ILC 0 0 0 —-2.7 kW
DC Load 1 3 1 1 kW
AC Load 0 0 0 2.7 kW

The ANN was input at time t1; the situations in sections t;—t, and t3—t, are expressed
in Equation (2); section t,—t3 and those after t; are expressed in Equation (1), and ESS
operation was determined by the output of the ANN.

Figure 24 illustrates the experimental waveform for Mode 4. When the SOC was over
90%, the voltage increased within the microgrid, and overcharging the ESS was of concern;
therefore, the power generated by the DGs power was limited up to the load power, and
the ESS did not charge. Figure 24a illustrates the MG State and SOC, which are the inputs
of the ANN, and the Mode and ESS Power Reference, which are the outputs. Table 6 lists
the flow of each converter power in Modes 3 and 4.

Mode3 Moded Mode 3

MGistate [2.5V / div]

DC Load Cisrent (104 / div]

ACTod V]
[ 27

DE Load W]

(c)

Figure 24. Experimental waveforms of standalone Modes 3 and 4. (a) Waveforms of the input data
(MG state, SOC) and output data (Mode, ESS power reference) of the ANN. (b) Waveforms of DC
link and AC voltage, ESS, and DG current. (c) Waveforms of each load current and AC grid voltage.
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Table 6. Microgrid power flow (2) during standalone operation.
Value
Parameter Unit
t1—1> tr—t3 t3—t4 After [ 71
Mode 3 4 4 3 -
ESS -1 0 2.7 2.7 kW
PV 2 1 2 2 kW
WT DC Voltage Control kW
ILC 0 0 0 -2.7 kW
DC Load 1 1 1 1 kW
AC Load 0 0 0 2.7 kW

The ANN was input at time t;, and it operated in Mode 3 in the period from #; to ;.
The generated power was greater than the load power; thus, the ESS performs its charging
operation. The PV converter restricted the output power up to the load power, and the ESS
stopped charging. Mode 4 was maintained for the period from t; to t3. At time f3, the load
power became greater than the PV maximum power generation; therefore, the PV converter
restricted the output power to 2 kW, and the ESS performed a discharge operation. In the
subsequent section, the SOC was under 90%, and it was switched to Mode 3. Figure 24b,c
illustrates the microgrid voltage, DG, and load current.

Figure 25 illustrates the experimental waveform of Mode 5, in which the SOC of the
ESS fell below 20% during standalone operation, and the voltage drop of the distribution
network and the overdischarge of the ESS were considered; thus, the load was cut off, and
the ESS performs its charging operation. Figure 25a shows the MG State and SOC, which
are the inputs of the ANN, and the Mode and ESS Power Reference, which are the outputs.
Table 7 lists the changes in the power flow for each converter.

Table 7. Microgrid power flow (3) in standalone.

Value
Parameter Unit
t1—t> After tr
Mode 3 5 -
ESS 1.7 -1 kW
PV 2 2 kW
WT DC Voltage Control kW
ILC -2.7 0 kW
DC (Load) 1 1 kW
AC (Load) 2.7 0 kW

At time t;, the ANN was input, and in the period ¢; to ¢, it operated in Mode 3. At
time t5, the SOC of the ESS became 20% and was switched to Mode 5. In this mode, the load,
except for the critical DC loads, was forcibly cut off, and the ESS prioritized charging until
the SOC reached 50%. Figure 25b,c illustrates the microgrid voltage, DG, and load current.

Figure 26 illustrates that when operating in Mode 5, the load was cut off until the
SOC was over 50%, and the ESS charging operation was preferentially performed. When
the SOC reached 50%, the operation mode switched to Mode 3, the load was connected
again, and the ESS illustrated the experimental waveform performing the charge/discharge
operation. Figure 26a shows the MG State and SOC, which are the inputs of the ANN, and
the Mode and ESS Power Reference, which are the outputs. Table 8 lists the changes in the
power flow for each converter.
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Figure 25. Experimental waveforms of standalone Modes 3 and 5. (a). Waveforms of the input data
(MG state, SOC) and output data (Mode, ESS power reference) of the ANN. (b) Waveforms of DC
link and AC voltage, ESS, and DG current. (c) Waveforms of each load current and AC grid voltage.
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Figure 26. Experimental waveforms of standalone Modes 5 and 3. (a) Waveforms of the input data
(MG state, SOC) and output data (Mode, ESS power reference) of the ANN. (b) Waveforms of DC
link and AC voltage, ESS, and DG current. (c) Waveforms of each load current and AC grid voltage.
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Table 8. Microgrid power flow (2).

Value
Parameter Unit
t1i—t> After t
Mode 5 3 -
ESS -1 1.7 kW
PV 2 2 kW
WT DC Voltage Control kw
ILC 0 -2.7 kW
DC Load 1 1 kW
AC Load 0 2.7 kW

At time 11, the artificial neural network was input, and in the period from t; to f,
it operated in Mode 5. At time f;, the SOC of the ESS became 50% and was switched to
Mode 3. In this mode, all loads were reconnected, and the ESS performed its charging and
discharging operations. Figure 26b,c illustrates the microgrid voltage, DG, and load current.

4. Conclusions

In this paper, a hybrid microgrid EMS was proposed. A hybrid microgrid has sev-
eral typical difficulties in implementation because various power conversion devices and
loads are connected. First, because many power conversion devices are linked through
communication, a communication cycle with the MGCC becomes longer if there is a lot
of transmission data. In addition, because the MGCC controls the operation of the en-
tire converter, it is difficult to change the algorithm because it is complicated, and the
ANN:-based EMS has difficulty learning according to environmental changes. To address
these implementation difficulties, in this study, a two-step ANN was applied to hybrid
microgrid operation.

The microgrid applied in this paper consists of ILC, WT, PV, and ESS, and it has
the form of a conventional hybrid microgrid. The microgrid has a master—slave control
structure, and a two-step ANN was applied to the master, the MGCC. The first step of
the ANN'’s process determines the operating mode of the microgrid with three inputs:
microgrid state, net power, and SOC. The determined mode selects the control method of
each individual converter. The second step of the ANN’s process determines the ESS power
command with three inputs: operation mode, net power, and SOC. The ESS is controlled
by the determined ESS power reference. The two-step ANN mentioned above shows that
microgrid operation is possible even though communication data is minimal. In addition,
because two ANNSs are serially configured, only a single ANN can be changed, making it
easy to apply to a new environment. Because the two-step ANN has a simple structure and
shows high accuracy even with a small number of repeated learning epochs, it is easier to
learn and apply the ANN to the field than a conventional EMS.

In conclusion, the proposed microgrid operation method applies an ANN to the
operation method to use distributed power generation and load demand power data on
a small-scale microgrid. In the experimental process, it was confirmed that the operating
mode, which is the result of first step, and the power command of the ESS, which is the
result of the second step, stably operated under variable loads and DGs conditions, and the
individual converters were controlled by the MGCC.

Through this experiment, the feasibility of operating a small-scale microgrid by an
ANN was verified, and the validity of this study was proved. In the future, many studies
and ideas related to hybrid AC/DC microgrid EMSs and nonlinear load problems using
ANN:s are expected.
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