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Abstract: This paper proposes an artificial neural network (ANN)-based energy management system
(EMS) for controlling power in AC–DC hybrid distribution networks. The proposed ANN-based
EMS selects an optimal operating mode by collecting data such as the power provided by distributed
generation (DG), the load demand, and state of charge (SOC). For training the ANN, profile data
on the charging and discharging amount of ESS for various distribution network power situations
were prepared, and the ANN was trained with an error rate within 10%. The proposed EMS controls
each power converter in the optimal operation mode through the already trained ANN in the grid-
connected mode. For the experimental verification of the proposed EMS, a small-scale hybrid AD/DC
microgrid was fabricated, and simulations and experiments were performed for each operation mode.

Keywords: hybrid AC/DC microgrid; artificial neural network; energy management system; grid-
connected; stand-alone; distributed generation

1. Introduction

Recently, as the problem of resource depletion due to the reckless use of fossil fuels
and environmental problems caused by the generation of greenhouse gases has emerged,
interest in new energy sources has also greatly increased [1–5]. Therefore, policies to
reduce the use of fuels such as oil, natural gas, and coal, which are considered the main
sources of greenhouse gas worldwide, are also being prepared. For example, the Paris
Agreement, which replaced the existing Kyoto Protocol when it expired in 2020, set the
target for the supply of renewable energy sources to make up 11% of our energy by
2030. To this end, since 2012, the Renewable Energy Portfolio—a mandatory system for
supplying renewable energy sources (RESs) such as wind, tidal, and solar power—has been
implemented. Along with this movement, academia defined a microgrid as a small-scale
distribution network based on renewable energy that provides network operation control
capabilities [6,7]. A microgrid is a distributed power generation method, and unlike the
conventional centralized power generation method, it is efficient because it can reduce
power loss due to long-distance transmission. In addition, since the stand-alone operation
of distributed power is possible without the microgrid being connected to existing systems,
a high energy independence can be obtained [8]. Such a microgrid can be categorized
as DC, AC, and hybrid AC/DC microgrids depending on how the distribution network
and loads are connected [9,10]. Figure 1a shows a DC microgrid. A DC microgrid has the
advantage of not having to consider problems such as phase, frequency, power factor, and
reactive power, and it is expected to reduce system installation cost and increase power
transmission efficiency by reducing the power conversion step [11]. Figure 1b shows an
AC microgrid. AC microgrids have the advantage of low initial costs, in that we can utilize
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existing AC systems in current distribution networks. However, due to frequency, AC
systems require additional considerations compared to DC systems. In addition, in most
distributed power sources such as photovoltaic power generation and fuel cells, power
generation has a form of a DC voltage, so an additional power conversion device is required
for connection with existing AC systems [12].
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grid, (b) AC microgrid, (c) hybrid AC/DC microgrid.

Figure 1c shows a hybrid AC/DC distribution network. A hybrid AC/DC distribution
network can benefit from all the advantages of easy connection with distributed power
sources, as well as make use of existing AC systems [13–15]. For the interlinked operation
of these hybrid AC/DC distribution networks, AC/DC converters are placed between
distribution networks to carry out bidirectional power and voltage control. The converter
that performs this role is defined as an interlinking converter (ILC), and there has been
significant related research in this area [16]. RESs such as solar and wind power used to
supply microgrids like those described above are affected by the amount of power gener-
ated, which irregularly fluctuates according to changes in climate such as solar radiation
and wind speed. Therefore, an energy storage system (ESS)-based energy management
system (EMS) is indispensable for maintaining the power supply and optimal operation of
distribution networks [17–20]. Figure 2 shows example control structures for EMSs; these
structures can largely be divided into either centralized control or decentralized control
methods [21–23]. Figure 2a illustrates the decentralized control method, which is indepen-
dently controlled according to the characteristics of each distributed power source; this
kind of system has the advantage of easy capacity expansion. However, reliability can vary
depending on the droop controller’s gain and performance, and there may be difficulties
in the independent design and control of each controller [24,25]. Figure 2b shows the
centralized control method. Unlike in the decentralized control method, a central controller
monitors the power generation of the load and the distributed power in the distribution
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network, and it transmits commands to the local controllers connected to each distributed
power source using the power of an ESS [26,27]. Since this method allows for the easy
management of energy between multiple converters connected to the distribution network,
the authors of this paper adopted an EMS based on the centralized method. Additionally,
for EMSs based on centralized control, research has already been conducted into how to
reduce distribution network operation costs and improve the reliability of power supply
through charge/discharge scheduling of energy storage devices [28].
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Since such systems are aimed at smooth power supply and efficient consumption, it
is necessary to predict the power generation amount and load demand of the distributed
power sources such as solar and wind power, as well as information on the remaining
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capacity of the ESS. However, it is not just necessary to receive profile data on medium and
long-term load demands in distribution networks, as well as on the power generated by
distributed power sources; we must tackle the limitations of these systems, as it is difficult
to infer accurate data due to instantaneous fluctuations in power generation [29,30]. In
particular, in the case of a photovoltaic power generation, a number of studies attempted to
predict the amount of generated power, but it has been difficult in most cases to predict the
amount of power generation by time period based only on the amount of solar radiation.
In addition, in the case of load demand forecast, researchers have mostly studied large-
scale loads with little volatility or uncertainty. However, studies on small customers
and buildings where significant load fluctuations can occur are insufficient [31,32]. The
conventional EMS operation algorithm determines the power reference of an ESS with only
the power generation and load demand amount of the DG [33]. This method is not efficient
because it does not consider the accumulated power received by the AC grid and the SOC
of the ESS. Additionally, it has the disadvantage that the algorithm for operating the EMS
is complicated [34–36].

Therefore, the authors of this paper propose an integrated energy management method
based on centralized control to which artificial neural network (ANN) theory is applied to
achieve efficient power operation in small-scale microgrids. The proposed energy manage-
ment method simplifies the neural transmission process of organisms and applies ANN
theory, which is a mathematically interpreted model. Through this approach, the optimal
operation modes of the power converter in a distribution network can be determined while
the energy management of the entire distribution network is carried out. The proposed
method generates the ESS’s power reference by additionally considering the ESS’s SOC
and the AC grid’s accumulated power in addition to the DG’s power generation and load
demand. In addition, since the operation mode is determined through the power reference
of the ESS, which is determined by the input data of the ANN, the algorithm for operation
is not as complicated as the conventional EMS.

The main contributions of this paper are listed below:

(1) Our ANN-based EMS algorithm is effective for small-scale microgrids with frequent
fluctuations in power generation and load.

(2) In addition to DG’s power generation and load demand, our power distribution
network’s power management is efficient because the ESS’s SOC and the accumulated
power received from the AC grid are additionally considered.

(3) Since the output power standard of the ESS is determined by the ANN trained by
different input data for each operation mode, the algorithm for implementing the
operation of the EMS is simplified.

The rest of this paper is organized as follows. Section 2 describes the configuration of
the proposed centralized distribution system, as well as the proposed ANN algorithm and
the distribution system’s power flow. Section 3 describes the training simulation for ANN
theory, and Section 4 discusses the results of experiments conducted to verify the proposed
method. Conclusions is given in Section 5.

2. Operation and Control Method of Proposed Energy Management System for
Hybrid AC/DC Microgrids

This section describes the configuration of the AC/DC microgrid considered in this
paper and details the operation method of the proposed EMS. Figure 3 shows the configu-
ration diagram of the hybrid AC/DC microgrid distribution network used in this paper.
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The existing AC grid is connected to a DC distribution network through the ILC, and
the ILC can operate in the grid-connected or standalone modes. In the grid-connected
mode, the ILC controls the voltage of the DC distribution network through the power of
the AC grid. If a problem occurs in the AC grid, the ILC operates in the stand-alone mode
to control the voltage of the AC distribution network. Wind and photovoltaic power are
connected to the DC distribution system through a power converter device to supply power.
In addition, the ESS controls the voltage of the DC distribution network or supplies power
by performing charge/discharge operations according to the current operation mode.

2.1. Control Method of the Proposed Energy Management System

The energy management method proposed in this paper uses a hierarchical control
structure based on centralized control. The ILC that connects the DC and AC distribution
networks is used as the microgrid central controller (MGCC), and each distributed power
supply connected to the distribution network and the local controller of the ESS are used as
sub-controllers of the ILC. Figure 4 shows the hierarchical control structure of the proposed
EMS and the control block diagram of each power converter. The control structure consists
of three stages, and the primary controller uses the local controller to control each power
conversion device, which is a component of the distribution network. The secondary con-
troller uses a specific local controller that performs voltage control to keep the distribution
network voltage constant. In this paper, the ILC was designed to perform secondary control
to maintain the DC distribution network voltage during normal operation. If an accident
occurs on the AC grid, the ILC operates in a stand-alone operation mode and performs
voltage control on the AC distribution network side, which is the secondary control. At
this time, to maintain the DC distribution network voltage, the ESS power conversion
device controls the DC distribution network voltage and performs secondary control on
the DC distribution network. Lastly, tertiary control, which is the highest level control,
refers to the EMS functions being performed by the ILC acting as the MGCC. This means
receiving instantaneous power, ESS state of charge (SOC), and fault information from
each power conversion device connected to the distribution network while performing
power management duties for the entire hybrid AC/DC distribution network. Since the
distributed generators (DGs) connected to the distribution network generally perform
maximum power point tracking (MPPT), energy management is carried out through the
power control of the ESS. Therefore, the MGCC performs energy management through the
ESS, except for during stand-alone operation situations triggered by distribution network
accidents. It can be seen that the local controllers change their operation mode and output
power according to the reference generated through the tertiary controller in the MGCC,
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and in the case of the converter that controls the distribution network voltage, voltage
control is additionally performed with the secondary controller.
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In the case of a power converter connected to a distributed power supply, it operates
in the MPPT mode and reduced power (RP) mode. In addition, the ESS carries out charge
and discharge power control, as well as DC distribution network voltage control. In the
case of the ILC, the DC power distribution network voltage control mode is carried out
when the grid is connected, but AC customer-side voltage control is performed to provide
a stable voltage during stand-alone mode. The operation mode of each local controller and
the amount of the ESS power are determined by the MGCC using the ANN depending on
whether the system is in the grid-connected or stand-alone mode.

2.2. Operation Method of the Proposed Energy Management System

Figure 5 shows the ANN-based energy management flowchart for tertiary controller,
and it is largely divided into grid-connected and stand-alone modes. Modes 1, 2, and 3
represent grid-connected modes in which the ILC controls the DC voltage, and modes 4,
5, and 6 represent stand-alone modes in which the ILC controls the AC voltage due to a
problem having occurred in the AC system.

Figure 6 shows a configuration diagram of the ANN applied to the grid-connected
mode of Figure 5. The ANN applied in this paper is composed of three input layers, three
hidden layers, and one output layer, and there is a weight between each layer.
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The signal transmitted from the input layer passes through the hidden layer to the
output layer. At this time, the output value is determined by the weighted connections
between each layer. In order to derive the optimal output according to the input signal, the
weight value must be updated. This process is called training. In our proposed system,
the weight of the ANN is trained using the backpropagation algorithm. The data input
to the input layer of the ANN in this paper are the SOC of the ESS, the surplus power
generation PS, and the power received by the AC grid Pgrid, where the surplus power
generation is the total power generation of the distributed power supply minus the load in
the distribution network.

2.2.1. Mode 1: ESS Charge Mode

The ESS charging mode is the mode for charging the SOC of the ESS when the
remaining amount of the SOC of the ESS is low and the surplus power generation is
sufficient. This mode operates in a situation where the SOC of the ESS is less than 50%.
Considering a case where the ILC operates in a standalone mode, this mode is performed
to secure 50% or more of the SOC’s remaining capacity.

Figure 7 shows the power flow of each power converter in the ESS charge mode. At
this time, the ILC controls the voltage of the DC distribution network, and the DG performs
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MPPT control. The charging amount of the ESS is determined through the neural network,
and the surplus power PS, the accumulated power Wgrid received from the AC distribution
network, and the SOC of the ESS are considered. PS is expressed as the difference between
the distributed power generation amount PDG and the load demand PLoad, as shown in
Equation (1), and the accumulated power received Wgrid is calculated with Equation (2).

PS = PDG − PLoad (1)

Wgrid =
∫ t

0
PGrid · tdt (2)
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Table 1 shows an ANN training table prepared by considering input data (SOC,
surplus power, and accumulated power) to determine the charging power of the ESS in
mode 1. The data were written as ratios of the rated or maximum value as a P.U value. The
charge power reference of the ESS was selected to be inversely proportional to the value of
the SOC and the accumulated power received, as well as to be proportional to the surplus
generated power.

2.2.2. Mode 2: Power Regeneration Mode

Mode 2 is the mode that is performed when the power generation PDG of the DG
is greater than the load demand PLoad and the SOC of the ESS is 50% or more. In this
mode, a portion of the generated power is transmitted to the AC grid side through the
ILC, as shown in Figure 8. As in mode 1, the ILC performs voltage control on the DC
distribution network and the DGs perform MPPT control. Pgrid—the power transmitted
to the distribution network—is determined by Equation (3) as the difference between the
DG power generation PDG, the load demand PLoad, and the ESS charge amount. Therefore,
for power transmission to the distribution network, the charging power PESS of ESS must
satisfy the conditions of Equation (4).



Electronics 2021, 10, 1939 9 of 29

Table 1. ANN training data of mode 1.

Sample
Input Data Output Data

SOC (P.U) Ps (P.U) WGrid (P.U) PESS (P.U)

1

0.1

−0.5

0.3 0.5

2 0.5 0.4

3 0.7 0.3

4

0

0.3 0.75

5 0.5 0.65

6 0.7 0.55

7

0.5

0.3 1

8 0.5 0.9

9 0.7 0.8

10

0.3

−0.5

0.3 0.348

11 0.5 0.23

12 0.7 0.112

13

0

0.3 0.673

14 0.5 0.555

15 0.7 0.437

16

0.5

0.3 0.998

17 0.5 0.88

18 0.7 0.762

Pgrid = PDG − PLoad − PESS (3)

PESS < PDG − PLoad (4)
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In mode 2, the reference data used for training the ANN to determine the charging
power of the ESS were selected as 18 data as shown in Table 2. The data are written
as ratios of the rated or maximum value as a P.U value. Unlike mode 1, the charging
amount of the ESS was selected to maintain the conditions of Equation (4). In other words.
PESS is proportional the surplus generated power, but it is inversely to the SOC and the
accumulated power received by the distribution network.

Table 2. ANN training data of mode 2.

Sample
Input Data Output Data

SOC (P.U) Ps (P.U) WGrid (P.U) PESS (P.U)

1

0.5

0.3

0.3 0.27

2 0.5 0.17

3 0.7 0.07

4

0.7

0.3 0.63

5 0.5 0.53

6 0.7 0.43

7

0.7

0.3

0.3 0.21

8 0.5 0.11

9 0.7 0.01

10

0.7

0.3 0.57

11 0.5 0.47

12 0.7 0.37

13

0.9

0.3

0.3 0.166

14 0.5 0.076

15 0.7 0

16

0.7

0.3 0.526

17 0.5 0.436

18 0.7 0.346

2.2.3. Mode 3: ESS Discharge Mode

The ESS discharge mode is the mode that minimizes the power received from the AC
grid through the ESS discharge when the SOC is 50% or more and the amount of power
generated by the DG is less than the demand for the load. Figure 9 shows the power flow
diagram in ESS discharge mode operation. As in mode 1, the ILC performs voltage control
on the DC distribution network and the DGs perform MPPT control. Therefore, in order to
minimize the supply and demand power of the distribution network, the discharge power
PESS of the ESS must satisfy the conditions of Equation (5).

PESS < PLoad − PDG (5)

In other words, the amount of discharging power from the ESS PESS is proportional
to the power consumption of the distribution network and the accumulated received
power, and it must be inversely proportional to the SOC in order to minimize the power
supply and demand of the power distribution network according to the load demand.
Table 3 shows the input/output data used for training the ANN for the ESS discharge
mode; for the efficient discharge of the ESS, the data were prepared based on the operation
described above.
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Table 3. ANN training data of mode 3.

Sample
Input Data Output Data

SOC (P.U) Ps (P.U) WGrid (P.U) PESS (P.U)

1

0.5

−0.7

0.3 0.177

2 0.5 0.295

3 0.7 0.413

4

−0.3

0.3 0.327

5 0.5 0.445

6 0.7 0.563

7

0.7

−0.7

0.3 0.277

8 0.5 0.395

9 0.7 0.513

10

−0.3

0.3 0.173

11 0.5 0.645

12 0.7 0.763

13

0.9

−0.7

0.3 0.269

14 0.5 0.387

15 0.7 0.505

16

−0.3

0.3 0.519

17 0.5 0.637

18 0.7 0.755

2.2.4. Mode 4: Stand-Alone Mode

The standalone modes comprise modes 4, 5, and 6, which used when the AC system
is cut off due to a problem in the AC grid. The ILC operates in voltage control mode to
supply power to the AC customer. Figure 10 shows the power flow diagram when in the
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stand-alone mode where, unlike the grid-connected mode, ESS performs the voltage control
of the DC distribution network rather than charge and discharge power control. The ESS
controls the difference between the power generation and the load consumption amount
of distributed power sources flowing into the distribution network through charge and
discharge in order to stably maintain the voltage in the distribution network. Therefore, the
conditions of Equation (6) must be satisfied for the voltage control of the DC distribution
network during island-mode.

PESS,rated > |PDG − PLoad| (6)
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2.2.5. Mode 5: RP (Reduced Power) Mode

The RP mode is a mode that limits the amount of power generated from the distributed
power supply. It operates in this mode only when the power generation of the distributed
power supply exceeds the load demand, so the condition of (6) is not satisfied, or when
the charging mode operation is difficult due to the full charge of the SOC. Figure 11 shows
the power flow diagram when in the RP mode and EMS is delivering the power reference,
as shown in Equation (7), to the distributed power source to limit the amount of power
generated by the distributed power source. In this equation, PESS represents the amount of
power charged in the ESS.

PDG = PLoad − PESS (7)

2.2.6. Mode 6: Load Shedding Mode

The load shedding mode (mode 4) operates when the SOC of the ESS decreases to a
certain value (20% in this paper) or less, and it maintains the voltage in the distribution
network by cutting off the non-critical load. Figure 12 shows the power flow diagram
in load shedding mode. The circuit breaker (CB) connected to the non-critical load is
interrupted by the EMS. The load shedding mode is restored to island or RP mode when
the SOC is secured above a certain value.
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3. Simulations

For this section, the method proposed in this paper was verified through simulation.
The ILC for the connection of the AC distribution network and the DC distribution network
had a capacity of 20 kW, and the ESS, wind power, solar power, and AC load on the
customer side were each 10 kW. Tables 1–3 show energy management characteristics that
made mathematical analysis difficult due to the nonlinear characteristics of the data. In
order to calculate the optimal charge/discharge power reference value of ESS in EMS using
these data, the ANN had to be trained. For the ANN training, 100~500 training sessions
were conducted so that the error rate of the ESS charge/discharge reference power data and
the ESS charge/discharge reference in each operation mode was 10% or less. Figure 13a–c
shows simulation results of the ANN training in ESS charge mode, power regeneration
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mode, and ESS discharge mode, respectively. It can be seen that the training of the ANN
was completed within 5% of the error for each reference data sample.

Electronics 2021, 10, x FOR PEER REVIEW 14 of 29 
 

 

3. Simulations 

For this section, the method proposed in this paper was verified through simulation. 

The ILC for the connection of the AC distribution network and the DC distribution net-

work had a capacity of 20 kW, and the ESS, wind power, solar power, and AC load on the 

customer side were each 10 kW. Tables 1–3 show energy management characteristics that 

made mathematical analysis difficult due to the nonlinear characteristics of the data. In 

order to calculate the optimal charge/discharge power reference value of ESS in EMS us-

ing these data, the ANN had to be trained. For the ANN training, 100~500 training ses-

sions were conducted so that the error rate of the ESS charge/discharge reference power 

data and the ESS charge/discharge reference in each operation mode was 10% or less. Fig-

ure 13a–c shows simulation results of the ANN training in ESS charge mode, power re-

generation mode, and ESS discharge mode, respectively. It can be seen that the training 

of the ANN was completed within 5% of the error for each reference data sample. 

 

Figure 13. Simulation results of ANN training (a) ESS charge mode, (b) power regeneration mode, (c) ESS discharge mode. 

Figure 14 shows the customer’s load by time and the amount of power generated by 

the DGs applied for the simulation. The simulation profile was created by assuming that 

0.1 s in the simulation was an actual one hour. 

 

Figure 14. Load pattern and distributed power generation amount in reference to time applied to 

simulation. 

ESS Charge mode Sample

Neural Network Input (SOC, PS, Wgrid )

Error

ESS Charging Power Ref by Training & ESS Charging Power Ref Data

Surplus Power Accumulated Power 

Supply and Demand

Power Regenerating mode Sample

Neural Network Input (SOC, PS, Wgrid )

Error

ESS Discharge mode Sample

ESS Charging Power Ref by Training & ESS Charging Power Ref Data

Surplus Power Accumulated Power 

Supply and Demand

ESS Charging Power Ref by Training & ESS Charging Power Ref Data

Neural Network Input (SOC, PS, Wgrid )

Surplus Power
Accumulated Power 

Supply and Demand

Error

[Number]

[p.u.]

[p.u.]

20

15

10

5

0

1

0.8

0.6

0.4

0.2

0

1

0.8

0.6

0.4

0.2

0

0.08
0.06
0.04
0.02
0

  0.02

0 50 100 150 200

[%]

20

15

10

5

0

1

0.8

0.6

0.4

0.2

0

1

0.8

0.6

0.4

0.2

0

0 50 100 150 200

20

15

10

5

0

1

0.8

0.6

0.4

0.2

0

1

0.8

0.6

0.4

0.2

0

0 50 100 150 200

[Number]

[p.u.]

[p.u.]

[%]

[Number]

[p.u.]

[p.u.]

[%]

(a) (b) (c)

  0.04
  0.06
  0.08

0.08
0.06
0.04
0.02
0

  0.02
  0.04
  0.06
  0.08

0.08
0.06
0.04
0.02
0

  0.02
  0.04
  0.06
  0.08

0

2

4

6

8

10

12

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4

배전망전력소비 분산전원발전량

[kW]

[s]

Power consumed amount of microgrid Generation amount of Distributed power

Figure 13. Simulation results of ANN training (a) ESS charge mode, (b) power regeneration mode, (c) ESS discharge mode.

Figure 14 shows the customer’s load by time and the amount of power generated by
the DGs applied for the simulation. The simulation profile was created by assuming that
0.1 s in the simulation was an actual one hour.
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Figure 14. Load pattern and distributed power generation amount in reference to time applied
to simulation.

Figure 15 shows the simulation results of the microgrid to which the proposed EMS is
applied. From this result, it can be seen that the load demand and distributed generation
appear similar to the simulation profile in Figure 14. The t0 < t < t1 area is a section where
the SOC of the ESS in the distribution network was less than 50%. To prioritize ESS charge,
the EMS operates in mode 1 (a charge mode) to charge the battery. The t1 < t < t2 area is a
section with an SOC of 50% or more and a load demand (PLoad) greater than the distributed
power generation (PDG).
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Figure 15. Simulation result of EMS when applying ANN theory.

At this time, the EMS operates in mode 3 (ESS discharge mode) to supply insufficient
power. The t3 < t < t4 interval is the section where the DGs and load-demand curves
intersect, and if the DG amount is large, the operation is performed in mode 2 (regeneration
mode) or mode 3. The t4 < t < t5 area is a section where solar power generation starts. Since
the amount of DG is greater than the load demand, the ESS is charged when in the power
regeneration mode and the remaining power is regenerated through the AC grid. In the
t5 < t section, solar power regeneration is not possible in the evening, and since the load
demand from the customer is high, the ESS operates in the discharge mode.

4. Experiment Results

In order to verify the validity of the proposed ANN-based EMS system, a hybrid
AC/DC microgrid system was constructed, and experiments were conducted. Figure 16
shows the overall configuration of the laboratory-scale microgrid constructed for
this experiment.

The detailed configurations of the experimental set are shown in the following figures.
Figure 17 shows the experimental set of the ILC for connecting AC and DC distribution
networks. The ILC applied in this experiment was composed of a three-phase, two-level
AC/DC topology, and it included an initial charging circuit for safe connection with each
distribution network. The ILC was manufactured with a capacity of 10 kW, and the
experiment was conducted based on the AC side line voltage of 220 Vrms and the DC
side voltage of 380 V. Figure 18a shows the ESS experiment set. The ESS comprised a
240 V battery pack that was formed by connecting twenty 12 V batteries in series, and a
5 kW class interleaved buck boost converter was manufactured to connect this to the DC
distribution network. Figure 18b shows the experimental set of the solar power system.
The PV module was composed of 6 × 2 series-parallel, and an interleaved boost topology
was applied as a power converter. The PV modules, configured in series and parallel, had
a cut-off voltage of 260 V, a short-circuit current of 9.6 A, and a maximum rated output
power of 1.8 kW.
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Figure 19 shows the experimental set for the wind power generation system and
applied three-level NPC topology. In order to simulate a wind turbine, a DC motor capable
of controlling a constant speed and coupled PMSG were used in the experiment.
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4.1. Grid-Connected Control Mode

Figure 20 shows the experimental waveform for the grid-connected operation by the
energy management system to which the ANN was applied in the grid-connected mode.
When the SOC of the ESS was discharged to less than 45%, it operated in operation mode
1 (the ESS charge mode). Table 4 shows the changes in the power flow of each power
conversion device in the mode 1 experiment.
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Table 4. Power flow of each power converter in operation mode 1.

Parameter
Value

Unit
T1~T2 After T2

Interlinking Converter 0.5 −1.1 kW
ESS Converter 4.3 2.1 kW
PV Converter 1 1 kW
WT Converter 3.8 0 kW
Load Demand 2 2 kW

Figure 20a shows the SOC, surplus power generation (PS), and grid power supply
(Pgrid), which are information for calculating the charge/discharge power reference (PESS)
of the ESS in the EMS. Figure 20b shows the DC link voltage in the distribution network,
as well as the output current of ESS and distributed power according to the EMS power
reference when the same experiment was conducted.

It can be seen that the charge amount of the ESS increased to close to the rated capacity
in the T1~T2 section, where the amount of power generated by the DG was greater than
the amount of load demand. However, it can be seen that the amount of charge of the ESS
decreased in the section after T2, where the amount of distributed generation was similar to
the load demand due to the decrease in the amount of wind power generation. In addition,
it can be seen that the power supplied from the AC grid side to the DC distribution network
side increased.

Figure 21 shows the experiment for operation mode 2 in which the ESS was charged
and surplus power was recovered when the total amount of power generation from
distributed power was greater than the load demand when the SOC of the ESS was 74%.
Table 5 shows the power flow of each power conversion device in the mode 2 experiment.

Table 5. Power flow of each power converter in operation mode 2.

Parameter
Value

Unit
T1~T2 After T2

Interlinking Converter 3.8 4.3 kW
ESS Converter 1 0.5 kW
PV Converter 1 1 kW
WT Converter 3.8 3.8 kW
Load Demand 2 4 kW

Figure 21a shows the surplus power generation (PS), grid supply, and demand
power (Pgrid), SOC of ESS and charge/discharge power(PESS) of ESS in operation mode 2.
Figure 21b shows the DC link voltage and the output current of the ESS and distributed
power in the same experiment.

The experiment was conducted by changing the load demand from T1 to 2 kW and
from T2 to 4 kW while the wind power generation was fixed at 4.8 kW. The waveform of
Figure 21 confirms that there was a lot of power (Pgrid) regenerated in the AC grid in the
T1~T2 section, where the amount of surplus generated power (Ps) was large. However,
after the T2 section, when the load increased, the amount of power charged by the ESS and
the amount of power regenerated by the AC grid were reduced because the surplus power
was reduced.

Figure 22 shows the experimental results for operation mode 3, in which the ESS
supplied insufficient power to the load through discharge when the total amount of power
generation from distributed power was less than the load demand under the condition
that the SOC of the ESS was 74%. Table 6 shows the power flow of each power conversion
device for the mode 3 experiment.
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Table 6. Power flow of each power converter in operation mode 3.

Parameter
Value

Unit
Before T1 After T1

Interlinking Converter 2.5 5.3 kW
ESS Converter −1.5 −0.5 kW
PV Converter 1 1 kW
WT Converter 0 3.8 kW
Load Demand 5 5 kW
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Figure 22a shows a waveform demonstrating the SOC of the ESS, the surplus gener-
ation power (PS), the grid supply and demand power (Pgrid), and the charge/discharge
power (PESS) of the ESS. Figure 22b shows the DC link voltage and output current of the
ESS and distributed power.

Mode 3 was performed with a load of 5 kW applied. Before T1, since the amount of
distributed power generation was small and the surplus power was insufficient, the ESS
performed a discharge operation, and it can be seen that power was supplied from the
AC grid side to the DC power distribution network side. As the current discharged from
the ESS increased, it can be seen that the power supplied from the AC grid side to the DC
distribution network side decreased. After T1, when the amount of wind power generation
rapidly increased, it can be seen that the ESS discharge current and power supplied from
the AC grid to the DC side decreased as the surplus power increased.

4.2. Stand-Alone Control Mode

The stand-alone operation mode experiment was conducted after disconnecting the
AC distribution network and the AC system. Figure 23 shows the experimental results
of the stand-alone operation mode according to the accident situation of the AC system
when the SOC of the ESS was more than 30% charged. Unlike the grid-connected mode,
the ESS controlled the DC distribution network voltage to maintain 380 V, and the ILC
operated as an inverter and controlled the AC distribution network voltage to maintain
220 Vrms. Table 7 shows the power flow of each distribution network when in the stand-
alone operation mode, which is EMS operation mode 4, under the condition that the SOC
of the ESS was more than 30%.

Table 7. Power flow of each power converter in operation mode 4.

Parameter
Value

Unit
T1~T2 T2~T3 After T3

Interlinking Converter 2.6 kW

ESS Converter −1.6 2.2 −1.6 kW

PV Converter 1 kW

WT Converter 0 3.8 0 kW

Load Demand 2.6 kW

Figure 23a shows the SOC of the ESS, the total generation of distributed power, the
load demand, and the charge/discharge power of ESS. Figure 23b shows the DC link
voltage controlled by the ESS, the voltage of the AC distribution network, and the load
current connected to the AC distribution network.

At T1, when a load of 2.6 kW was applied, the ESS that controlled the DC grid voltage
was discharged and power was supplied to the load. After T2, when the amount of wind
power generation rapidly increased, the surplus power was charged to the ESS. After
T3, when the amount of wind power generation decreased, it can be seen that the ESS
performed a discharge operation to again supply power to the load. It can be seen that the
AC and DC grid voltage were also stably maintained.
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Figure 24 shows an experimental waveform for the RP mode that operated when the
generation power exceeded the maximum rated charging/discharging power of the ESS in
the stand-alone operation mode. For the experiment, the limit of the charging amount of
the ESS was adjusted to 3 kW. Table 8 shows the power flow of each distribution network
when in EMS operation mode 5 under RP when the SOC of the ESS was more than 30%
during stand-alone operation.
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Table 8. Power flow of each power converter in operation mode 5.

Parameter
Value

Unit
T1~T3 After T3

Interlinking Converter 1 kW

ESS Converter −3.6 −2.3 kW

PV Converter 0.8 kW

WT Converter 3.8 2.5 kW

Load Demand 1 kW

Grid Regenerative Power 0 kW
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Figure 24a shows the SOC of the ESS, the total generation of distributed power,
load demand power, and charging/discharging power of ESS when in operation mode 5.
Figure 24b shows the DC link voltage, the voltage of the AC distribution network, and the
load current connected to the AC distribution network.

In the T1 section, a load of 1 kW is applied, and the ESS supplies power to the load
through discharge. At T2, the ESS is charged because wind power generation starts and
surplus power is generated. Since the difference between the generated power and the
load demand after T3 exceeds the rated charging power of the ESS, it operates in the RP
mode to reduce the amount of power generated by the wind power generation.

Figure 25 is an experimental waveform that reduces the power consumption of the
load through the load shedding mode under the condition that the SOC of the ESS is less
than 30% when in the stand-alone operation mode. The experiment was conducted under
the condition that the SOC of the ESS was more than 30%], and when the SOC was less
than 30%, the power consumption of the ESS was reduced by cutting off the load. Table 9
shows the power flow of each major power converter during the experiment.

Table 9. Power flow of each power converter in operation mode 6.

Parameter
Value

Unit
Before T3 T3~T4 After T4

Interlinking Converter 2.6 1.8 kW

ESS Converter −1.4 0.8 kW

PV Converter 32 kW

WT Converter 1 kW

Load Demand 3 0 kW

Grid Regenerative Power 2.6 1.8 kW
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Figure 25a shows the SOC of ESS, the total generation of distributed power, the
load demand, and the charging/discharging power of ESS when in operation mode 6.
Figure 25b shows the DC link voltage, the voltage of the AC distribution network, and the
load current connected to the AC distribution network.

At T1, a load of 2.6 kW was applied and power was supplied to the load through
the discharge of the ESS. If the amount of wind power generation increased at T2, the
surplus power charged the ESS. At T3, the amount of wind power was reduced and the
ESS supplied power to the load through discharge. At this time, the SOC of the ESS also
decreased. When the SOC of the ESS fell below 30% at T4, it operated in the load shedding
mode to minimize the amount of ESS discharge.

Figure 26 shows a separate EMS monitoring screen for the power status of the total
distribution network. Through this screen, the operation status and power flow of each
power conversion device can be monitored. It can also be seen that the power flow shown
on the monitoring screen for each operation mode and the waveforms of the experiment
results in Figures 21–26 are the same.

5. Conclusions

In this paper, an energy management method based on ANN theory is proposed
to efficiently operate small-scale hybrid AC/DC microgrids. In order to implement the
pro-posed EMS, an operation mode of EMS was selected, an operation profile was created
in each operation mode, and then ANN training was performed in each operation mode.
The ANN-based EMS receives the SOC of ESS, the surplus generation power of the DG, and
the power received by the AC system to determine the optimal operation mode based on
trained weight. In order to verify the proposed EMS operation algorithm, experiments were
conducted by establishing a small-scale microgrid and monitoring system in a laboratory
unit that linked the ESS, solar power generation system, wind power generation system,
and ILC. In order to check whether the ANN-based EMS can stably operate in the proposed
operation mode, experiments were conducted by varying the amount of generated power,
the amount of load power, and the SOC of the ESS. The results of the experiment are
summarized as follows. (1) In the ESS charging mode, it was confirmed that the ESS power
reference was flexibly changed according to the amount of surplus power generation and
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the amount of accumulated power to charge the ESS. (2) In the power regeneration mode,
it was confirmed that the power regenerated into the system was flexibly changed as
the load power increased. (3) In the ESS discharge mode, it was confirmed that the ESS
flexibly discharged in proportion to the load demand. In addition, it was confirmed that
the proposed operation for each mode was efficiently performed, even in the independent
operation mode to which ANN was not applied. The ANN-based EMS proposed in
this paper is expected to be a suitable candidate for small-scale microgrids, where it is
difficult to formalize the pattern of load and DG. In addition, unlike existing EMS operation
algorithm, this EMS operates by additionally considering the accumulated power received
by the system and the SOC of the ESS so that the energy management in the distribution
network can be more efficiently performed and various operation modes can be operated
through the ANN-based operation algorithm. One advantage of this system is that an
uncomplicated algorithm is applied in implementation. Though an ANN was only applied
to the grid-connected mode in this study, it is expected that the algorithm for operating the
EMS can be further simplified if the ANN-based algorithm is applied to the independent
operation mode in the future.
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Figure 26. Screen configuration of EMS monitoring system according to each operation mode.
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