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Abstract. A microgrid is a part of a distribution grid
that can operate connected to the main grid and
independent from the main grid. There are AC
microgrids, DC microgrids, and hybrid AC-DC
microgrids. The difference between these three
topologies is the number of AC-DC converters.
Modeling and simulation of these three main microgrid
topologies and a comparison of simulation results are
presented in this paper. The microgrid model consists
of the photovoltaic power plant, wind turbine, battery
energy storage, and two loads. Simulation results are
presented so microgrid topologies can be compared
and the most suitable topology can be selected.
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1 Introduction

Trends in power systems are transformations from
large-scale power grids where electrical energy is
produced in large power plants and then transported
over the transmission and distribution lines to
customers to small-scale power grids where electrical
energy is produced in distributed generation and used
locally. Distributed generation (DG) is renewable
energy sources (RES) based, which leads to reducing
global warming and environmental pollution impact. In
most cases, photovoltaic (PV) power plants which are
suitable for mounting on the roofs of houses and
buildings, are used. Production and use of electrical
energy locally lead to reducing power losses due to
energy transportation on long distances. Generation
and use of electrical energy at the same location make
a microgrid. The microgrid consists of a generation,
consumption, and energy storage system, usually
battery energy storage (BES).

There are different types of microgrids. Based on
the number of energy sources, microgrid
configurations can be classified as microgrid
configurations based on two, three, or four energy

Anto Rogalo
Primary School Ivanja Reka

Ivanjorecka cesta 1b, 10373 Ivanja Reka, Zagreb,
Croatia

anto.rogalo@skole.hr

sources (Rezkallah et al., 2019). There are centralized
microgrids where all consumers are connected to one
microgrid with a central PV power plant and energy
storage and standalone nano grids where every
consumer is equipped with their PV power plant and
energy storage (Werth et al., 2015):

Microgrids can be classified considering six criteria
(Sahoo et al., 2021):
e Power form: AC and DC microgrids.

o Microgrid application: utility, industrial and remote
microgrid.

e Microgrid structure: single-stage and two-stage.

e Supervise control:  unified control and
decentralized control.

e RES integration: converter and conventional DG-
based microgrids.

e Operation mode: grid forming and grid following.

Microgrids can be classified according to three
main criteria (Cabana-Jiménez et al., 2022).
e Demand criteria: simple, multi DG, and utility.

e Capacity criteria: simple, corporate, feeder area,
substation area, and independent microgrids.

e Power criteria: DC, AC, and hybrid DC-AC.

This paper deals with the comparison of microgrids
according to the power criteria and there are AC, DC,
and hybrid AC-DC microgrids. Current distribution
networks are AC so switching to an AC microgrid is
very simple as it is with the development of microgrids
in a rural area (Zhu et al., 2019). The AC microgrid is
a suitable solution for grid operation mode and when
the backup generator is used (Minemura et al., 2020).
PV and batteries are DC while the utility grid and
consumers are AC so there is a hybrid AC-DC
microgrid that connects DC and AC sides with a
bidirectional AC-DC converter (Gao et al., 2020). Fuel
cells that have the potential to be a great power source
in the future are DC, like batteries, and PV so hybrid
AC-DC microgrids will be a suitable solution in the
future (Liang et al., 2018). Many devices today are
charged with USB which is DC, LED lighting is DC,
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and data centers require DC power distribution so, with
a high amount of DC load, production from PV power
plants and BES has the sense to make a DC microgrid
(Ali et al., 2021). DC microgrids are suitable for
commercial buildings with computers, data centers,
LED lighting, EV charging stations, batteries, and PV
power plants (Zhang et al., 2015).

The contribution of this paper is modeling and
simulation of AC, DC, and hybrid AC-DC microgrid
topologies for the same microgrid components sizes
and comparison of results to find the most suitable
topology for selected component sizes.

This paper consists of five chapters. The first
chapter gives an introduction. Microgrids and
microgrid topologies are described in chapter 2.
Modeling of microgrid components is presented in
chapter 3. Chapter 4 presents simulation results. The
last chapter gives the conclusion of this paper.

2 Microgrids and microgrid
topologies

A microgrid is a part of the distribution grid that can
operate connected to the main grid and independent
from the main grid. A microgrid is usually on a low
voltage distribution grid but sometimes can be on a
medium voltage distribution grid. It can be only one
building with a PV power plant on the roof or more
buildings located closely. A microgrid can be for
residential, commercial, or industrial consumers.
Microgrids are suitable for rural areas or remote areas
which are not connected to the A microgrid connects
DGs and grid users at the same location in a small
power system.

Microgrids have a positive impact on the
environment and the end customers. There are several
advantages of microgrids as follows:
¢ Reducing greenhouse gas emissions by producing

electricity from RES.

e Reducing power losses due to the short distance the
between production of electricity and consumption.
There are no long power lines.

e Resistance to network disturbances.

e Ability to power consumption when the main grid
is not available if there is enough energy storage
capacity or backup generator.

Microgrid operation independent from the main
grid presents a great challenge to ensure enough energy
to cover whole consumption. There are several
disadvantages of microgrids as follows:

e Requirements for battery energy storage systems,
which are still very expensive.

e Requirements for the backup generator which is
very expensive to operate due to high fuel prices.

e Variability and intermittency of solar and wind
energy.

e Load reducing if there is not enough battery
capacity or backup generator when the main grid is
not available.

According to the power criteria, there are AC, DC,
and hybrid AC-DC microgrids. Differences between
these three topologies are the type of power between
components, the number of converters, the rated power
of converters, and the efficiency of converters.

2.1 AC microgrid

The distribution grid and most of the buildings are AC
so it is a very easy switch to an AC microgrid. In an
AC microgrid, components are connected to a central
AC bus. AC components like a wind turbine, AC load,
and grid are connected to the AC bus directly while DC
components like PV power plants, batteries, and DC
loads are connected to the AC bus over DC-AC
converters. The battery is connected over the
bidirectional DC-AC converters. The topology of the
AC microgrid is presented in Fig. 1.

PV ACBus WT
DC
AC
BES Load
+ _ DC AC
4‘ = Load
AC
Load Grid
DC DC

Figure 1. The topology of the AC microgrid

2.2 DC microgrid

DC microgrids are suitable for commercial buildings
like data centers which require DC power distribution.
In the DC microgrid, components are connected to the
central DC bus. DC components like PV power plants,
batteries, and DC loads are connected directly to the
DC bus while AC components like wind turbines and
grids are connected to the DC bus over AC-DC
converters, and the AC load is connected over the DC-
AC converter. The topology of the DC microgrid is
presented in Fig. 2.
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Figure 2. The topology of the DC microgrid
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2.3 Hybrid AC-DC microgrid

In building with AC and DC loads and generation,
hybrid AC-DC microgrids are a suitable solution.
There are two buses, the AC bus, and the DC bus. AC
components like a wind turbine, AC load, and grid are
connected to the AC bus directly. DC components like
PV power plants, batteries, and DC loads are connected
directly to the DC bus. AC bus is connected to the DC
bus over the bidirectional converter. The topology of
the hybrid AC-DC microgrid is presented in Fig. 3.
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Figure 3. The topology of the hybrid AC-DC
microgrid

3 Modeling of microgrid

In this chapter models of microgrid and microgrid
components are described. The microgrid model in this
paper consists of the PV power plant, wind turbine
(WT), battery energy storage, AC load, DC load, and
the utility grid. These components are connected to the
AC, DC, and hybrid AC-DC microgrids.

3.1 PV power plant

Generation from PV power plant is modeled according
to measured solar irradiation data for the sunny day
presented in Fig. 4. Generation from PV power plant
starts at 4:00 and peak is at 12:00. Generation from PV
power plant ends at 21:00.

Solar irradiation data
1200

1000
800
600

G [W/m?]

400
200

0

0 2 4 6 8 10 12 14 16 18 20 22

Time [h]

Figure 4. Solar irradiation data

One PV power plant consists of 40 PV modules
with a maximum power of 250 W so the total installed
power of one PV power plant is 10 kW. Module
efficiency is 15.3% and dimensions are 1649x991 mm.
When solar irradiation data is prepared, PV generation
can be estimated according to eq. 1.

Powi=n-Gi-A-y 1)

Where:

n — number of PV modules;

Ppvi [W] — PV generation in hour i;

Gi [W/m?] — solar irradiation in hour i;
A [m?] — area of one PV module;

e 5 —efficiency of a PV module.

3.2 Wind turbine

Generation from a wind turbine is modeled according
to measured wind speed data for one day presented in
Fig. 5. The rated power of the wind turbine used in this
model is 10 KW. Wind turbine height is 27 m, and wind
speed is measured at 10 m so wind speed data needs to
be calculated at a height of 27 m according to eq. 2.
Output power of the wind turbine can be estimated
according to the wind turbine power curve presented in
Fig. 6. The cut-in speed is 2 m/s, rated power is
achieved at 9 m/s and the cut-off speed is 30 m/s.
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Figure 5. Wind speed data
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Figure 6. Wind turbine power curve
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Vi=Vo,i - (h/hg)* )
Where:

vi [m/s] — wind speed at height h in the hour i;

Vo,i [m/s] — wind speed at height hg in the hour i;

h [m] — the height of the wind turbine;

ho [m] — the height of wind speed measurement;

o — friction coefficient.

3.3 Load

It is assumed that the microgrid model is for a
residential area. There are two types of loads in the
model, households and charging stations for electric
vehicles (EV). AC load is modeled with measured load
data which is scaled to microgrid size. The daily load
diagram of AC load is presented in Fig. 7.

Minimal load demand is at 9:00 and peak load
demand is at 20:00. The total daily AC load demand is
600 kwh. DC load is an EV charging station with a
rated power of 50 kW. The daily load diagram of the
EV charging station is presented in Fig. 8. Electric cars
are connected to the EV charging station from 6:00 to
10:00, then from 16:00 to 18:00, and from 22:00 to
0:00. Electric cars are connected to the charging station
8 hours during the day so the daily load demand for the
EV charging station is 400 kWh. The total daily load
demand is 1000 kwh.

Load data
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Figure 7. Load data

EV charging station
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Figure 8. EV charging station

3.4 Battery energy storage

Battery storage is very important in microgrids to
ensure enough energy to cover load demand during
periods without solar and wind energy and if the main
grid is not available. Battery energy storage used in this
model is battery storage with a rated power of 50 kW
and an installed capacity of 192 kwh.

Battery storage can be charged when there is an
excess of energy generated from PV power plants or
wind turbines and discharged when generation from
PV power plants or wind turbines is lower than load
demand. Battery storage also can be charged with
electricity from the main grid during a period of low
electricity prices.

4 Simulation results

The results of the simulations will be presented in this
chapter. Simulations are done for AC, DC, and hybrid
AC-DC microgrids during a working day. Generation
from the PV power plant is presented in Fig. 9,
electricity generation from a wind turbine is presented
in Fig. 10, and load profiles for AC and DC load are
the same for all three microgrid topologies. Battery
charging and discharging power, battery state of charge
(SOC), and power received from the main grid are
different for AC, DC, and hybrid AC-DC microgrids.

Electricity generation from the PV power plant
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Figure 9. Electricity generation from PV power plant
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Figure 10. Electricity generation from wind turbine
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Installed power of PV power plant and wind
turbine, the number of PV power plants and wind
turbines, daily generation, and total daily generation
are presented in Table 1.

Table 1. The electricity generation in the microgrid

PV power Wind
plant turbine
Power [kW] 10 10
Number of units 4 4
Daily generation of one
unit [kWh] 85.945 47.472
Total daily generation
[KWHh] 343.78 189.89

The total daily generation from one PV power plant
is 85.945 kWh. There are four PV power plants in the
observed microgrid model so the total daily electricity
generation from the PV power plants is 343.78 kWh.
The total daily generation from one wind turbine is
47.472 KWh. There are four wind turbines in the
observed microgrid model so the total daily electricity
generation from the wind is 189.89 kWh. Two tariff
electricity pricing model is considered in this microgrid
simulation model. There is a higher day tariff with a
price of 0.16 EUR/kWh and a lower night tariff with a
price of 0.08 EUR/kWh. Day tariff starts at 8:00 and
ends at 22:00 while night tariff starts at 22:00 and ends
at 8:00.

4.1 Simulation of AC microgrid

In the AC microgrid there is a DC-AC converter that
connects the DC PV power plant to the AC microgrid,
then a bidirectional DC-AC converter that connects
battery storage to the microgrid and enables charging
and discharging of battery storage, and an AC-DC
converter that connects EV charging station to the AC
microgrid. The efficiencies of the DC-AC converter
and bidirectional DC-AC converter are set to 0.92 and
the efficiency of the AC-DC converter is set to 0.87
(Atia et al., 2016).

BES charging and discharging power
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Figure 11. Charging and discharging power of BES
in AC microgrid

The charging and discharging power of BES in the
AC microgrid is presented in Fig. 11. It can be seen that
the battery is charging during the night when the
electricity price is low and during the day when there
is a peak of generation from PV power plants and wind
turbines. The battery is discharging in the morning
when electric cars are connected to the EV charging
station and when the electricity price is high.

4.2 Simulation of DC microgrid

In a DC microgrid, there is an AC-DC converter that
connects the wind turbine to a DC microgrid, a DC-AC
converter that connects the AC load to the DC
microgrid, and an AC-DC converter that connects DC
microgrid to the main grid which is AC. The
efficiencies of AC-DC converters are set to 0.87 while
the efficiency of the DC-AC converter is set to 0.92.
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Figure 12. Charging and discharging power of BES
in DC microgrid

The charging and discharging power of BES in the
DC microgrid is presented in Fig. 12. It can be seen that
the battery is charging during the night when the
electricity price is low and during the day when there
is a peak of generation from PV power plants and wind
turbines. The battery is discharging in the morning to
cover DC load demand and at 20:00 to cover peak AC
load demand.

4.3 Simulation of hybrid microgrid

In a hybrid AC-DC microgrid, there is one large
bidirectional AC-DC converter that connects the DC
part of the microgrid with the AC part of the microgrid.
The efficiency of the bidirectional converter is 0.9.

The charging and discharging power of BES in the
hybrid AC-DC microgrid is presented in Fig. 13. It can
be seen that the battery is charging during the night
when the electricity price is low and during the day
when there is a peak of generation from PV power
plants and wind turbines. The battery is discharging in
the morning to cover DC load demand and at 20:00 to
cover peak AC load demand. The battery is also
discharging at 22:00 and 23:00 when the car is
connected to an EV charging station.
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BES charging and discharging power
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Figure 13. Charging and discharging power of BES
in hybrid AC-DC microgrid

4.4 Comparison of simulation results

When simulations for AC. DC and hybrid AC-DC
microgrids are done, results of the simulation can be
compared. Fig. 14 presents a comparison of battery
SOC for AC, DC, and hybrid AC-DC microgrids.
Battery SOC at the start of the day is 50%. The battery
in the AC microgrid is charged to 80% from 3:00 to
6:00 while batteries in DC and hybrid microgrids are
charged up to 75%. Batteries in all three topologies are
discharging from 6:00 to 10:00 and then charging from
10:00 to 14:00 when there is excess energy from PV
power plants and wind turbines. The battery in all three
topologies is charged to 80% from 14:00 to 16:00 and
then the battery in the AC microgrid is discharged to
66% while batteries in DC and hybrid microgrids are
discharged to 77% and then discharged at 20:00 to
cover peak load demand. Battery SOC at the end of the
day is 50%.
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Figure 14. Comparison of battery SOC for AC, DC,
and hybrid AC-DC microgrid

Fig. 15 represents a comparison of electricity
received from the grid for AC, DC, and hybrid AC-DC
microgrids. Most electricity is received from the grid
during the night when the electricity price is low and in
the evening during periods of peak load demand. There
is no electricity received from 10:00 to 14:00 due to
electricity generation from PV and wind.

Electricity received from the grid

0 2 4 6 8 10 12 14 16 18 20 22
Time [h]

Figure 15. Comparison of electricity received from
the grid for AC, DC, and hybrid AC-DC microgrid

A comparison of electricity received from the main
grid, electricity cost, losses in a microgrid, and overall
microgrid efficiency for AC, DC, and hybrid AC-DC
microgrids is presented in Table 2. Energy losses in
microgrids occur because AC-DC and DC-AC power
converters are not ideal. Energy losses in a microgrid
can be calculated according to eg. 3.

Elosses = (Epv + Ewt + Egrid) — Eload (3)

Where:

Elosses [KWh] — microgrid losses;

Epv [KWh] — generation from PV power plants;
Ewt [KWh] — generation from wind turbines;
Egia [KWh] — electricity received from the grid;
Eoad [KWh] — total load demand;

The overall efficiency of a microgrid is a good
indicator that is suitable for microgrid comparison
(Manandhar et al., 2016). The overall efficiency of the
microgrid can be calculated according to eq. 4.

Hmicrogrid = Eload / (Epv + Ewt + Egrid) (4)

Where:
®  #microgrid — OVerall microgrid efficiency.

Table 2. Comparison of microgrid topologies

AC DC Hybrid
PV [kWh] 343.78
WT [kWh] 189.89
AC load [kWh] 600
DC load [kWh] 400
Electricity [kWh] 617.43 663.06 650.35
Cost [EUR] 69.80 75.15 73.62
Losses [kWh] 151.10 196.73  184.02
Efficiency [%0] 86.87 83.56 84.46
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In the AC microgrid, 617.43 kWh of electricity is
received from the utility grid, in the DC microgrid,
663.06 kWh of electricity is received from the utility
grid, and in the hybrid AC-DC microgrid 650.35 kWh
of electricity is received from the utility grid. The cost
for electricity in the AC microgrid is 69.80 EUR, in the
DC microgrid cost for electricity is 75.15 EUR and in
a hybrid AC-DC microgrid the cost for electricity is
73.62 EUR.

Due to different numbers of power converters, the
amount of power loses is different in all three
microgrid topologies. A high number of power
converters, the higher rated power of converters, or the
lower efficiency of converters result in higher power
losses in the microgrid. The low number of power
converters, the lower rated power of converters, or the
higher efficiency of converters results in lower power
losses in the microgrid. Higher power losses mean that
more electrical energy is required to cover the whole
load demand and power losses which results in the
lower overall efficiency of the microgrid topology.
Lower power losses mean that less electrical energy is
required to cover the whole load demand and power
losses which results in the higher overall efficiency of
the microgrid topology.

Losses in AC microgrid are 151.10 kWh, in DC
microgrid losses are 196.73 kwWh and in hybrid AC-DC
microgrid, losses are 184.02 kWh. The overall
efficiency of the AC microgrid is 86.87%, the overall
efficiency of the DC microgrid is 83.56% and the
overall efficiency of the hybrid AC-DC microgrid is
84.46%.

According to the simulation result, AC microgrid
topology is most suitable for selected system
components. It is because of high AC load demand,
significant generation from wind turbines, and a
significant amount of electricity received from the grid.
DC microgrid topology would prove suitable if DC
load demand was higher than AC load demand. Hybrid
AC-DC microgrid topology has good efficiency due to
significant generation from PV power plants and
significant DC load demand.

5 Conclusion

Microgrids will be more and more present as a suitable
solution for connecting distributed generation with
consumers at same the location in a small independent
power system. Three main topologies of microgrids
according to the power between microgrid components
of microgrid systems are AC microgrid, DC microgrid,
and hybrid AC-DC microgrid. The difference between
microgrid topologies is the number of AC-DC
converters that are not ideal so there are power losses
during power conversion.

AC microgrids are suitable for existing consumers
which are largely AC and the transition from the
existing power system to the AC microgrid is very
simple and fast. DC microgrids are suitable for

applications with battery storage, generation from DC
sources like PV power plants, and significant DC
consumers like EV charging stations, computers, and
LED lighting. Hybrid AC-DC microgrids with one
bidirectional AC-DC converter are suitable for
applications where DC generation and consumers as
well as AC generation and consumers are equally
represented in the microgrid.
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