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ABSTRACT
This paper gives a detailed study for the design and implementation of an energy management system (EMS) for a hybrid

renewable microgrid system using real‐time software. Microgrids, with their ability to integrate renewable energy sources, face

challenges in maintaining stability and reliability. The implemented EMS aimed to maximize the renewable energy sources

utilization, including PV and wind power, in conjunction with a battery energy storage system. The objectives of this research

included the implementation of an EMS that ensures a reliable and stable operation between the microgrid system and the main

grid including the control of charge and discharge of the battery using Typhoon Hardware‐in‐the‐Loop (HIL) software. The

simulation results and case studies demonstrated the effectiveness and performance of the developed EMS in managing a hybrid

renewable microgrid system. The results also demonstrated that the time of charging was maximized by utilizing a higher

power. By doing so, the battery was fully charged in a shorter timeframe. The battery state of charge (SOC) was maintained

between the fixed values (20% and 100%) as stated by the algorithm.

1 | Introduction

The use of renewable energy sources has significantly increased
in recent years as a means to address environmental concerns and
achieve energy sustainability [1]. Microgrid systems constituted
by distributed generations and diverse energy sources, have
become an effective remedy to incorporate renewable energy into
the existing power infrastructure. However, renewable energy
sources (RESs) such as solar and wind power are erratic, which
makes microgrid systems less stable and reliable [2]. Real‐time
energy management becomes crucial to guarantee the effective
use of RESs while maintaining grid stability [3].

The motivation behind this study stemmed from the augmenta-
tion of demand for sustainable energy solutions and the necessity
to address the limitations of traditional power grids. Microgrid
systems offer a decentralized approach to energy generation and

distribution, allowing communities and industries to minimize
emissions of greenhouse gas and decrease their dependence on
fossil fuels [4]. By harnessing the potential of RESs, microgrids
contribute to the energy transition infrastructure to a clean
and more resilient. However, effective management of hybrid
renewable microgrid systems requires sophisticated control
algorithms and real‐time monitoring capabilities [5].

The implemented energy management system (EMS) aimed to
optimize the energy generation, storage, and distribution in
real‐time. This study had as primary objective the design and
development of a real‐time EMS adapted for hybrid renewable
microgrid systems.

The implemented system was developed utilizing Typhoon
Hardware‐in‐the‐Loop (HIL) simulation package with HIL402
configuration in the virtual environment. The organization of
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the remaining parts of the paper include, Section 2, the archi-
tecture of microgrid systems is presented. Real‐time energy
management system is presented in Section 3. Section 4 pres-
ents the developed EMS control flowchart. The results of the
simulation are provided in Section 5. The conclusion of the
paper is provided in Section 6.

2 | Hybrid Renewable Microgrid System
Architecture

Hybrid renewable microgrid systems have attracted a lot of
interest lately because of their capacity to handle energy sus-
tainability challenges while enhancing grid resilience and

FIGURE 1 | Microgrid architecture [7].

TABLE 1 | Comparative analysis of renewable and conventional energy sources.

Metric Renewable sources Conventional sources

Efficiency ▪ Solar panels: up to 22%

▪ Wind turbines: up to 45%

▪ Hydropower: 90%+

▪ Coal plants: ~33%

▪ Natural gas plants: 50%–60%
▪ Nuclear: 33%

Cost ▪ Decreasing due to technological advancements
and economies of scale

▪ Solar PV: $0.06/kWh

▪ Wind: $0.03–0.05/kWh

▪ Increasing due to fuel prices and regulatory
costs

▪ Coal: $0.06–0.15/kWh

▪ Natural gas: $0.05–0.10/kWh

Environmental
impact

▪ Low to zero emissions

▪ Minimal resource depletion

▪ Solar and wind have negligible emissions

▪ Hydropower can impact ecosystems, but no
emissions

▪ High emissions (CO2, SO2, NOx)

▪ Significant resource depletion

▪ Coal: High CO2 and pollutant emissions

▪ Natural gas: Lower than coal, but still
significant CO2 emissions

Reliability ▪ Intermittent, but improving with storage
solutions (e.g., batteries, pumped hydro)

▪ Solar and wind depend on weather and time
of day

▪ Increasing grid integration and smart grid
technologies enhance reliability

▪ Generally high reliability

▪ Dependable on fuel availability and supply
chain

▪ Fossil fuels can be stored and used on
demand

▪ Vulnerable to supply disruptions (e.g.,
geopolitical tensions)

Scalability ▪ Easily scalable with modular setups

▪ Solar panels can be installed on rooftops, small
or large fields

▪ Wind farms can be scaled by adding more
turbines

▪ Community‐based renewable projects are
possible

▪ Large‐scale, less flexible in scaling down

▪ Requires significant infrastructure and
investment

▪ Difficult to scale incrementally

▪ Centralized power plants require extensive
planning and resources
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reliability [6]. Figure 1 presents the illustration of the renewable
microgrid architecture. Hybrid renewable microgrid systems
incorporate RES like photovoltaic (PV) arrays and wind tur-
bines, which are the primary RESs in hybrid microgrid con-
figurations [8]. These sources provide clean and sustainable
energy but are intermittent in nature, requiring effective man-
agement and integration strategies. Besides the RES, a hybrid
microgrid also includes energy storage systems, inverters and
power electronics, control and monitoring systems as well as
grid interconnection. Hybrid microgrid systems may operate
connected to the main grid utility or operate in isolation (i.e.,
islanded mode) [9]. Grid interconnection enables bidirectional
power flow, allowing excess energy to be exported to the main
grid or imported during periods of low generation.

Hybrid renewable microgrid systems offer a promising solution
for enhancing energy sustainability and resilience in distributed
power generation networks [10]. However, to fully utilize
hybrid microgrid systems in the transition to a cleaner and
more sustainable energy future, intermittency, system integra-
tion, and optimization issues must be resolved.

2.1 | The Difference Between a Conventional
Power Grid and a Microgrid

Electricity in a conventional power grid flows from the power
plants to the consummation point in a single direction [11]. The
generated power is controlled to balance generation and con-
sumption throughout the network by ensuring that supply and
demand are met in real‐time. Unlike traditional grids, micro-
grids can function in multiple modes based on the situation.
They can function independently in islanded mode during grid
disruptions or outages, or they can be connected to the main
grid to facilitate the exchange of electricity [12].

The following characteristics of microgrid systems are com-
monly classified as the main ways in which they differ from the
traditional power grid; however, the purposes and objectives of
a microgrid vary across different countries [13].

▪ Enhance the functionality of intermittent renewable energy
sources and enable the power grid to modify different en-
ergy source systems.

FIGURE 2 | Energy management algorithm flowchart.
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▪ Almost completely removes the chance of extensive, pro-
longed blackouts, barring major physical harm.

▪ Increase the economy while reducing costs, emissions, and
energy consumption.

The power grid distribution is an essential component of the
electrical system that ensures safe, steady operation and optimal
resource management. Due to distributed generation, wide-
spread access, intermittent renewable energy sources, growing
demand for energy production reliability, and economy, the
conventional power grid is unable to meet the needs satisfied by
the microgrid improvement [14]. The whole restore processing
is much simpler in a microgrid structure because there are
fewer factors that can be controlled, in accordance with its
incorrect restoration procedure, which requires rapid action,
usually human and in real‐time [15].

2.1.1 | Some Benefits of Renewable Sources Compared
to Conventional Source

To highlight the advancements and benefits of renewable en-
ergy sources over conventional ones, a comparative analysis is
conducted using key metrics such as efficiency, cost, environ-
mental impact, reliability, and scalability [16]. Table 1 presents
a summary of this comparison based on data gathered from
recent studies.

As shown in Table 1, renewable energy sources have several
advantages over conventional sources.

1. Efficiency: Renewable sources such as solar and wind
have seen significant improvements in efficiency. Modern
solar panels can achieve efficiencies up to 22%, while
advanced wind turbines can reach efficiencies up to 45%.

FIGURE 3 | Hybrid microgrid mode.

TABLE 2 | Energy management system table condition.

Conditions Variable AC load Battery Utility grid Generator

P P=G L Supply load — — —
P P>G L Supply load Charge battery — —
SOC < 100% Supply load Charge battery — —
SOC = 100% Supply load Disconnect batt Connect grid —

≥SOC 20% Supply load — — —
≤SOC 20%

Grid available Supply load — Connect grid —
Grid unavailable Supply load — — Connect gen

≥P P20%G G Check grid availability, if yes Supply load Charge battery Connect grid —
≥P P20%G G Check grid availability, if no Supply load Charge battery — Connect generator
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In contrast, conventional sources like coal plants have
remained relatively stagnant at around 33% efficiency.

2. Cost: The cost of renewable energy has been decreasing
rapidly due to technological advancements and economies
of scale. For instance, the cost of solar photovoltaic energy
has dropped to approximately $0.06/kWh, and wind en-
ergy costs between $0.03 and $0.05/kWh [17]. Conversely,
the cost of conventional energy sources like coal and
natural gas is either stable or increasing due to fuel prices
and regulatory costs.

3. Environmental Impact: Renewable energy sources offer
substantial environmental benefits by producing low to
zero emissions. Solar and wind energy have negligible
emissions during operation, while hydropower, despite
potential ecosystem impacts, emits no pollutants [18].
Conventional sources, particularly coal, emit high levels of
CO2, SO2, and other pollutants, contributing significantly
to air pollution and climate change [19].

4. Reliability: While renewable energy sources can be inter-
mittent, advancements in energy storage solutions, grid
integration, and smart grid technologies are enhancing
their reliability [20]. Conventional sources are generally
reliable as they can produce energy on demand, but they
are vulnerable to fuel supply disruptions.

5. Scalability: Renewable energy systems are highly scalable
and can be implemented in modular setups, making them
suitable for a wide range of applications from small‐scale
residential to large‐scale industrial projects [21]. Conven-
tional energy systems, however, require significant infra-
structure and investment, making them less flexible and
more challenging to scale incrementally.

This comparative analysis clearly demonstrates the improve-
ments and advantages of renewable energy sources over con-
ventional sources. Renewable energy not only offers higher
efficiency and lower costs but also provides significant en-
vironmental benefits and scalability, making it a more sus-
tainable and future‐proof option for energy generation [22].

This research aims to optimize the utilization of renewable
energy sources while ensuring stability, reliability, and effi-
ciency of the hybrid microgrid operation. By implementing a
sophisticated control algorithm, the aim is to seamlessly inte-
grate various renewable energy sources, such as solar and wind,
with a battery energy storage system and diesel generator. The
primary goal is to minimize reliance on fossil fuels, reduce
carbon emissions, and promote sustainability by maximizing
the utilization of clean energy resources within the hybrid mi-
crogrid. This research offers several significant contributions
such as developing an EMS control that optimizes energy usage
within the hybrid microgrid, ensuring that energy is produced
and consumed efficiently. By coordinating the operation of
renewable energy sources, energy storage systems, and demand‐
side management strategies, it minimizes energy wastage and
improves overall system efficiency. Implementing comprehen-
sive control in real‐time and management systems to adaptively
respond to variation in renewable energy generation and load
demands. By addressing these aspects, the research aims to
promote wider adoption of sustainable energy practices by

offering useful guidance for the design and hybrid microgrid
systems operation.

Hardware and software solutions for real‐time simulation from
Typhoon HIL software are utilized to test, validate and optimize
the developed energy management control performance.
Through the development of an advanced EMS control for
hybrid microgrid systems integrating RESs, this research con-
tributes to the body of knowledge already in existence. To build

TABLE 3 | Test variables component.

Variable Symbol Value

Nominal grid line voltage VPCC 10 kV

Nominal converter line
voltage

Vnom_LL 380 V

Nominal battery voltage Vnom_batt 1000 V

Nominal capacity of the
battery

BAh 900 Ah

Rated power SB 1MW

Load active and reactive
power

PL, QL 800 kW,
0 VAR

Wind power Pwd 500 kW

PV power Ppv 500 kW

Rated power of the diesel
generator

SG 1.5 MVA

Nominal frequency fB 50 Hz

Current loop
proportional gain

kp 0.5

Current loop integral gain ki 3.0

Transformer equivalent
series inductance1

TrL1 0.0034 H

Transformer equivalent
series resistance1

TrR1 0.0862 Ω

Transformer equivalent
series inductance2

TrL2 5.0817 μH

Transformer equivalent
series resistance2

TrR2 1.2272 10−4 Ω

Faster execution rate Ts1 1 μs

Slower execution rate Ts2 5 μs

FIGURE 4 | Load demand power graph.
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a robust and effective energy network, the study integrates
solar, wind, and diesel generator with a battery. Intermittency
related issues were the main focus, along with energy dispatch
optimization and system stability.

3 | Real‐Time Energy Management System

A real‐time EMS is a critical component of modern power systems,
enabling efficient utilization and optimization of energy resources
in real‐time [23]. Due to the expansion of the RESs incorporation
into the grid, the need for effective energy management systems
has become more pronounced [17]. Real‐time EMS facilitates
dynamic control and power production monitoring, distribution,
including consumption, to finally ensure grid stability, reliability,
and cost‐effectiveness. There are different components of real‐time
energy management system, which include:

• Control algorithms and optimization techniques: Real‐time
EMS utilizes sophisticated control algorithms and optimiza-
tion strategies to regulate energy flow and maintain supply
and demand equilibrium [24]. These algorithms dynamically
adjust generation schedules, dispatch power from renewable
and conventional sources, and optimize energy storage usage
to meet system requirements while minimizing operating
costs and environmental impacts [25].

• Forecasting and predictive analytics: Real‐time EMS inte-
grates weather forecasting, load forecasting, and predictive
analytics to anticipate changes in energy generation and
consumption patterns [26]. By accurately predicting future
conditions, EMS can proactively adjust system parameters
and optimize energy management methods to mitigate the
variability and uncertainty impact [27].

• Energy storage integration: Energy storage systems (ESSs),
which include batteries, flywheels, and pumped hydro storage,

have vital functions in real‐time EMS as they provide flexibility
and resilience to the grid [28]. EMS algorithms optimize the
schedules of ESSs charge/discharge to mitigate variations in
the production of renewable energy, stabilize grid frequency,
and provide backup power during outages.

• Grid connectivity and communication: Real‐time EMS re-
lies on robust communication networks and grid connec-
tivity to exchange data and control signals between various
grid components [29]. Smart grid technologies like distrib-
uted energy resources management systems (DERMS) and

FIGURE 5 | HIL SCADA panel interface for scenario 1.

FIGURE 6 | Battery SOC on the charging mode.

FIGURE 7 | Graph of the required power from the load.
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demand response systems, enable bidirectional communi-
cation and coordination among grid stakeholders, enhan-
cing grid reliability and efficiency.

This study has a goal to accelerate the adoption of sustainable
energy solutions by developing an algorithm to optimize the
coordination of renewable energy sources and battery energy
storage inside a hybrid microgrid. By developing dependable
EMS control for hybrid microgrid systems, this work provides
insightful information to engineers, policymakers, and stake-
holders involved in the planning and implementation of
renewable energy projects. Beyond merely theoretical ad-
vancements, the potential impact could actually aid in the
future transition to cleaner and more sustainable energy sour-
ces. Furthermore, this research promotes a wider adoption of
sustainable energy practices by providing helpful guidelines for
the design and development of hybrid microgrid systems.
Additionally, the implemented algorithm control is adaptable,
allowing users to access and modify any control parameter.

4 | Energy Management Control for the
Implemented System

The developed system included two supply power sources
(PV and wind power systems), along with a battery and a diesel
generator. The generator provided power to satisfy the demand
of the load in the absence of the utility grid. The implemented
hybrid microgrid and EMS were physically built using Typhoon
HIL software, which was also utilized to test, validate, and
improve its performance. Every component of the circuit is
represented by matching model blocks that are included in the
software. Figure 2 presents the developed energy management
control flowchart.

Figure 3 presents the developed Typhoon HIL model.

The developed EMS ensured that the power supply provides the
requirement of the load based on four scenarios, assisted by the
battery, the diesel generator, and the utility grid.

Scenario 1: When the requirement of the load and the supplied
power are equal.

Scenario 2: When the power generated become higher than the
load requirement.

Scenario 3: When the supplied power is insufficient to satisfy
the load requirement.

Scenario 4: When the battery attained its minimum limit (20%)
and the requirement of the load still high than the power
generated.

5 | Simulation Results and Discussion

This section presents the results of the simulation for the im-
plemented EMS control and consider different scenarios. Using

FIGURE 8 | HIL SCADA panel interface for scenario 2.

FIGURE 9 | Maximum charge of the battery.
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scenarios helps to understand the real world more fully. Using
scenarios is essential since it can give a specific plan and
method. Thus, it is a very useful guideline to use the situations
in chronological order. Table 2 provides the summary of the
diverse modes of operation for these scenarios.

Table 3 presents the component test variables for the simulation
utilization.

Scenario 1: The load demand and the supplied power from the
RESs in the first scenario are equal. Table 2 shows that an 800 kW
load demand is assumed. As result, all of the generation power is

supplied to the load directly and uninterrupted. Figure 4 illustrates
the power graph from the load supplied by the generated power.

Figure 5 presents the HIL SCADA panel interface, as it can be
seen, the utility grid, the diesel generator as well as the battery,
are isolated. In this instance, the entire production power is
continuously provided to the load, as the HIL interface shows.
As can be seen on the HIL interface, the diesel generator and
utility grid are off, the battery is in red, and the LED indicators
for PV power and wind power are displayed in green to signify
their functioning states. The highlighted circles illustrate dif-
ferent values and operation of the system on HIL SCADA panel

FIGURE 10 | Utility grid power (supplied by the production

excess).

FIGURE 11 | HIL SCADA panel interface for grid‐connected mode.

FIGURE 12 | Load demand power graph.

FIGURE 13 | Battery SOC on the discharging mode.
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based on each scenario in which battery, wind plant, PV plant,
diesel genset, variable load and utility grid interfaces and the
microgrid controller are presented.

Scenario 2: The production power exceeds the load requirement.
In this situation, the production surplus is either used to supply
the utility grid or recharge the battery, based on the battery state
of charge (SOC). The battery will be recharged if its SOC is in the
minimal range (≤ 20%), and the excess of production will be fed
into the utility grid if it is in the maximum range (100%). The
charging mode of the battery is shown in Figure 6.

Figure 7 presents the load demand power. At this point, the
production power supplied the load and charges the battery
concurrently.

Figure 8 provides the HIL SCADA panel interface for this se-
cond case. The panel shows that the generated power exceeds
the load demand power. The panel interface shows that the
production surplus is utilized to recharge the battery because
the battery SOC was below its maximum value. The battery will
be recharged until it attained its maximum value (100%), and
when this limit is attained then the production surplus will be
supplied to the utility grid until the condition changed. At this
time the diesel generator is turned off as shown in the HIL
SCADA panel.

Looking at Figure 9, the battery has reached its maximum
capacity and is now removed from the system to await the
discharge mode when necessary.

Figure 10 shows how the excess production supplies the utility
grid, as it can be seen, the utility grid is currently connected to
receive supplies from the production excess.

Figure 11 provides the HIL SCADA panel interface when the
maximum charge limit of the battery is attained.

FIGURE 14 | HIL SCADA panel interface for the third scenario.

FIGURE 15 | Battery SOC on its minimum value.

FIGURE 16 | Utility grid supplied power (grid connected mode).
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When the maximum battery charge limit is attained, the
production excess is sent to the utility grid and the
demand of the load is simultaneously satisfied as illustrated
from Figure 11. The battery is immediately disconnected
when its maximum value is reached, as indicated in the HIL
panel interface. Figure 12 shows the load demand power
graph.

Scenario 3: The requirement of the load exceeds the generation
power in this case, thus, the battery will help to satisfy the load
demand. The requirement is that the implemented EMS first
verifies the maximum and lowest values of the battery storage
to determine how much power is available. When the SOC
exceeds 20%, the battery is connected for discharge; if the SOC
falls below 20%, the battery is unplugged from the system. The
battery was previously completely charged, as seen in Figure 13.
In this case, the battery discharges in accordance with the given
condition and keeps going until it hits 20% SOC, the minimum
value, or the conditions change.

The HIL SCADA panel interface is displayed in Figure 14 when
the generated power falls short of the load requirement. The
results show that the battery is discharging and the utility grid
as well as the diesel generator are isolated. Once the minimum
limit value will be attained, the battery will stop to discharge
and the demand of the load will be satisfied by the grid or the
diesel generator.

When the minimum battery SOC limit is attained and the
supplied power is below the amount required to meet load
demands. In this instance, depending on the utility grid acces-
sibility, the demand of the load is satisfied either by the utility
grid or the diesel generator assistance. The battery is automat-
ically unplugged to prevent a deep discharge when the mini-
mum value is achieved, as shown by the battery SOC graph in
Figure 15.

FIGURE 17 | HIL SCADA panel interface when the battery attained its minimum value.

FIGURE 18 | Utility grid SCADA panel interface.

FIGURE 19 | Load demand power graph.
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Figure 16 shows the power supplied from the utility grid.

Figure 17 shows the HIL SCADA panel interface for the third
scenario in which the battery reaches its minimal value.

Figure 18 presents the utility grid HIL SCADA panel inter-
face, the remaining power is provided according to the
accessibility of the utility grid. Here, the grid is providing
power to the load.

Figure 19 shows the load demand power graph. The utility grid
and RESs assist to satisfy the requirement of the load.

Figure 20 presents the HIL SCADA panel interface for the
third scenario in which the utility grid is not operational.
Thus, the diesel generator is activated to satisfy the require-
ment of the load. The diesel generator LED indicator is turned
on, while the LED indicators of the utility grid and the battery
are turned off, as shown on the HIL panel interface in
Figure 20.

Figure 21 shows the diesel generator output power graphs. As it
can be seen for this case, the diesel generator is activated to
assist the demand by providing power to the load in the absence
of the utility grid.

Figure 22 shows the load demand graph. The diesel generator
and renewable energy sources help to meet the demand.

The Typhoon HIL software test shows how effective the im-
plemented EMS is. The developed EMS facilitates the efficient
use of RESs and enhances their incorporation within the elec-
trical system. Additionally, it fulfils every scenario that is
illustrated and regulates the energy flow between the load
demand, and the microgrid as well as the utility grid. Fur-
thermore, the developed EMS pacrevents the battery from rapid
charge and deep discharge by keeping its SOC in admissible
limits.

FIGURE 20 | HIL SCADA panel interface when diesel generator switched on.

FIGURE 21 | Diesel generator output power graph.

FIGURE 22 | Load demand power graph.
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6 | Conclusion

In this paper, a real‐time EMS for hybrid renewable microgrid
system was provided. During the simulation, a variety of scenarios
were used to demonstrate the resilience and efficacy of the im-
plemented algorithm to manage the load in both isolated and
grid‐connected modes and guarantee an optimal battery operation
as intended. The hybrid microgrid system that was designed had a
fixed variable AC load of 800 kW and a total generation power of
1MW from renewable sources. The aim and objective of this
research were achieved by implementing and developing a hybrid
microgrid model utilizing the virtual environment of Typhoon
Hardware‐in‐loop (HIL) simulation package with HIL402 con-
figuration. The results demonstrate the ability of the implemented
control to manage the energy flow between the RESs and the
load, which are both operating in conjunction with the utility
grid. It also ensures an optimal relationship between the battery
charge and discharge rates. Additionally, the results showed that
using a higher charging power rather than a reduced one maxi-
mized the charging time. As a result, the battery received a full
charge faster than usual. The algorithm had defined the permis-
sible limits between 20% and 100%, and it was discovered that the
battery SOC remained within those ranges. To increase the entire
system dependability, further research based on EMS of cost‐
effective for smart microgrids network is necessary.

Nomenclature

AC alternative current

DC direct current

DER distributed energy resource

DG distributed generation

EMS energy management system

ESS energy storage system

HIL hardware‐in‐loop

Kv kilo Volt

KWh kilowatt hour

KWp kilowatt peak

MW mega Watt

PCC point of common coupling

PV photovoltaic

SOC state of charge
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