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TDepartment of Electrical Energy management controllers (EMCs) are pivotal for optimizing energy consump-
Engineering, Kampala tion and ensuring operational efficiency across diverse systems. This review paper
International University, delves into the various control strategies utilized by energy management controllers

20000 Ishaka, Uganda . . . . C. . . .
E and explores their coordination mechanisms. Additionally, it examines the architec-

tures of energy management controllers and their real-world implementations. The
paper surveys a spectrum of EMCs, including conventional-based, rule-based, optimi-
zation-based, hybrid methods, and commercial software-based approaches, highlight-
ing their respective advantages and drawbacks. It investigates how these controllers
are coordinated within complex energy systems to achieve optimal performance

and adaptability. Furthermore, the review outlines different architectures of energy
management controllers, ranging from centralized to decentralized designs, discuss-
ing their suitability for various applications and their impact on system performance.
Real-world applications of energy management controllers in sectors such as smart
grids, buildings, industrial processes, and transportation systems are examined.

Case studies and examples demonstrate the efficacy of different control strategies
and architectures in addressing specific energy management challenges and achiev-
ing desired outcomes. Overall, this review provides valuable insights into the current
landscape of energy management controller design and implementation, offering
direction for future research and development in the pursuit of energy optimization
and sustainability.

Keywords: Energy management controllers, Control strategies, Coordination
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Introduction
Modern power systems are changing. They now use more renewable energy sources
(RESs), such as solar and wind power, as well as dynamic loads and batteries. This shift
is turning traditional power systems into smart microgrids (MGs). These new systems
offer technical and economic benefits, like reliability, cost-effectiveness, and reducing
greenhouse gases. But to make sure everything runs smoothly, we need to monitor and
control these complex systems (Ullah et al. 2023).

Energy management controllers (EMCs) have become increasingly important
in recent years. With a focus on sustainable development and efficient energy use,
research in this area has advanced alongside technological improvements. These
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controllers are all about optimizing energy consumption, improving efficiency, and
integrating RES into the power grid. They are crucial for managing smart grids and
MGs efficiently (Chen 2018).

Early EMSs focused on direct load control (DLC) architectures, which helped man-
age energy demand in residential areas with multiple buildings (Singh et al. 2023).
More recently, stochastic optimization frameworks have been introduced. These
frameworks use mathematics to minimize costs and optimize MG operation, taking
into account factors such as seasonal load patterns and RES (Dagdougui et al. 2020).

To manage energy effectively, energy management (EM) programs are essential.
They help monitor and control energy consumption patterns, minimizing waste and
focusing on efficiency. Demand-side management (DSM) plays a crucial role in smart
grids, allowing consumers to adjust their energy use based on incentives and electric-
ity prices (Bakare et al. 2023). DSM techniques include peak clipping, load shifting,
and demand response programs, all aimed at improving the sustainability and reli-
ability of power grids (Hussain et al. 2018).

The evolution of energy management system (EMSs) has been influenced by
advancements in hardware and software architectures, leading to standardized indus-
try standards and sophisticated functionality. The field has evolved to improve energy
efficiency, reduce costs, and address environmental concerns. Research on EMCs has
evolved to address efficient energy utilization, renewable energy (RE) integration, and
system optimization. Ongoing technological and research advancements continue to
shape the field and drive innovation in EM practices.

The reviewed literature extensively explores EMC strategies across various domains,
providing valuable insights into the complexities of controller selection and optimiza-
tion for practical applications. Notably, Boodi et al. (2018) offers a comparative anal-
ysis of EMCs in buildings, focusing on white box, black box, and gray box models,
while Lavanya et al. (2020) delves into EMC schemes for energy harvesting systems.
Additionally, Roslan et al. (2019) reviews strategies for MG control, emphasizing the
need for technological advancements to ensure sustainable operation in next-genera-
tion smart grid applications, with a particular focus on maximum power point track-
ing. Furthermore, Ahmad and Moubayed (2021a) provides a comprehensive overview
of different control strategies for EM in buildings, including a prioritized indicator
table for strategy selection.

Furthermore, research efforts such as Meng et al. (2016) and Elmouatamid et al.
(2020) address the development of advanced MG supervisory controllers and EMS,
highlighting the importance of predictive control and proposing future research
directions. Ullah et al. (2023) presents an overview of EMC in hybrid MGs, assessing
various control methods and their performance in voltage control, frequency stabili-
zation, and energy saving. On a broader scale, Dong et al. (2022) reviews system con-
trollers and proposes an implementation framework, CVEC-IEM, to guide efficient
energy utilization and successful applications in hybrid electric vehicles (HEVs). The
optimization progress for hybrid renewable energy systems (HRES) is also looked at
in Thirunavukkarasu et al. (2023), which uses classical methods, A, and hybrid algo-
rithms to fix problems and make global solutions better.
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Moreover, software tools for hybrid energy systems are extensively discussed in
Sinha and Chandel (2014), highlighting their capabilities, limitations, and areas for
further research. There is more information about control strategies for MGs in Feng
et al. (2017), which talks about hierarchical and distributed structures and how they
affect economic performance. Also, Kumar et al. (2019) goes into more detail about
different control schemes, power management strategies, and future trends in hybrid
energy storage systems (HESS) that use batteries and supercapacitors. Furthermore,
Ahmad and Moubayed (2021b) describes a better hierarchized hybrid model predic-
tive controller for buildings that focuses on multi-layered strategies. Minchala-Avila
et al. (2015) goes over the best control methods for energy management and MG con-
trol and suggests future directions and perspectives for the best EMS. Lastly, Parvin
et al. (2021) offers a thorough analysis of both traditional and intelligent control tech-
niques for building energy management, offering insights into their classification, fea-
tures, benefits, and drawbacks, with implications for sustainable development goals.
Similarly, Xu et al. (2019) reviews EMC strategies in HEVs, analyzing rule-based
and optimization-based approaches and highlighting future research directions and
improvements.

The literature summary provides comprehensive insights into EMC across vari-
ous domains, exploring diverse control methodologies and their practical implica-
tions, as shown in Table 1. Notably, overlapping capabilities highlight the complexity
of controller selection for specific applications. Additionally, the review emphasizes
the need for further research into optimizing hybrid RE systems. The study aims to
address key research questions concerning common types of EMCs, the benefits and
drawbacks of each controller type, common applications, emerging technologies, and
implementation challenges. By addressing these questions, the current study seeks to
elucidate new trends in EMC and their real-life implementation. The main contribu-
tions of this study lie in providing insights into emerging EMC trends and their prac-
tical applications, as summarized below:

+ Comprehensive analysis of control methods and EMS approaches for MG develop-
ment, offering insights into control architecture and integration strategies.

+ Exploration of existing knowledge on MG control methods and EMS strategies in
power system applications, highlighting challenges and issues in EMC.

+ A detailed comparison and summation of recent control methods for MG systems,
including hierarchical control structures, with the goal of achieving sustainable
energy supply.

+ A review of various EMCs, including classical, heuristic, and intelligent algorithms,
along with an analysis of their applications and real-life implementations.

Control strategies in microgrid systems
Figure 1 outlines three main control strategies: hierarchical, decentralized, and central-
ized, each with its own advantages and challenges in managing MG systems.
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Table 1 Summary of existing literature on EMCs

Challenges Control Control EMC Refs.
strategy coordination
Simulation Implementation Benefits Commercial
and software
drawback
Vv Vv v (Meng et al.
2016; Elmouata-
mid et al. 2020)
\/ \/ \/ (Parvin et al.
2021; Xu et al.
2019)
\/ (Ullah et al. 2023;
Lavanya et al.
2020; Ahmad

and Moubayed
2021b; Shareef
etal. 2018;
Behera and Dev
Choudhury
2021)

Vv v (Minchala-Avila
etal. 2015)

Vv VA (Feng et al. 2017;
Kumar et al.

2019)

v (Roslan et al.
2019; Ahmad
and Moubayed
2021a)

Vv v (Boodi et al.
2018)
Vv (Sinha and

Chandel 2014;
Song et al. 2022;
Upadhyay and
Sharma 2014)

\/ \/ (Thirunavukkar-
asu et al. 2023;
Khan et al. 2022)

\/ \/ \/ (Chauhan and

Saini 2014)

Vv (Dong et al.
2022; Bisschoff
etal.2018)

VA Vv Vv v J J Vi This study

Centralized control

A centralized control system is one in which a central controller (CC) collects data
from various system entities and makes decisions based on a global perspective, ena-
bling efficient grid operation (Elmouatamid et al. 2020). However, this approach relies
heavily on a single unit for system management, which can pose scalability and reli-
ability challenges (Pourbabak et al. 2019). The CC delivers strong controllability and
real-time observability of the whole MG system, using high-performance computa-
tion and secure communication infrastructure (Sahoo et al. 2017). However, it carries
a heavy computational burden, risks system-wide operational disruptions, lacks scal-
ability, and may not efficiently support plug-and-play functionalities. Additionally, the
concentration of computational tasks and reliance on a single unit for voltage regula-
tion limit system flexibility (Kumar et al. 2019; Cupelli et al. 2016).
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Fig. 1 Control strategies in microgrid systems

Numerous studies have explored centralized EM strategies, showcasing diverse

approaches and methodologies. For instance, Lin et al. (2015) introduces a MG

EM strategy integrating RE and battery storage systems, employing enhanced bee

colony optimization (EBCO) for optimal scheduling dispatch. Similarly, Tsikala-

kis and Hatziargyriou (2011) discusses a central controller for MGs that optimizes

interconnected operation by managing local DG production and power exchanges

with the main grid. Moreover, Tabar and Abbasi (2019) investigates the impact of

RES penetration and surplus power generation on electrical networks, presenting

strategies to minimize renewable resource penetration and defects. Additionally,

Guo et al. (2019) presents an optimal EM strategy for grid-connected photovoltaic

MGs, emphasizing dynamic programming (DP) algorithms and grid I/O strategies.

Furthermore, Nemati et al. (2018) introduces dispatch optimizers for centralized

EMS, including real-coded genetic algorithms and MILP-based methods, which are

tested under various operation policies. The literature also includes robust models
for optimal MG energy management (Sardou et al. 2018), HESSs (Aktas et al. 2018),
multi-objective LP models (Jaramillo and Weidlich 2016), and centralized control
systems for island MGs (Almihat and Kahn 2023). Additionally, Li et al. (2017) pro-
poses a combined sizing and EM methodology for MGs, while Dash and Bajpai

(2015) introduces a power management strategy for HRESs, integrating PV arrays,

fuel cell stacks, and batteries. Moreover, Elkazaz et al. (2020a) presents a novel EMS

for MGs, while Helal et al. (2017) proposes an EMS for remote communities using a

hybrid AC/DC MG.
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Decentralized control

Decentralized control in the MG allows autonomous entities to manage subsystems
independently, reducing computational complexity and enhancing system responsive-
ness. This approach leverages local measurements and peer-to-peer communication,
promoting operational flexibility and fault tolerance (Pourbabak et al. 2019; Yamashita
et al. 2020). The distributed processing system ensures greater reliability through redun-
dant controllers and communication pathways, mitigating single-point failures. How-
ever, decentralized control faces challenges in global optimization and synchronization
among distributed entities, such as limited information exchange, load dependency
issues, and harmonics. Implementing distributed processing requires careful coordi-
nation and may introduce complexity compared to centralized approaches (Feng et al.
2017; Celik et al. 2017).

Numerous studies have explored decentralized EM strategies, showcasing diverse
approaches and methodologies. For instance, the study in Zheng et al. (2018) used
both deterministic constrained optimization and stochastic optimization to look at the
unknowns in biomass-integrated MGs. This showed how cost-effective it is to combine
a BCHP/PV system with battery storage. Also, Kuznetsova et al. (2015) looked at a MG
EM framework that uses robust optimization (RO) and prediction intervals to deal with
unknowns in wind power generation and consumption. They emphasized how impor-
tant unknown events are for MG performance and reliability. Also, Ahmadi et al. (2022)
showed a decentralized bi-level stochastic optimization method for multi-energy MGs.
This method improved network flexibility and profitability by adding multi-energy stor-
age systems and using the Latin Hypercube Sampling method to handle uncertainties.

A multi-agent decentralized EMS for autonomous polygeneration MGs, utilizing
game theory to optimize energy management and control strategies among agents, is
studied by Karavas et al. (2017). By employing Nash equilibrium, the system minimizes
conflicting goals, offering operational and financial advantages over traditional distrib-
uted intelligence approaches in polygeneration MGs. The authors in Boglou et al. (2022)
investigate the modernization of energy distribution grids, particularly MGs, to enhance
electric power reliability. For efficient EV charging, a decentralized system using fuzzy
cognitive maps and fuzzy logic controllers is proposed, resulting in an 8.8% reduction in
investment costs over 20 years, a 31% increase in chargeable EVs, and reductions in peak
load and load variances of 17% and 29%, respectively. This approach demonstrates sig-
nificant benefits for islanding distribution grids with high EV penetration. Additionally,
the integration of photovoltaic panels and EVs in residential grids is addressed, propos-
ing a distributed optimal sizing strategy for small-scale PV systems that considers indi-
vidual energy needs and EV charging, reducing energy costs by up to 40% and enabling
distribution system operators to accommodate additional loads without network expan-
sion (Boglou et al. 2023).

Similarly, Carli and Dotoli (2019) suggested a decentralized control system for sched-
uling electrical energy operations in smart home MGs, aiming to reduce grid energy
supply by allowing users to exchange surplus renewable energy. Also, Du et al. (2022)
proposed a variance-based optimization algorithm for decentralized HEMS. This algo-
rithm achieves centralized performance without putting too much strain on computers
and lowers the cost of system reinforcement and energy bills. The increasing demand
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for RES underscores the importance of decentralized models and stochastic methods
in reducing operational costs and computational complexity (Faghiri et al. 2022). Addi-
tionally, Petrollese et al. (2016) introduced a new control strategy for managing MGs
with high RES and energy storage systems, integrating optimal generation scheduling
with model predictive control (MPC) for long-term optimization. Furthermore, Silani
and Yazdanpanah (2018) proposed a method for energy management in MGs with sto-
chastic loads, addressing the challenge of load uncertainty, and Yang et al. (2021) pre-
sented a blockchain-based VPP EM platform for residential users with RES, and flexible
loads. Lastly, Wang et al. (2022) showed that decentralized power systems are possible
and work well by creating a safe blockchain-based framework for managing and study-
ing renewable hybrid MGs in multi-agent distributed structures. These studies collec-
tively contribute to advancing decentralized EM strategies, offering innovative solutions
to optimize MG operations and enhance RE integration.

Hierarchical control

Hierarchical control finds significance in smart grid systems due to their expansive geo-
graphical coverage and communication demands. Fully centralized approaches face
coordination challenges among different local controllers (LCs), prompting the adoption
of hierarchical control structures at primary, secondary, and tertiary levels (Molzahn
et al. 2017). MG management encompasses technical, temporal, and physical aspects,
necessitating a structured control scheme for effective operation. This paper suggests a
standardized hierarchical control solution that is different from others because it focuses
on coordinating multiple MGs and keeps EM functions out of secondary control (Meng
et al. 2016).

Control structure

1. Primary level: The primary level is the first line of control in the MG, overseeing local
power, voltage, and current control. It uses interface PCs to execute control actions
based on upper-level setpoints. This level ensures immediate responses to local dis-
turbances, maintaining voltage and frequency stability within acceptable limits. Typi-
cally, primary controllers employ droop control techniques to regulate power invert-
ers, ensuring proportional power sharing and load balancing among distributed
energy resources (DERs). The primary controller’s primary objective is to maintain
grid stability and reliability by swiftly addressing local disturbances and deviations
from setpoints (Gaiceanu et al. 2020).

2. Secondary level: Positioned above the primary control, the secondary level assumes a
supervisory role, managing power quality control within the MG. This level focuses
on tasks such as voltage and frequency restoration, voltage unbalance correction,
harmonic compensation, and power exchange with the main grid or other intercon-
nected MGs. Secondary controllers gather system state information from primary
controllers and other sources, making decisions to enhance MG performance and
ensure compliance with grid codes and standards. Moreover, secondary control facil-
itates seamless integration of the MG with the main electrical network, enabling a
smooth transition between islanded and grid-connected modes (Prabaharan 2018).
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3. Tertiary level: At the highest hierarchical level, tertiary control introduces intelli-
gence and optimization into the entire MG system. It aims to optimize MG opera-
tion based on various merits, primarily efficiency and economics. The tertiary con-
troller utilizes advanced optimization algorithms and decision-making techniques
to achieve optimal power flow, energy dispatch, and resource allocation within the
MG (Guerrero et al. 2012). It leverages both MG-specific knowledge and external
grid data obtained through information and communication technology systems.
Economic dispatch, demand response coordination, energy trading, and grid sup-
port service provision. The tertiary controller optimizes MG operation by analyz-
ing historical data and forecasting future load and generation patterns to minimize
operating costs, reduce environmental impact, and enhance overall system perfor-
mance (Elmouatamid et al. 2021). Tertiary and secondary control functions are inte-
grated into MG supervisory control and EMSs. Control levels exhibit distinct band-
widths, simplifying modeling and analysis. As control levels ascend, regulation speed
diminishes, with primary control responding within milliseconds, secondary control
within seconds to minutes, and tertiary control executing discrete-time decision-
making steps over seconds to hours. As shown in Table 2, the comparison between
all the control strategies.

Several studies have advanced hierarchical EM strategies, demonstrating their
effectiveness in optimizing decentralized energy systems. For example, Ghaffari and
Askarzadeh (2020) proposes an efficient optimization approach for sizing hybrid
power generation systems using RESs, highlighting the significant impact of RE pen-
etration on total net present cost. Similarly, Sandgani and Sirouspour (2017) intro-
duces a method for dispatching and sharing energy storage in grid-connected MGs,
enabling cost-effective power transactions and reducing electricity costs through
multi-objective optimization. Additionally, Aghdam et al. (2018) presents a con-
tingency-based EM approach for distribution networks involving multiple MGs,
preventing economic loss and benefiting both distribution networks and MGs.
Furthermore, Elkazaz et al. (2020a) introduces a novel EMS for MGs, maximizing
self-consumption of RESs and minimizing daily operating costs through convex opti-
mization techniques.

Furthermore, Urias et al. (2014) proposes a recurrent neural network for optimizing
the operation of electrical MGs, minimizing utility grid power, and maximizing RESs.
Other studies focus on optimizing the individual objectives of stakeholders in MGs,
employing robust optimization and non-dominated sorting genetic algorithm tech-
niques (Kuznetsova et al. 2014). Additionally, Jin et al. (2017) and Zhang et al. (2018)
describe hierarchical and stochastic MPC methods for integrated energy management
in MGs, which achieve the lowest operation costs and lower forecasting uncertain-
ties. Moreover, Han et al. (2019) provides an excellent design plan and hierarchical
EM technique for island PV/hydrogen/battery hybrid DC MGs, validated through a
hardware-in-loop platform and a real-time simulator. Finally, Choudar et al. (2015)
discusses an EM strategy for grid-connected active PV systems, emphasizing local
power flow management and stabilization techniques.
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Table 2 Comparison between different control (Elmouatamid et al. 2020; Kumar et al. 2019; Sahoo
etal. 2017; Cupelli, et al. 2016; Bakare et al. 2024)

Control strategy Advantage

Disadvantage Location Example

Centralized « The whole MG system has
strong controllability and
can be seen in real time

- Suitable for small-scale
MG systems with limited
communication band-
width

- Enables optimal decision-
making and simplifies EMC
deployment

« Utilizes high-performance
computing and secure
communication infra-
structure

- Ensures effective supervi-
sion and wide control
coverage for efficient
system maintenance

+ Autonomous control
capability in a distributed
processing system

« Enhanced reliability with
peer-to-peer communica-
tion, reducing single-point
failures

«Independent control of
distributed generators,
boosting system flexibility
« Improved privacy and
minimized computational
demands

- Facilitates plug-and-play
functionality with reduced
complexity

Decentralized

Hierarchical « Suited for DC MG systems,
facilitating local regulation
of voltage and current by
source converters

« Enables variable voltage
control between accept-
able intervals and eco-
nomical power dispatch
among converters, MGs,
and utility grids

« Ensures synchronous
generators maintain
consistent frequency
across the grid, enhancing
controller coordination
Efficiently dispatches
operational constraints
across different levels,
reducing processing time
- Combines previous con-
trol structures, facilitating
optimal decision-making
processes

- System-wide operational  Small size MGs or localized ~ Master slave control
disruptions from CC area
failures

+ Heavy computational

burdens hinder deploy-

ment

« Scalability limitations for
plug-and-play function-

alities

« High connectivity and
processing power require-

ments

« Increased risk of failures

and compromised reli-

ability

« Concerns regarding bat-

tery life and real-time com-
munication effectiveness

- Limited visibility of the
overall MG status and
increased data transmis-
sion needs

« Challenges in achieving
global optimization and
operating cost minimiza-
tion

« Implementation complex-
ity relative to centralized
and hierarchical control

« Issues with load depend-
ency, non-linear loads, and
transient performance

« Demand for effective syn-
chronization and frequent
reconfiguration

Battery storage system Droop control

- Distributed generators are  Complex modern system
tasked with voltage regula-
tion and frequency control,
adding complexity to
operational coordination

« Generators may operate
in limited power mode,
adhering strictly to electric-
ity market plans rather
than responding dynami-
cally to grid needs

« Accurate demand
forecasting is essential

for effectively planning
generator output, requir-
ing coordination between
anticipated demand and
actual load

- Coordination between
adjacent layers is necessary
for seamless operation,
necessitating efficient
communication and
synchronization

- Communication faults in
upper layers can disrupt
information and energy
transfer, potentially impact-
ing system reliability

« While there are fewer
computational burdens,
coordination challenges
persist due to decentral-
ized decision-making
processes

Agent based control
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Energy management controllers

This paper categorizes EMCs into two main groups: those applied in real-life settings
and those utilized in simulations. Figure 2 illustrates this. Real-life applications entail the
practical implementation of EMCs in a variety of contexts. Conversely, simulation-based
EMC:s entail the use of these controllers in virtual environments to analyze their perfor-
mance, optimize settings, and explore potential applications. By categorizing EMCs into
these two domains, this research provides a comprehensive understanding of their func-
tionalities, applications, and effectiveness in addressing EM challenges across different
sectors and scenarios.

Simulation-based energy management controllers

Simulation-based EM encompasses a diverse range of methodologies, including com-
mercial software-based solutions, conventional techniques, rule-based systems, opti-
mization algorithms, artificial intelligence (AI) approaches, and hybrid methods. These
simulation-based strategies are utilized to model, analyze, and optimize EM processes in
various contexts, offering insights into system behavior, performance, and efficiency. By
leveraging these different approaches, researchers and practitioners can simulate com-
plex scenarios, evaluate different control strategies, and identify optimal solutions for
EM challenges across different domains. This comprehensive exploration of simulation-
based methodologies contributes to advancing the understanding and implementation

of effective EM practices in diverse real-world applications.

Commercial software-based energy controllers
Commercial software applications are essential in energy management, offering func-
tions like control strategies, simulation/technical analysis, economic optimization, and

Fig. 2 Categories of energy management controller
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multi-objective optimization. Commercial software-based controllers like HYBRIDS,
HYBRID 2, INSEL, ARES, HOMER, iHOGA, RAP-sim, SOLSIM, TRNSYS, RETScreen,
PROLOAD, WINSYS, DER-CAM, and SAM are particularly effective in optimizing
energy systems (Sinha and Chandel 2014; Nallolla and Perumal 2022). However, only
HOMER, HOGA, and HYBRID 2 have been established for control strategy implemen-
tation. Each has its strengths and disadvantages, and the choice depends on the specific
project, as illustrated in Table 3. This paper explores various control strategy software,
including HYBRIDS, HYBRID 2, and HOGA. Each piece of software has its own advan-
tages and disadvantages, allowing researchers and practitioners to make informed deci-
sions about its application in EM scenarios.

HOMER controller 'The Hybrid Optimization Model for Electric Renewables (HOMER)
is a software developed by the National Renewable Energy Laboratory (NREL) that
aids in the design and planning of HRESs. It is a user-friendly tool that allows for rapid
feasibility assessments, optimizations, and sensitivity analyses across various system
configurations. To simulate various system setups, the software uses the HDKR aniso-
tropic model for solar photovoltaic systems and incorporates inputs such as technology
options, component costs, resource availability, and manufacturer’s data. With the abil-
ity to simulate a system for 8760 h annually, it provides comprehensive economic and
technical comparisons and suggests load-serving policies with the most cost-effective
energy source. HOMER requires six types of data for simulation and optimization (Bah-
ramara et al. 2016). A schematic representation of HOMER can be seen in Mehta and
Basak (2020). Although HOMER software is used in many studies, therefore, an article
is needed that reviews studies utilizing the HOMER software for optimal planning and
control of HRESs. One study (Zhang et al. 2022) focuses on proposing an optimal HRES
for a medium-sized workshop in Ardabil, Iran. It integrates a wind turbine and a PV
system, considering historical supply and demand data. The hourly-based simulations
reveal that the optimal configuration consists of a 13 kW diesel generator, 1 kW PV array,
2 wind turbines, a 6.13 kW converter, and a 27 lead-acid battery storage bank, result-
ing in a minimum LCOE of 0.462 $/kWh. Another study Santos et al. (2021) introduces
a methodology for sizing and operating MGs using HOMER Pro software. The MILP
model-based strategy optimizes the day-ahead operation of a grid-connected MG, con-
sidering PV generation, battery storage, and energy transactions. The study by Jha et al.
(2022) addresses the increasing demand for electric vehicles in southern Asian countries,
proposing a 20 kW charging station utilizing biomass as a renewable resource. Efficiency
studies with HOMER and MATLAB SIMULINK show cost savings compared to grid
charging. Lastly, Ghanima and Nadir (2021) presents an experimental test of a standalone
hybrid system in Constantine, Algeria, examining the MPPT charge controller’s control
strategy and demonstrating feasibility under various weather conditions.

HOMER'’s advantages include its user-friendly interface, powerful optimization capa-
bilities, and ability to simulate complex energy systems. However, the major constraints
of Homer are as follows (Sinha and Chandel 2014):
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+ HOMER’ single objective function for minimizing NPC prevents multi-objective
problems from being formulated, and it does not rank hybrid systems based on lev-
elized energy cost.

+ The Homer system’s sensitivity inputs should consider the battery bank’s depth of
discharge, as it has a significant impact on its life and size.

+ HOMER does not consider intra-hour variability.

+ HOMER does not account for fluctuations in bus voltage.

iHOGA controller Developed for the simulation and optimization of hybrid renewable
stand-alone systems, Improved Hybrid Optimization by Genetic Algorithms (iIHOGA)
is a powerful C++ program that accommodates electrical energy, hydrogen, and water
loads. This versatile software can simulate systems of any size, connect to the AC grid,
and define net metering and net billing cases. With features like multi-objective optimi-
zation, simulation in time steps, sensitivity analysis, and Monte Carlo simulation, iHOGA
provides a comprehensive solution (Deshmane et al. 2020). Another notable creation
from the University of Zaragoza, iHOGA, is designed specifically for the simulation and
optimization of stand-alone hydrogen reactors. This C++ software excels at modeling
systems with AC/DC electrical loads, hydrogen consumption, and water consumption.
Offering optimization for various components like wind turbines, PV generators, hydro-
electric turbines, batteries, auxiliary generators, inverters, chargers, and hydrogen com-
ponents, iHOGA is capable of simulating and optimizing both grid-connected and stan-
dalone systems (Ganguly et al. 2017).

Setting itself apart from renowned software like HOMER, iHOGA boasts a detailed
control strategy and unique features like calculating the Human Development Index and
job creation factor. The software is exceptional in terms of multi-objective optimization,
deeper technical-economic analysis, and more accurate models, making it advantageous
in comparison to HOMER (Ganguly et al. 2017). A schematic representation of iIHOGA
can be seen in Saiprasad et al. (2019). However, it does come with some limitations, such
as the inability to undertake probabilistic analysis and the usage of a more sophisticated
control method owing to GA, which may provide issues for users to grasp (Carroquino
et al. 2018; Bukar et al. 2019).

A Paris residence is being designed with a HRES that integrates wind, solar-photo-
voltaic, battery, and diesel-generator components. The system has been optimized to
reduce CO2 emissions and unmet load by 57-73.8% compared to conventional systems
(Shamachurn 2021). The study also explores component sizing in Portland, Victoria,
Australia, using iIHOGA software. In Tindouf, Algeria, a stand-alone PV system is evalu-
ated for its techno-economic feasibility. The study uses iHOGA software to analyze total
costs, CO2 emissions, and environmental impact, highlighting the potential of solar
systems as a sustainable and competitive energy source. The research underscores the
importance of selecting the optimal system configuration for HRES efficiency (Recioui
et al. 2022).

The research explores RE applications in smaller communities using improved iHOGA
PRO +software. It uses a triple bottom line analysis to assess the techno-economic,
environmental, and social aspects of RE systems. According to the study, achieving a



Bakare et al. Energy Informatics (2024) 7:57 Page 16 of 37

minimum 70% RE penetration in the Aralvaimozhi community with the lowest HRES
NPV is feasible. This approach can reduce CO, emissions and generate employment
opportunities (Saiprasad et al. 2019). Another study compares iHOGA’s performance
with HOMER and iHOGA simulators, revealing a higher RE share (92% compared to
81%) and reduced CO, emissions. iIHOGA also shows lower operating costs and electric-
ity expenses, proving its efficiency and practicality in RESs (Hoarca et al. 2023).

HYBRID 2 controller 'The Hybrid2 computer model, developed collaboratively by the
University of Massachusetts and the National Renewable Energy Laboratory, stands out as
a versatile and user-friendly tool for predicting the performance of hybrid power systems
over the long term. This software encompasses a wide range of components and operat-
ing strategies, including AC and DC diesel generators, distribution systems, renewable
power sources, energy storage, power converters, coupled diesel systems, dump loads,
load management options, and supervisory control systems. Its graphical user interface,
libraries, and control strategies facilitate the modeling of various hybrid systems, incor-
porating elements such as wind turbines, photovoltaic modules, diesel generators, bat-
tery storage, inverters, and connected loads (Manwell et al. 2006).

One of Hybrid2’s notable strengths is its ability to assist designers in sizing and select-
ing operating options for hybrid power systems, taking performance and economic con-
siderations into account, provided site conditions and load profiles are known. Despite
its advantages in optimizing energy systems in remote areas, the software does have
limitations (Colin and Boulanger 2000), considering factors such as resource availabil-
ity, load demand, and system reliability. It does not provide guidance on system controls
or voltage regulation, and users may need additional analytical tools for detailed system
design. Furthermore, its restricted user input parameter range and inability to modify
system parameters or operate on newer Windows platforms are noteworthy drawbacks
(Kavadias and Triantafyllou 2021).

Chicago’s RES, a hydrogen-based hybrid system, surpassed demand by 160% over a
year without extra hydrogen or fossil fuel, utilizing solar, wind, fuel cells, electrolyzer,
and compressor (Mills and Al-Hallaj 2004). This paper presents Genec’s current state
of modeling studies on photovoltaic hybrid systems, analyzes existing software options,
and selects appropriate tools. HYBRID2 was used to simulate a hybrid system’s opera-
tion and analyze the impact of specific parameters on system performance (Colin and
Boulanger 2000).

Commercial software-based energy controllers such as HOMER, iHOGA, and
HYBRID 2 provide valuable tools for engineers to optimize hybrid energy systems. Each
controller offers its own unique algorithm advantages and limitations. By using these
software tools, engineers can effectively design and analyze energy systems, considering
factors like RE integration, grid interaction, and system reliability.

Conventional-based energy controllers

Conventional EM methodologies have long served as the cornerstone for optimizing
energy consumption and cost reduction strategies in building systems (Technologies
2023). However, these methods often lack adaptability and real-time insights, hindering
the timely identification of energy trends and performance evaluation. To address these
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challenges, recent studies have explored innovative control strategies to enhance EMSs
(Godina et al. 2018). For example, (Hoffmann et al. 1984) presents a discrete-time self-
tuning on—off controller with potential applications in industrial processes, while (Golob
et al. 1992) introduces a self-tuning on—off control algorithm ensuring optimal system
performance compared to conventional switching controllers. Moreover, Dong (2010)
proposes an on—off controller for a PV pump, demonstrating its effectiveness in starting
and stopping a water pump system in poor conditions.

Integration of advanced control algorithms, such as proportional-integral (PI) con-
trollers, has shown promise in optimizing EMSs (Hoffmann et al. 1983; Cetin et al.
2019). These controllers have been applied across various industrial and residential
applications, enhancing real-time processes and improving energy efficiency. Addition-
ally, Erham et al. (2018) proposes a new optional controller for window A/C, offering
enhanced accuracy and energy efficiency compared to conventional thermostat systems.
PID controllers, which are widely used for temperature regulation and energy feeding
scheduling, play a critical role in EMSs (Grant et al. 2022; Ciabattoni et al. 2012). They
facilitate precise tuning to optimize energy costs, as emphasized by O'Dwyer (2006), and
enhance system performance in residential grid-connected MGs with renewable hybrid
generation (Pooja 2021). Similarly, a new PI controller for computing tiles in a system on
a chip achieves superior performance with reduced frequency switches and enhanced
energy savings (Caroline et al. 2016).

Practical implementations of innovative control solutions aim to improve energy effi-
ciency across various domains. For instance, a control and energy monitoring system for
dimmable LED lamp illumination utilizes a PID controller to adjust lamp luminosity lev-
els based on natural light, thereby reducing electric energy consumption costs (Kumar
et al. 2019). To address the challenges posed by the rapid fluctuations of wind and solar
farms, a control schema for demand-side management employing a mathematical model
and a simple PID controller is proposed (Yazdkhasti and Diduch 2019), offering reliable
estimation and enabling fast response to dispatch commands. PID controllers extend to
diverse domains, including HEVs and wireless sensor networks, showcasing their adapt-
ability and effectiveness in optimizing energy systems (Saravanan and Sugumaran 2014;
Le et al. 2012). These advancements underscore the pivotal role of advanced control sys-
tems in enhancing energy efficiency and sustainability across various applications.

Innovations in control technology continue to revolutionize energy management, with
recent developments offering groundbreaking solutions for system-level power man-
agement (Holmbacka et al. 2011). By dynamically regulating processing elements in
warehouse-sized data centers, the proposed power manager achieves remarkable energy
savings, surpassing conventional methods (Molnos et al. 2015). Advances in energy stor-
age systems, such as the proposed HESS, offer promising solutions for addressing the
limitations of conventional batteries, thus shaping the future of electric vehicle tech-
nology (Bahri 2021). These pioneering control strategies underscore the critical role of
advanced control systems in shaping the future of EM and sustainability.

Rule-based energy controllers
Rule-based methods have emerged as prominent tools in EMS due to their simplicity,
real-time capability, and ease of implementation (Ostadian et al. 2020). These methods,
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characterized by sets of rules derived from engineers’ expertise, offer interpretable solu-
tions, contrasting with black-box models like neural networks (Ruddick et al. 2304; Ibra-
him et al. 2021). Studies by Amayri and Ploix (2018) and (Morrison and Moore 2004)
highlight the potential of these controllers to enhance energy efficiency, specifically not-
ing a 6% increase over known optimal control techniques. Similarly, Yuan (2011) and
Basma et al. (2018) explore the application of rule-based classifiers in energy manage-
ment, demonstrating their effectiveness in decision-making guidance and optimal con-
trol for plug-in HEVs.

Innovations in energy system design and control methodologies further enhance EM
efficiency. Liu et al. (2010) provides a new rule-based system design paradigm for power
system automation and control, streamlining complex distributed generation systems
and enabling direct modeling by operators within an optimal control framework. Simi-
larly, Pippia et al. (2019) proposes a single-level rule-based MPC scheme for optimizing
EM in grid-connected MGs, resulting in no performance loss and a significant reduction
in computation time. Leveraging the Internet of Things, Peng et al. (2015) utilizes rule
definition language in smart buildings to craft flexible rules based on high-resolution
energy information, enhancing energy efficiency and smart device management.

Moreover, Bursill et al. (2020) introduces a rule extraction approach for MPC to
enhance energy efficiency in buildings, resulting in significant energy savings in a real-
world setting. In the industrial sector, the successful integration of rule-based EM and
reporting systems optimizes operations by evaluating energy costs and environmental
constraints (Bamber et al. 2005). Similarly, Abdul Basit et al. (2022) presents a rule-based
algorithm for EM in smart homes, while Farrokhi et al. (2023) proposes a novel control
strategy for HESS in DC MG@Gs. Lastly, Hein et al. (2020) introduces an EM strategy for
ship power systems, employing rule-based decisions to optimize generation and storage
unit dispatching across different vessel types. These studies collectively underscore the
pivotal role of rule-based systems in enhancing EM strategies across various domains.

Optimization-based energy controllers

In this section, the discussion revolves around the categorization of optimization-based
EMCs into deterministic, heuristic, Al, and machine learning (ML) approaches, each
possessing distinct advantages and disadvantages. Deterministic methods, rooted in
mathematical optimization techniques, offer precise solutions but may struggle with
real-world complexity and uncertainty. Heuristic AI methods, leveraging human-like
decision-making processes, excel in handling complex environments but may lack opti-
mality and scalability. Meanwhile, ML approaches, encompassing supervised, unsuper-
vised, and reinforcement learning, exhibit adaptability and self-learning capabilities, yet
may require extensive data and computational resources for training.

Deterministic-based energy controllers

Advanced control strategies are pivotal in optimizing EMSs across diverse applications.
For instance, research efforts have focused on grid-connected MGs, aiming to maxi-
mize economic benefits by optimizing power flow and considering factors like battery
operation costs and grid power profile shaping (Malysz et al. 2013). Similarly, a Lyapu-
nov-based hybrid MPC has been introduced for RE-based MGs, ensuring closed-loop
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stability and recursive feasibility (Olama et al. 2018). Moreover, various control strate-
gies for managed energy services using HEMs have demonstrated effective cost optimi-
zation capabilities (Wu et al. 2015). Additionally, LP methods have been explored for
modeling industrial steam-condensing systems (Dragicevi¢ and Boji¢ 2009) and opti-
mizing energy harvesting systems, showcasing the versatility of control strategies across
different applications (Nkalo 2016). Furthermore, nonlinear control strategies for dis-
tributed generation in MGs (Shadaei and Samet 2020) and HESSs in EVs emphasize sta-
bility and optimization objectives (Fadil et al. 2020).

Addressing the complexity of building energy systems, advanced control methods
such as MILP-MPC offer an intelligent real-time approach with significant cost savings
potential (Bitner et al. 2023). Moreover, a proposed MILP-based distributed EM system
for networked MGs utilizes iteratively adjusted price signals to ensure generation-load
balance and maintain customer privacy, thereby promoting clean energy adoption (Liu
et al. 2022). Moreover, various optimization methods, including dynamic programming
and real-time implementable strategies, have been explored to minimize fuel usage and
increase energy efficiency in passenger vehicles (Koot 2006).

Innovative EMSs leveraging advanced optimization techniques are crucial for pro-
moting sustainable energy consumption and efficient operation. For example, a modular
EMS for a grid-connected battery-based MG utilizes MILP to optimize energy schedul-
ing, minimize operating costs, and enhance self-consumption (Luna et al. 2016). Simi-
larly, optimization algorithms for fuel-optimal EM strategies in parallel hybrid electric
powertrains demonstrate significant fuel consumption reduction potential (Robuschi
et al. 2020). Moreover, MILP techniques have been explored in various contexts,
addressing optimal power flow in electrical power systems (Wang et al. 2019), optimiz-
ing distributed energy systems, improving computational efficiency, and finding optimal
solutions effectively (Yokoyama and Shinano 2016). Additionally, a mixed-integer quad-
ratic programming method has been presented for efficient utilization of RES in island
MGs, considering various factors to promote sustainable energy practices (Kumtepeli
et al. 2019).

Heuristic controllers
Heuristic controllers have emerged as indispensable tools for optimizing EMSs across
diverse sectors. Their efficacy in scheduling home appliances, managing renewable
resources, and mitigating peak-to-average ratio challenges has been well documented.
For instance, research has evaluated home EMCs utilizing genetic algorithms, binary
particle swarm optimization (BPSO), and ant colony optimization, demonstrating their
ability to reduce electricity bills and enhance user comfort (Rahim et al. 2016). In hybrid
systems, meta-heuristic methods such as the sine cosine algorithm have been applied to
control power flow effectively while minimizing hydrogen consumption (Cinar and Kan-
demir 2021). Moreover, the development of heuristic-based home EMCs aims to balance
electricity bill minimization with user satisfaction maximization (Ahmed et al. 2018).
The study by Gopi and Reddy (2016) introduces a pattern search algorithm for auto-
matic generation control in hybrid electric systems, outperforming benchmarks like Ant
colony optimization and Ziegler-Nichols tuning. It demonstrates robust convergence,
particularly under generation rate constraints and varying load scenarios. Daragmeh
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et al. (2022) proposes a framework for household energy consumption analysis, utiliz-
ing genetic algorithms (GA) and PSO for load scheduling, effectively minimizing elec-
tricity consumption and payments through dynamic pricing. Additionally, Rehman et al.
(2018) evaluates an EMC'’s performance using meta-heuristic algorithms, focusing on
electricity cost minimization and load shifting strategies. Meanwhile, Jasim et al. (2023)
presents a heuristic-based EMC for residential buildings, aiming to reduce power costs,
carbon emissions, and user comfort while lowering the peak-to-average ratio. Barua and
Mohammad (2023) develops an optimization-based EMS for MGs, integrating renew-
able resources to optimize grid usage and reduce residential electricity bills.

In addressing the pressing need for sustainable EM solutions, heuristic optimiza-
tion techniques play a pivotal role. GA, BPSO, and Wind Driven Optimization (WDO)
have been utilized in HEMC systems to optimize energy consumption and reduce peak
demand (Mahmood et al. 2023). Additionally, heuristic search algorithms like conven-
tional PSO and advanced PSO enable the design of automatic generation control for iso-
lated power systems, offering faster and less complex solutions compared to traditional
methods (Patil et al. 2022). Furthermore, integrating harmony search algorithms, firefly
algorithms, and enhanced differential evolution in EMCs aims at minimizing electricity
costs and peak-to-average ratios while ensuring user comfort (Abideen 2018).

Evaluation studies validate the efficiency of heuristic-based home EM techniques,
showcasing their effectiveness in reducing costs and achieving energy balance in smart
grids (Rehman et al. 2016). Discussions on MG control emphasize the use of heuris-
tic approaches to ensure reliable and economical energy use while maintaining power
quality (Almada et al. 2016). Furthermore, integrating IoT and advanced communica-
tion technologies effectively addresses energy reallocation challenges in home EMSs
(Hussain and Nardelli 2020). Simulation-based studies introduce efficient optimization
algorithms for grid-connected energy hub plant management, contributing to profit
maximization (Proietto et al. 2014). Additionally, the evaluation of home EMCs using
GAs, enhanced differential evolution, and optimal stopping rules emphasizes their role
in prolonging battery lifetime (Khan 2018) and reducing battery cycles in EMSs (Kefer
etal. 2021).

Al and machine learning-based energy controllers

Various Al and ML techniques have been effectively employed in optimizing EMS, offer-
ing substantial benefits across residential, commercial, and hybrid energy domains. One
notable approach, as exemplified by Ahmed et al. (2016), integrates ANN controllers
within a home EMS modeled in Matlab/Simulink. This system reduces energy consump-
tion by predicting optimal appliance ON/OFF statuses, without disrupting consumer
lifestyles. Similarly, Revathi et al. (2022) explores ML-based smart energy managers
for residential load management, showcasing successful integration with solar energy
sources and EV technology, as demonstrated in Sulur village. These initiatives enhance
grid system consistency and reduce peak power demands.

Furthermore, Zhou and Zheng (2020) presents a supervised ML method for build-
ing demand prediction, utilizing multiple linear regression, support vector regres-
sion, and backpropagation neural network techniques. This approach, enhanced with
regularization techniques, significantly reduces grid import peak power. Additionally,
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Natsheh (2013) introduces an adaptive EMS for stand-alone hybrid power systems,
demonstrating robustness and efficiency in power flow regulation through ANNs and
FLCs.

In the realm of smart grids, Babu et al. (2023) proposes an intelligent EMS utiliz-
ing Deep Reinforcement Learning (DRL) algorithms to optimize energy consumption
and production. This system aims to minimize costs while ensuring grid stability and
reliability. Likewise, Nazeri et al. (2022) presents an integrated EMS for island MGs,
employing a multi-step deep LSTM neural network and mixed-integer optimization
algorithm to address frequency deviation issues.

Moreover, Intarungsee et al. (2022) suggests an Al-based approach to controlling
IoT devices, effectively reducing electricity consumption and data variance. Fayyazi
et al. (2023) introduces an intelligent EMS for conventional autonomous vehicles
using reinforcement learning (RL), improving operational time. Ghosh (2023) pro-
poses an improved MPC for EMSs, integrating the Emperor Penguin Optimization
(EPO) algorithm and ANN with the MPC scheme to optimize power flow constraints,
particularly with RESs.

Innovative applications include (Wijesingha et al. 2021) residential EMS, prior-
itizing loads, and leveraging rooftop solar to minimize grid dependency. Millo et al.
(2023) delves into HEVs, employing deep learning models to design EMS that mini-
mize CO2 emissions. Ramoul et al. (2018) introduces a neural network EMC tailored
for HESSs, achieving substantial reductions in battery current.

Furthermore, Olaleye et al. (2023) and Ibrahim et al. (2023) focus on FLC-based
EMSs for hybrid energy sources, emphasizing high energy security, cost optimization,
and uninterrupted power supply. Lastly, Borioli et al. (2009) and Ananthu et al. (2022)
explore the integration of Al techniques to enhance control room functions and improve
the efficiency of PV energy generation systems. The integration of Al and ML techniques
in EMS offers sustainable solutions to reduce electricity consumption and enhance
system efficiency across various energy domains. These advancements hold promising
potential for advancing the transition towards sustainable energy solutions.

Hybrid-based energy controllers

Various studies have explored the application of hybrid optimization controllers in
EMSs. Bilbao et al. (2022) discusses the optimization of hybrid MGs, focusing on load
sharing, energy storage, and integration into the electricity market. ML and ensemble
methods are utilized to study MG optimization, indicating the potential for facilitating
RE participation and integration. Jung et al. (2022) proposes the use of hybrid MPC for
energy management in HEVs, demonstrating superior performance compared to tradi-
tional strategies. Additionally, Gheouany et al. (2023) presents an EMS that reduces elec-
tricity bills and peak-to-average ratios through load-shifting strategies based on dynamic
pricing.

Furthermore, advancements in hybrid optimization controllers have been made in
optimizing HESSs and EV energy management. Wang et al. (2021) focuses on optimiz-
ing the sizing of HES and EMS parameters using an adaptive MPC approach, resulting
in improved system efficiency and battery lifespan. Kandaswamy et al. (2023) presents
an efficient EM scheme for EVs using a HESS, demonstrating enhanced power flow
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optimization and battery performance. Using a hybrid optimization approach, the
LAHBO method proposed by Vijayaragavan et al. (2023) optimizes electric vehicle home
energy management, reducing costs and improving power factor.

Moreover, novel control approaches have been developed for optimizing power
management in hybrid MGs. Lagouir et al. (2020) demonstrates a control strategy for
effective power management, considering operating costs and pollutant emission lev-
els, while Huang et al. (2020) proposes a hybrid optimization approach for residential
demand response programs, demonstrating superior performance compared to existing
methods.

Various studies have explored the use of Al and metaheuristic optimization tech-
niques. Kumar et al. (2022) discusses the use of ANN hidden layers to predict sudden
changes in home appliances and control appliances based on customer preferences. Nat-
sheh (2013) presents an adaptive EMS for standalone hybrid power systems, employing
ANNs and FLCs to manage power flow and load requirements. Additionally, Nesihath
et al. (2022) utilizes PSO and the Honey Badger Algorithm to optimize DERs in MG sys-
tems, ensuring efficient and cost-effective energy generation.

Moreover, novel optimization algorithms such as the African Vulture Optimization
Algorithm (AVOA) and Harmony Search Gray Wolf Optimization (HSGWO) have been
proposed for enhancing the efficiency of hybrid RESs. Ghazi et al. (2022) employs the
AVOA to improve the efficiency of PV and wind systems, demonstrating superior per-
formance in terms of tracking speed and robustness. Nazeer et al. (2019) introduces the
HSGWO technique for EM in smart homes, aiming to reduce electricity costs and maxi-
mize user comfort through a trade-off between cost and comfort.

Furthermore, hybrid optimization methods and intelligent real-time EM strategies
have been developed for optimizing solar MPPT in HEVs and standalone hybrid power
systems. Prasanna Moorthy et al. (2022) presents the WF2SLOA hybrid method for
managing energy in HEVs, achieving superior torque split performance compared to
existing methods. Reddy et al. (2022) proposes an optimized FLC for standalone hybrid
power systems, demonstrating improved performance in minimizing loss of power sup-
ply probability (LPSP) and excess energy compared to PSO. Additionally, Hassanzadeh
and Rahmani (2022) introduces an intelligent real-time EM strategy for plug-in HEVs,
integrating battery life and fuel consumption optimization through DP and ANFIS

modeling.

Application and implementation

The review encompasses a comprehensive exploration of diverse EMS strategies across
various applications as shown in Table 4. Notably, the work by Chen et al. (2012) pre-
sents an EMS framework with FLC tailored for DC MG systems, emphasizing mode-
ling and control through MATLAB/Simulink and integrated monitoring via LabVIEW.
Further investigations by Shen and Khaligh (2016) delve into real-time EM strategies
for EVs, showcasing significant reductions in battery peak current and state-of-health
degradation. Additionally, Opila et al. (2013) introduces an EMC employing shortest
path stochastic DP in vehicles, aiming to optimize fuel economy and powertrain activ-
ity. Despite hardware limitations, the controller demonstrates promising fuel economy
results. Meanwhile, Bejaoui et al. (2020) focuses on implementing a hysteresis current
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controller for electric traction EM, effectively regulating output voltage through numeri-
cal simulation and experimental validation. Moreover, Marzougui et al. (2019) analyzes
EM strategies for hybrid electric power systems, proposing fuzzy logic-based algorithms
validated through real-time experimentation. Furthermore, Chojecki et al. (2020) dis-
cusses the implementation of an EMS in smart meters, showcasing significant reduc-
tions in energy consumption during peak demand periods, underscoring the potential of
fuzzy logic algorithms for hardware implementation.

Notably, Andal and Jayapal (2022) emphasizes real-time control of hybrid energy sys-
tems utilizing the 10T, showcasing an innovative approach with wireless sensor networks
for efficient power distribution. Furthermore, Elkholy et al. (2022) discusses power flow
management in HRESs, demonstrating the potential for enhancing energy efficiency and
reliability through real-time EMS implementations. Additionally, Boussetta et al. (2019)
presents a real-time EMS for optimizing electricity distribution in hybrid MG systems,
highlighting novel modeling methods and monitoring interfaces for practical applica-
tions. Moreover, Barnes et al. (2017) introduces a home energy and power management
system that allows dynamic demand response through a mobile application, enabling
users to regulate power usage effectively. Further, Krishnamoorthy et al. (2020) proposes
an loT-based method for monitoring power consumption, emphasizing efficient EM
through automated data collection. Additionally, Zhang et al. (2021) presents a concep-
tual architecture for demand response management, offering guidelines for implement-
ing multi-agent RL algorithms to optimize load control policies. Meanwhile, Marzband
et al. (2016) introduces an EMS algorithm based on multi-layer ant colony optimization
for MGs, showcasing significant improvements in system performance and energy cost
reduction. Additionally, Padilla-Medina et al. (2020) presents an EMS for a residential
DC MG, ensuring robustness and stability in energy distribution. Furthermore, proposes
a smart HEMS utilizing solar panels and Bluetooth applications for load control, dem-
onstrating cost-effectiveness and efficiency. Additionally, Qureshi, et al. (2017) intro-
duces a HEMS utilizing real-time pricing information and user-defined priorities for
load scheduling, highlighting its efficacy in optimizing energy consumption. Moreover,
Buts (2023) presents a RE-based irrigation system with adaptive hybrid control, dem-
onstrating its implementation and performance in LabVIEW. Additionally, Rangel et al.
(2016) presents a real-time EMS optimization sequence for grid-connected MGs, show-
casing its efficacy in managing power import constraints and fuel consumption. Further-
more, Nalina et al. (2023) proposes an embedded control approach for solar-wind hybrid
systems, emphasizing the integration of novel DC-DC converters for efficient energy
generation. Finally, Biswas et al. (2022) outlines the process of setting up a hardware-
in-the-loop simulation platform for validating hybrid supervisory control strategies in
HEVs, demonstrating real-time implementation and validation. Additionally, Okay et al.
(2022) presents a prototype battery management system for grid-connected residential
PV systems, ensuring safe operation and efficient energy management. This review col-
lectively contributes to advancing EMC technologies across various domains, as shown
in Table 5, highlighting the growing importance of real-time optimization and control
mechanisms in enhancing energy efficiency and reliability.
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Conclusion

Energy management controllers (EMCs) play a crucial role in optimizing energy con-
sumption and ensuring operational efficiency across a wide range of systems. This review
paper has provided a comprehensive overview of various control strategies employed
by EMCs, along with their coordination mechanisms and architectures. By surveying
a spectrum of EMCs, including conventional-based, rule-based, optimization-based,
hybrid methods, and commercial software-based approaches, we have highlighted their
respective advantages and drawbacks.

This review has showcased the examination of real-world implementations, including
sectors such as smart grids, buildings, industrial processes, and transportation systems,
this review has showcased the diverse applications of EMCs. Case studies and examples
have illustrated the efficacy of different control strategies and architectures in addressing
specific energy management challenges and achieving desired outcomes.

Furthermore, our investigation into the coordination of EMCs within complex energy
systems has shed light on the importance of achieving optimal performance and adapt-
ability. We have outlined different architectures of EMCs, ranging from centralized to
decentralized designs, and discussed their suitability for various applications and their
impact on system performance.

Overall, this review provides valuable insights into the current landscape of EMC
design and implementation. By offering direction for future research and development
in the pursuit of energy optimization and sustainability, we hope to contribute to the
advancement of EMCs and their role in shaping a more efficient and sustainable energy
future.
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RL Reinforcement learning

DERs  Distributed energy resources
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ESS Energy storage system

Acknowledgements
Not applicable.

Author contributions

Each author listed has made substantial contributions to the development and composition of this manuscript. MSB
conceived the initial idea, while AA, MMM, and ANS provided supervision throughout the research process. MSB, AA, and
ANS were involved in revising and refining the final manuscript. All authors have reviewed the manuscript and provided
their approval for its publication.

Funding
Not applicable.

Availability of data and materials
Data sharing is not applicable to this articles as no datasets were generated or analyzed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declared that they have no competing interests.

Received: 16 May 2024 Accepted: 19 June 2024
Published online: 18 July 2024

References

Abdul Basit NAl et al (2022) A simple energy management system for a micro grid system using rule-based algorithm. In:
Wahab NA, Mohamed Z (eds) Control, instrumentation and mechatronics: theory and practice. Springer Nature
Singapore, Singapore, pp 273-284. https://doi.org/10.1007/978-981-19-3923-5_24

Abideen ZU et al (2018) Meta-heuristic and nature inspired approaches for home energy management. In: Barolli L,
Enokido T, Takizawa M (eds) Advances in network-based information systems. Springer International Publishing,
Cham, pp 231-244. https://doi.org/10.1007/978-3-319-65521-5_20

Aghdam FH, Salehi J, Ghaemi S (2018) Contingency based energy management of multi-microgrid based distribution
network. Sustain Cities Soc 41:265-274

Ahmad M, Moubayed N (2021) A comparative review of energy management controllers in building. In 2021 Interna-
tional Conference on Innovation and Intelligence for Informatics, Computing, and Technologies (3ICT). IEEE

Ahmad M, Moubayed N (2021) A review of model predictive control strategy for managing building’s energy. In 2021
International Conference on Innovation and Intelligence for Informatics, Computing, and Technologies (3ICT). IEEE

Ahmadi SE et al (2022) Decentralized bi-level stochastic optimization approach for multi-agent multi-energy networked
micro-grids with multi-energy storage technologies. Energy 245:123223

Ahmed MS et al (2016) Artificial neural network based controller for home energy management considering demand
response events. In 2016 international conference on advances in electrical, electronic and systems engineering
(ICAEES). IEEE

Ahmed A et al (2018) Performance measurement of energy management controller using heuristic techniques. In Com-
plex, intelligent, and software intensive systems: proceedings of the 11th international conference on comple,
intelligent, and software intensive systems (CISIS-2017). Springer

Aktas A et al (2018) Dynamic energy management for photovoltaic power system including hybrid energy storage in
smart grid applications. Energy 162:72-82

Almada J et al (2016) A centralized and heuristic approach for energy management of an AC microgrid. Renew Sustain
Energy Rev 60:1396-1404

Almihat MGM, Kahn M (2023) Centralized control system for islanded minigrid. AIMS Energy 11(4):663-682

Amayri M, Ploix S (2018) Decision tree and parametrized classifier for estimating occupancy in energy management. In
2018 5th International Conference on Control, Decision and Information Technologies (CoDIT). IEEE

Ananthu DP, Kashappa N, Venkateshkumar M (2022) Artificial intelligent controller-based energy management system for
grid integration of PV and energy storage devices. Indones J Electr Eng Comput Sci 26(2):617-628

Andal CK, Jayapal R (2022) Design and implementation of loT based intelligent energy management controller for PV/
wind/battery system with cost minimization. Renew Energy Focus 43:255-262


https://doi.org/10.1007/978-981-19-3923-5_24
https://doi.org/10.1007/978-3-319-65521-5_20

Bakare et al. Energy Informatics (2024) 7:57 Page 31 of 37

Babu K et al (2023) Intelligent energy management system for smart grids using machine learning algorithms. In E3S
Web of Conferences. EDP Sciences

Bahramara S, Moghaddam MP, Haghifam M (2016) Optimal planning of hybrid renewable energy systems using HOMER:
a review. Renew Sustain Energy Rev 62:609-620

Bahri M et al (2021) Analysis of energy management using Pl logic controller technique for supercapacitor applications.
In J Phys Conf Ser. IOP Publishing

Bakare MS et al (2023) A comprehensive overview on demand side energy management towards smart grids: chal-
lenges, solutions, and future direction. Energy Inform 6(1):4

Bakare MS et al (2024) A hybrid long-term industrial electrical load forecasting model using optimized ANFIS with gene
expression programming. Energy Rep 11:5831-5844

Bamber D, Childress RL Jr, Robinson JE (2005) Rule-based energy management and reporting system (EMRS) applied to a
large utility power station complex. Energy Eng 102(3):43-62

Barnes V, Collins TK, Mills GA (2017) Design and implementation of home energy and power management and control
system. In 2017 IEEE 60th International Midwest Symposium on Circuits and Systems (MWSCAS). IEEE

Barua S, Mohammad N (2023) Investigating heuristic and optimization energy management algorithms to minimize
residential electricity costs. In 2023 International Conference on Electrical, Computer and Communication Engi-
neering (ECCE). IEEE

Basma HM, Mansour CJ, Halaby H, Radwan AB (2018) Methodology to design an optimal rule based energy manage-
ment strategy using energetic macroscopic representation: case of plug-in series hybrid electric vehicle. Adv
Automob Eng 7(3)

Behera S, Dev Choudhury NB (2021) A systematic review of energy management system based on various adaptive
controllers with optimization algorithm on a smart microgrid. Int Trans Electric Energy Syst. https://doi.org/10.
1002/2050-7038.13132

Bejaoui F et al (2020) Design and implementation of a hybrid control for the energy management system in electric trac-
tion. Proc Inst Mech Eng Part | J Syst Control Eng 234(10):1075-1087

Bilbao J et al (2022) Optimising energy management in hybrid microgrids. Mathematics 10(2):214

Bilbao J et al (2022) Optimising energy management in hybrid microgrids (Note: MDPI stays neutral with regard to juris-
dictional claims in published). Mathematics 10(214):2022

Bisschoff WA, Jiya IN, Gouws R (2018) Practical considerations for controller selection in residential energy management
systems: a review. Int J Appl Eng Res 13(10):7436-7443

Biswas A et al (2022) Detailed implementation of hardware-in-the-loop validation of an advanced energy management
controller for power-split HEVs. In 2022 International Conference on Computing, Communication, and Intelligent
Systems (ICCCIS). IEEE.

Bitner D et al (2023) Mixed-integer NMPC for real-time supervisory energy management control in residential buildings.
PAMM 23(3):e202300219

Boglou V et al (2022) An intelligent decentralized energy management strategy for the optimal electric vehicles' charging
in low-voltage islanded microgrids. Int J Energy Res 46(3):2988-3016

Boglou V et al (2023) An optimal distributed RES sizing strategy in hybrid low voltage networks focused on EVs'integra-
tion. IEEE Access 11:16250-16270

Boodi A et al (2018) Intelligent systems for building energy and occupant comfort optimization: a state of the art review
and recommendations. Energies 11(10):2604

Borioli E et al (2009) Applications of neural networks and decision trees to energy management system functions. In
2009 15th International conference on intelligent system applications to power systems. IEEE

Boussetta M et al (2019) Design and embedded implementation of a power management controller for wind-PV-diesel
microgrid system. Int J Photoenergy 2019:1-16

Bukar AL, Tan CW, Lau KY (2019) Optimal sizing of an autonomous photovoltaic/wind/battery/diesel generator microgrid
using grasshopper optimization algorithm. Sol Energy 188:685-696

Bursill J, O'Brien L, Beausoleil-Morrison | (2020) Multi-zone field study of rule extraction control to simplify implementa-
tion of predictive control to reduce building energy use. Energy Build 222:110056

Buts K (2023) Design and implementation of adaptive hybrid controller for the load and power management of renew-
able energy-based systems. Majlesi J Electric Eng 17(3)

Carli R, Dotoli M (2019) Decentralized control for residential energy management of a smart users > microgrid with
renewable energy exchange. IEEE/CAA J Autom Sin 6(3):641-656

Caroline A et al (2017) PID controller applied in a water distribution network supplied by pumping direct. Acta Univ
26:91-97. https://doi.org/10.15174/au.2016.1059

Carroquino J et al (2018) Combined production of electricity and hydrogen from solar energy and its use in the wine
sector. Renew Energy 122:251-263

Celik B et al (2017) Electric energy management in residential areas through coordination of multiple smart homes.
Renew Sustain Energy Rev 80:260-275

Cetin KS et al (2019) Development and validation of an HVAC on/off controller in EnergyPlus for energy simulation of
residential and small commercial buildings. Energy Build 183:467-483

Chauhan A, Saini R (2014) A review on integrated renewable energy system based power generation for stand-alone
applications: configurations, storage options, sizing methodologies and control. Renew Sustain Energy Rev
38:99-120

Chen C (2018) Demand response: an enabling technology to achieve energy efficiency in a smart grid. Application of
Smart Grid Technologies. Elsevier, pp 143-171

Chen Y-K et al (2012) Design and implementation of energy management system with fuzzy control for DC microgrid
systems. IEEE Trans Power Electron 28(4):1563-1570

Chojecki A et al (2020) Energy management system for residential buildings based on fuzzy logic: design and implemen-
tation in smart-meter. IET Smart Grid 3(2):254-266


https://doi.org/10.1002/2050-7038.13132
https://doi.org/10.1002/2050-7038.13132
https://doi.org/10.15174/au.2016.1059

Bakare et al. Energy Informatics (2024) 7:57 Page 32 of 37

Choudar A et al (2015) A local energy management of a hybrid PV-storage based distributed generation for microgrids.
Energy Convers Manage 90:21-33

Ciabattoni L et al (2012) Application of a Supervised Improved PID for the scheduling of energy feeding in a PV-battery
system. IFAC Proc Vol 45(3):294-299

Cinar H, Kandemir | (2021) Active energy management based on meta-heuristic algorithms of fuel cell/battery/superca-
pacitor energy storage system for aircraft. Aerospace 8(3):85

Colin H, Boulanger P (2000) Photovoltaic hybrid system modelling with hybrid2 software. Consommation 6000:6500

Cupelli M et al (2016) Case study of voltage control for MVDC microgrids with constant power loads—comparison
between centralized and decentralized control strategies. In 2016 18th Mediterranean Electrotechnical Confer-
ence (MELECON). IEEE

Dagdougui Y, Ouammi A, Benchrifa R (2020) Energy management-based predictive controller for a smart building pow-
ered by renewable energy. Sustainability 12(10):4264

Daragmeh S, Karlsen AT, Hameed IA (2022) Heuristic techniques for reducing energy consumption of household. In
Proceedings of the 36th ECMS International Conference on Modelling and Simulation ECMS 2022. 2022. ECMS
European Council for Modelling and Simulation

Dash V, Bajpai P (2015) Power management control strategy for a stand-alone solar photovoltaic-fuel cell-battery hybrid
system. Sustain Energy Technol Assess 9:68-80

Deshmane MKS et al (2020) Wind data estimation of Kolhapur district using improved hybrid optimization by genetic
algorithms (IHOGA) and NASA Prediction of Worldwide Energy Resources (NASA Power). Int Res J Eng Technol
(IRJET) 7(3):2530-2538

Dong P et al (2022) Practical application of energy management strategy for hybrid electric vehicles based on intelligent
and connected technologies: Development stages, challenges, and future trends. Renew Sustain Energy Rev
170:112947

Dong B (2010) Integrated building heating, cooling, and ventilation control. Ph.D. Thesis, Carnegie Mellon University, pp
1-174

Dragicevic¢ S, Boji¢ M (2009) Application of linear programming in energy management. Serbian J Manag 4(2):227-238

DuY et al (2022) Decentralized home energy management system to reduce system peak and uncertainty. In CIRED
Porto Workshop 2022: E-mobility and power distribution systems. IET

Elkazaz M, Sumner M, Thomas D (2020a) Energy management system for hybrid PV-wind-battery microgrid using convex
programming, model predictive and rolling horizon predictive control with experimental validation. Int J Electr
Power Energy Syst 115:105483

Elkazaz M, Sumner M, Thomas D (2020) A hierarchical centralized community energy management system using a
model predictive controller. In 2020 International Conference on Smart Grids and Energy Systems (SGES). IEEE

Elkholy M et al (2022) Design and implementation of a real-time energy management system for an isolated microgrid:
experimental validation. Appl Energy 327:120105

Elmouatamid A et al (2020) Review of control and energy management approaches in micro-grid systems. Energies
14(1):168

Elmouatamid A et al (2021) A microgrid system infrastructure implementing loT/Big-Data technologies for efficient
energy management in buildings. Advanced technologies for solar photovoltaics energy systems. Springer, pp
571-600

Erham E, Markus M, Sopianti W (2018) Design of a new on-off controller based on Arduino UNO R3 with application to
Window A/C. IPTEK J Proc Ser 3:174-182

Eseye AT et al (2019) Machine learning based integrated feature selection approach for improved electricity demand
forecasting in decentralized energy systems. IEEE Access 7:91463-91475

Fadil HE et al (2020) Nonlinear control and energy management of the hybrid fuel cell and battery power system. Int J
Model Ident Control 36(2):89-103

Faghiri M et al (2022) Mixed-integer linear programming for decentralized multi-carrier optimal energy management of a
micro-grid. Appl Sci 12(7):3262

Fang X et al (2021) Multi-agent deep reinforcement learning for distributed energy management and strategy optimiza-
tion of microgrid market. Sustain Cities Soc 74:103163

Faraji J et al (2020) Optimal day-ahead self-scheduling and operation of prosumer microgrids using hybrid machine
learning-based weather and load forecasting. IEEE Access 8:157284-157305

Farrokhi E, Safari P, Ghoreishy H (2023) A rule-based energy management strategy with current estimation for controlling
grid connected hybrid energy storage system. In 2023 14th Power Electronics, Drive Systems, and Technologies
Conference (PEDSTC). IEEE

Fayyazi M et al (2023) Real-time self-adaptive Q-learning controller for energy management of conventional autonomous
vehicles. Expert Syst Appl 222:119770

Feng X et al (2017) Comparison of hierarchical control and distributed control for microgrid. Electr Power Comp Syst
45(10):1043-1056

Foruzan E, Soh L-K, Asgarpoor S (2018) Reinforcement learning approach for optimal distributed energy management in
a microgrid. IEEE Trans Power Syst 33(5):5749-5758

Gaiceanu M, Arama IN, Ghenea | (2020) DC microgrid control. In: Tabatabaei NM, Kabalci E, Bizon N (eds) Microgrid
architectures, control and protection methods. Springer International Publishing, Cham, pp 357-380. https://doi.
org/10.1007/978-3-030-23723-3_14

Ganguly P, Kalam A, Zayegh A (2017) Design an optimum standalone hybrid renewable energy system for a small town
at Portland, Victoria using iHOGA. In 2017 Australasian Universities Power Engineering Conference (AUPEC). IEEE

Ghaffari A, Askarzadeh A (2020) Design optimization of a hybrid system subject to reliability level and renewable energy
penetration. Energy 193:116754

Ghanima AKL, Nadir B (2021) Efficiency evaluation of experimental (photovoltaic-wind) hybrid system with the effect
of maximum power point tracking charge controller to the production of valve regulated lead-acid batteries in
Constantine-Algeria. J Energy Storage 41:102856


https://doi.org/10.1007/978-3-030-23723-3_14
https://doi.org/10.1007/978-3-030-23723-3_14

Bakare et al. Energy Informatics (2024) 7:57 Page 33 of 37

Ghazi GA et al (2022) African vulture optimization algorithm-based Pl controllers for performance enhancement of
hybrid renewable-energy systems. Sustainability 14(13):8172

Gheouany S, Ouadi H, El Bakali S (2023) Hybrid-integer algorithm for a multi-objective optimal home energy manage-
ment system. Clean Energy 7(2):375-388

Ghosh S (2023) Effective energy management scheme by IMPC. Intell Autom Soft Comput 35(1):181-197

Godina R et al (2018) Model predictive control home energy management and optimization strategy with demand
response. Appl Sci 8(3):408

Golob M, Tovornik B, Donlagic D (1992) Comparison of the self-tuning on-off controller with the conventional switching
controllers. In [Proceedings 1992] The First IEEE Conference on Control Applications. IEEE

Gopi P, Reddy PL (2016) Application of modern heuristic algorithm to automatic generation control of hybrid electric
power system with GRC. Int J Eng Res Appl 8(5):2085-2097

Grant C, El-Shahat A, Mirza Z (2022) Temperature alteration using PID controller for energy harvesting for E-airplane
application (case study experimental investigation). In 2022 International Conference on Electrical, Computer and
Energy Technologies (ICECET). IEEE

Guerrero JM et al (2012) Advanced control architectures for intelligent microgrids—~Part I: decentralized and hierarchical
control. IEEE Trans Industr Electron 60(4):1254-1262

GuoY et al (2019) Economically optimal power flow management of grid-connected photovoltaic microgrid based
on dynamic programming algorithm and grid I/O strategy for different weather scenarios. In 2019 IEEE Applied
Power Electronics Conference and Exposition (APEC). IEEE

Han'Y et al (2019) Hierarchical energy management for PV/hydrogen/battery island DC microgrid. Int J Hydrogen Energy
44(11):5507-5516

Hassanzadeh M, Rahmani Z (2022) A predictive controller for real-time energy management of plug-in hybrid electric
vehicles. Energy 249:123663

Hein K et al (2020) Rule-based operation task-aware energy management for ship power systems. IET Gener Transm
Distrib 14(25):6348-6358

Helal S et al (2017) An energy management system for hybrid microgrids in remote communities. In 2017 IEEE 30th
Canadian Conference on Electrical and Computer Engineering (CCECE). IEEE

Hoarca IC et al (2023) Sizing design for a hybrid renewable power system using HOMER and iHOGA simulators. Energies
16(4):1926

Hoffmann U, Mueller U, Schuermann B (1983) A microprocessor-based self-tuning on-off controller for thermal pro-
cesses. IFAC Proc Vol 16(21):95-100

Hoffmann U et al (1984) An on-off self-tuner development, real-time application and comparison to conventional on-off
controllers. IFAC Proc Vol 17(2):2777-2782

Holmbacka S, Lafond S, Lilius J (2011) A PID-controlled power manager for energy efficient web clusters. In 2011 IEEE
Ninth International Conference on Dependable, Autonomic and Secure Computing. IEEE

Hoosain MS, Paul BS (2017) Smart homes: A domestic demand response and demand side energy management system
for future smart grids. In 2017 International Conference on the Domestic Use of Energy (DUE). IEEE

Huang Y et al (2020) A hybrid optimization approach for residential energy management. IEEE Access 8:225201-225209

Huang W et al (2023) Hierarchical coordinated energy management strategy for hybrid energy storage system in electric
vehicles considering the battery’s SOC. Systems 11(10):498

Hussain HM et al (2018) An efficient demand side management system with a new optimized home energy manage-
ment controller in smart grid. Energies 11(1):190

Hussain HM, Nardelli PH (2020) A heuristic-based home energy management system for demand response. In 2020 IEEE
Conference on Industrial Cyberphysical Systems (ICPS). IEEE

Ibrahim O et al (2023) Development of fuzzy logic-based demand-side energy management system for hybrid energy
sources. Energy Convers Manag X 18:100354

Ibrahim O et al (2021) Performance evaluation of different membership function in fuzzy logic based short-term load
forecasting. Pertanika J Sci Technol. https://doi.org/10.47836/pjst.29.2.14

Intarungsee | et al (2022) Intelligent Internet of Things using artificial neural networks and Kalman filters for energy
management systems. In 2022 International Electrical Engineering Congress (iEECON). IEEE

Jaramillo LB, Weidlich A (2016) Optimal microgrid scheduling with peak load reduction involving an electrolyzer and
flexible loads. Appl Energy 169:857-865

Jasim BH et al (2023) A heuristic optimization approach for the scheduling home appliances. Bull Electric Eng Inform
12(3):1256-1266

Jha S etal (2022) Design and control of electric vehicle using HOMER. J Inf Optim Sci 43(3):571-577

Jia X, Zhao M (2023) A hierarchical energy control strategy for hybrid electric vehicle with fuel cell/battery/ultracapacitor
combining fuzzy controller and status regulator. Electronics 12(16):3428

Jin X et al (2017) Hierarchical microgrid energy management in an office building. Appl Energy 208:480-494

Jung H et al (2022) Hybrid model predictive control for hybrid electric vehicle energy management using an efficient
mixed-integer formulation. IFAC-PapersOnLine 55(7):501-506

Kandaswamy K, Jagadeeshwaran A, Anand R (2023) Efficient energy management strategy for an electric vehicle
powered by a hybrid energy storage system based on hybrid GBDT-RSA approach. Cybern Syst. https://doi.org/10.
1080/01969722.2023.2176588

Karavas C-S, Arvanitis K, Papadakis G (2017) A game theory approach to multi-agent decentralized energy management
of autonomous polygeneration microgrids. Energies 10(11):1756

Kavadias KA, Triantafyllou P (2021) Hybrid renewable energy systems’ optimisation: a review and extended comparison of
the most-used software tools. Energies 14(24):8268

Kefer K et al (2022) Analysis of battery storage usage of heuristic energy flow controllers. In International Renewable
Energy Storage Conference 2021 (IRES 2021). Atlantis Press

Khakimova A et al (2017) Optimal energy management of a small-size building via hybrid model predictive control.
Energy Build 140:1-8


https://doi.org/10.47836/pjst.29.2.14
https://doi.org/10.1080/01969722.2023.2176588
https://doi.org/10.1080/01969722.2023.2176588

Bakare et al. Energy Informatics (2024) 7:57 Page 34 of 37

Khan A et al (2018) Efficient utilization of HEM controller using heuristic optimization techniques. In Advances in inter-
networking, data & web technologies: The 5th International Conference on Emerging Internetworking, Data &
Web Technologies (EIDWT-2017). Springer

Khan T, Yu M, Waseem M (2022) Review on recent optimization strategies for hybrid renewable energy system with
hydrogen technologies: state of the art, trends and future directions. Int J Hydrogen Energy 47(60):25155-25201

Koot MWT (2006) Energy management for vehicular electric power systems. Ph.D. Thesis, Technische Universiteit
Eindhoven

Krishnamoorthy R, Aswini S, Guna C (2020) Design and implementation of loT based energy management system with
data acquisition. In 2020 7th International Conference on Smart Structures and Systems (ICSSS). IEEE

Kumar J, Agarwal A, Agarwal V (2019) A review on overall control of DC microgrids. J Energy Storage 21:113-138

Kumar K, Badar AQ, Padmanabhan S (2022) Hybrid particle swarm optimization-artificial neural network algorithm for
energy management. Artificial intelligence-based energy management systems for smart microgrids. CRC Press,
Boca Raton, pp 31-46

Kumar P et al (2019) PID controller tuning using Ziegler-Nichols method for speed control of DC motor. Int J Adv Eng Res
Sci (JAERS) 6(11):77-83

Kumtepeli V et al (2019) Design and analysis of an aging-aware energy management system for islanded grids using
mixed-integer quadratic programming. Int J Energy Res 43(9):4127-4147

Kuznetsova E et al (2014) An integrated framework of agent-based modelling and robust optimization for microgrid
energy management. Appl Energy 129:70-88

Kuznetsova E et al (2015) Analysis of robust optimization for decentralized microgrid energy management under uncer-
tainty. Int J Electr Power Energy Syst 64:815-832

Lagouir M, Badri A, Sayouti Y (2020) A novel control approach for power management optimization of a grid connected
hybrid microgrid. In 2020 IEEE 2nd International Conference on Electronics, Control, Optimization and Computer
Science (ICECOCYS). IEEE

Lavanya A et al (2020) A review of energy management control schemes for energy harvesting systems. Adv Autom
Signal Process Instrum Control Sel Proc i-CASIC 2021:1315-1322

Le TN et al (2012) Power manager with PID controller in energy harvesting wireless sensor networks. In 2012 IEEE Interna-
tional Conference on Green Computing and Communications. IEEE

Lefort A et al (2013) Hierarchical control method applied to energy management of a residential house. Energy Build
64:53-61

Li B, Roche R, Miraoui A (2017) Microgrid sizing with combined evolutionary algorithm and MILP unit commitment. Appl
Energy 188:547-562

Limpraptono FY et al (2021) Design of power monitoring and electrical control systems to support energy conservation.
Proc Pak Acad Sci Part A 58(5):1-8

Lin W-M, Tu C-S, Tsai M-T (2015) Energy management strategy for microgrids by using enhanced bee colony optimiza-
tion. Energies 9(1):5

Liu G et al (2022) An milp-based distributed energy management for coordination of networked microgrids. Energies
15(19):6971

Liu H, Zabinsky ZB, Kohn W (2010) Rule-based control system design for smart grids. In IEEE PES General Meeting. IEEE

Luna AC et al (2016) Mixed-integer-linear-programming-based energy management system for hybrid PV-wind-battery
microgrids: modeling, design, and experimental verification. IEEE Trans Power Electron 32(4):2769-2783

Mahmood Z et al (2023) Efficient scheduling of home energy management controller (HEMC) using heuristic optimiza-
tion techniques. Sustainability 15(2):1378

Malysz P, Sirouspour S, Emadi A (2013) MILP-based rolling horizon control for microgrids with battery storage. In IECON
2013-39th Annual Conference of the IEEE Industrial Electronics Society. I[EEE

Manwell J et al (2006) Hybrid2—a hybrid system simulation model-theory manual. Renewable Energy Research Labora-
tory University of Massachusetts, Massachusetts

Marzband M et al (2016) Real time experimental implementation of optimum energy management system in standalone
microgrid by using multi-layer ant colony optimization. Int J Electr Power Energy Syst 75:265-274

Marzougui H et al (2019) Implementation of energy management strategy of hybrid power source for electrical vehicle.
Energy Convers Manage 195:830-843

Mehta S, Basak P (2020) A case study on PV assisted microgrid using HOMER pro for variation of solar irradiance affecting
cost of energy. In 2020 IEEE 9th power India international conference (PIICON). IEEE

Mehta S, Basak P (2024) Development of PLC-based hardware test-bench prototype for solar-wind-battery-based micro-
grid system’s control algorithm validation. Electric Power Components and Systems, p. 1-20

Meng L et al (2016) Microgrid supervisory controllers and energy management systems: a literature review. Renew
Sustain Energy Rev 60:1263-1273

Millo F et al (2023) Development of a neural network-based energy management system for a plug-in hybrid electric
vehicle. Transp Eng 11:100156

Mills A, Al-Hallaj S (2004) Simulation of hydrogen-based hybrid systems using Hybrid2. Int J Hydrogen Energy
29(10):991-999

Minchala-Avila LI et al (2015) A review of optimal control techniques applied to the energy management and control of
microgrids. Proc Comput Sci 52:780-787

Molnos A et al (2015) Energy management via Pl control for data parallel applications with throughput constraints. In
2015 25th International Workshop on Power and Timing Modeling, Optimization and Simulation (PATMOS). IEEE

Molzahn DK et al (2017) A survey of distributed optimization and control algorithms for electric power systems. IEEE
Trans Smart Grid 8(6):2941-2962

Morrison R, Moore D (2004) Analyze constraint behavior to discover hidden value in your process. Energy Systems Labo-
ratory, Texas A&M University

Mubdir B, Al-Hindawi A, Hadi N (2016) Design of smart home energy management system for saving energy. Eur Sci J
12(33):521-536



Bakare et al. Energy Informatics (2024) 7:57 Page 35 of 37

Nalina B et al (2023) Design and implementation of embedded controller-based energy storage and management
system for remote telecom. Electronics 12(2):341

Nallolla CA, Perumal V (2022) Optimal design of a hybrid off-grid renewable energy system using techno-economic and
sensitivity analysis for a rural remote location. Sustainability 14(22):15393

Natsheh EM (2013) Hybrid power systems energy management based on artificial intelligence. Manchester Metropolitan
University

Nazeer O et al (2019) Home energy management using hybrid meta-heuristic optimization technique. In Innovative
Mobile and Internet Services in Ubiquitous Computing: Proceedings of the 12th International Conference on
Innovative Mobile and Internet Services in Ubiquitous Computing (IMIS-2018). Springer

Nazeri A et al (2022) Machine learning-assisted energy management system for an islanded microgrid and investigation
of data integrity attack on power generation. In 2022 North American Power Symposium (NAPS). IEEE

Nemati M, Braun M, Tenbohlen S (2018) Optimization of unit commitment and economic dispatch in microgrids based
on genetic algorithm and mixed integer linear programming. Appl Energy 210:944-963

Nesihath M et al (2022) Optimal energy management system for hybrid residential microgrids. In 2022 International
Conference on Futuristic Technologies in Control Systems & Renewable Energy (ICFCR). IEEE

Nkalo UK (2016) Optimal linear control of an energy harvesting system. Int J Sci Res Pub 6(6):385-389

O'Dwyer A (2006) Reducing energy costs by optimizing controller tuning. In: Proceedings of the 2nd international con-
ference on renewable energy in maritime island climates, Dublin Institute of Technology, Bolton St., April, 2006, pp
253-258

Okay K, Eray S, Eray A (2022) Development of prototype battery management system for PV system. Renew Energy
181:1294-1304

Olaleye T et al (2023) An energy management scheme for hybrid energy system using Fuzzy Logic Controller. Niger J
Technol Dev 20(1):66-78

Olama A, Mendes PR, Camacho EF (2018) Lyapunov-based hybrid model predictive control for energy management of
microgrids. IET Gener Transm Distrib 12(21):5770-5780

Opila DF et al (2013) Real-time implementation and hardware testing of a hybrid vehicle energy management controller
based on stochastic dynamic programming. J Dyn Syst Meas Contr 135(2):021002

Ostadian R et al (2020) Intelligent energy management systems for electrified vehicles: current status, challenges, and
emerging trends. IEEE Open J Vehic Technol 1:279-295

Padilla-Medina A et al (2020) Design and implementation of an energy-management system for a grid-connected
residential DC microgrid. Energies 13(16):4074

Panna R, Thesrumluk R, Chantrapornchai C (2013) Development of energy saving smart home prototype. Int J Smart
Home 7(1):47-66

Parvin K et al (2021) Intelligent controllers and optimization algorithms for building energy management towards
achieving sustainable development: challenges and prospects. IEEE Access 9:41577-41602

Patil LC, Salunke M, Karajgi S (2022) Application of heuristic search algorithm to design automatic generation control in
power system. Asian J Converg Technol (AJCT) 8(3):1-5

Pawar P (2019) Design and development of advanced smart energy management system integrated with loT framework
in smart grid environment. J Energy Storage 25:100846

Peng X et al (2015) DCRDL: an energy management rule definition language for context-based device control in smart
buildings. In IECON 2015-41st Annual Conference of the IEEE Industrial Electronics Society. IEEE

Petrollese M et al (2016) Real-time integration of optimal generation scheduling with MPC for the energy management
of a renewable hydrogen-based microgrid. Appl Energy 166:96-106

Pippia T, Sijs J, De Schutter B (2019) A single-level rule-based model predictive control approach for energy management
of grid-connected microgrids. IEEE Trans Control Syst Technol 28(6):2364-2376

Pooja N (2021) Energy management system designed for residential grid connected micro grid. Turk J Comput Math
Educ (TURCOMAT) 12(3):4627-4634

Pourbabak H, Chen T, SuW (2019) Centralized, decentralized, and distributed control for energy internet. The energy
internet. Elsevier, pp 3-19

Prabaharan N et al (2018) An overview of control techniques and technical challenge for inverters in micro grid. Hybrid-
renewable energy systems in microgrids. Elsevier, pp 97-107. https://doi.org/10.1016/B978-0-08-102493-5.
00006-6

Prasanna Moorthy V et al (2022) A hybrid technique based energy management in hybrid electric vehicle system. Int J
Energy Res 46(11):15499-15520

Proietto R et al (2014) A novel heuristics-based energy management system for a multi-carrier hub enriched with solid
hydrogen storage. In Proceedings of the 5th international conference on Future energy systems

Qureshi MU et al (2017) Implementation of home energy management system with optimal load scheduling based on
real-time electricity pricing models. In 2017 IEEE 7th International Conference on Consumer Electronics-Berlin
(ICCE-Berlin). IEEE

Rahim S et al (2016) Exploiting heuristic algorithms to efficiently utilize energy management controllers with renewable
energy sources. Energy Build 129:452-470

Ramoul J et al (2018) A neural network energy management controller applied to a hybrid energy storage system using
multi-source inverter. In 2018 IEEE Energy Conversion Congress and Exposition (ECCE). IEEE

Rangel CM, Mascarella D, Joos G (2016) Real-time implementation & evaluation of grid-connected microgrid energy
management systems. In 2016 IEEE Electrical Power and Energy Conference (EPEC). IEEE

Recioui A, Benaissa N, Dekhandji FZ (2022) Hybrid renewable energy system optimization using iHOGA. Algerian J
Signals Syst 7(3):99-108

Reddy CR et al (2022) Energy management system for hybrid renewable energy-based microgrid. In 2022 IEEE 19th India
Council International Conference (INDICON). IEEE

Rehman NU et al (2016) Heuristic algorithm based energy management system in smart grid. In 2016 10th international
conference on complex, intelligent, and software intensive systems (CISIS). IEEE


https://doi.org/10.1016/B978-0-08-102493-5.00006-6
https://doi.org/10.1016/B978-0-08-102493-5.00006-6

Bakare et al. Energy Informatics (2024) 7:57 Page 36 of 37

Rehman AU et al (2018) Efficient energy management system using firefly and harmony search algorithm. In Advances
on broad-band wireless computing, communication and applications: Proceedings of the 12th International
Conference on Broad-Band Wireless Computing, Communication and Applications (BWCCA-2017). Springer

RenY et al (2022) Research on multi-energy integrated ship energy management system based on hierarchical control
collaborative optimization strategy. J Mar Sci Eng 10(10):1556

Revathi R et al (2022) Machine learning based smart energy management for residential application in grid connected
system. In 2022 First International Conference on Electrical, Electronics, Information and Communication Tech-
nologies (ICEEICT). IEEE

Robuschi N et al (2020) Minimum-fuel energy management of a hybrid electric vehicle via iterative linear programming.
|IEEE Trans Veh Technol 69(12):14575-14587

Roslan M et al (2019) Microgrid control methods toward achieving sustainable energy management. Appl Energy
240:583-607

Ruddick J et al (2023) TreeC: a method to generate interpretable energy management systems using a metaheuristic
algorithm. arXiv preprint arXiv:2304.08310

Saeed MA et al (2023) Practical prototype for energy management system in smart microgrid considering uncertainties
and energy theft. Sci Rep 13(1):20812

Sahoo SK, Sinha AK, Kishore N (2017) Control techniques in AC, DC, and hybrid AC-DC microgrid: a review. IEEE J Emerg
Sel Topics Power Electron 6(2):738-759

Saiprasad N, Kalam A, Zayegh A (2019) Triple bottom line analysis and optimum sizing of renewable energy using
improved hybrid optimization employing the genetic algorithm: a case study from India. Energies 12(3):349

Sandgani MR, Sirouspour S (2017) Priority-based microgrid energy management in a network environment. IEEE Trans
Sustain Energy 9(2):980-990

Santos LHS et al (2021) Integrated optimal sizing and dispatch strategy for microgrids using HOMER Pro. In 2021 IEEE PES
Innovative Smart Grid Technologies Conference-Latin America (ISGT Latin America). IEEE

Saravanan S, Sugumaran G (2014) Energy management system in HEV using Pl controller. Int J Electric Comput Eng
8(2):382-388

Sardou |G, Zare M, Azad-Farsani E (2018) Robust energy management of a microgrid with photovoltaic inverters in VAR
compensation mode. Int J Electr Power Energy Syst 98:118-132

Shadaei M, Samet H (2020) Using non-linear controller in peer to peer energy trading between distributed generations.
In 2020 IEEE International Conference on Environment and Electrical Engineering and 2020 IEEE Industrial and
Commercial Power Systems Europe (EEEIC/I&CPS Europe). IEEE

Shamachurn H (2021) Optimization of an off-grid domestic hybrid energy system in suburban Paris using iHOGA soft-
ware. Renew Energy Focus 37:36-49

Shareef H et al (2018) Review on home energy management system considering demand responses, smart technolo-
gies, and intelligent controllers. [EEE Access 6:24498-24509

Shen J, Khaligh A (2016) Design and real-time controller implementation for a battery-ultracapacitor hybrid energy stor-
age system. [EEE Trans Ind Inf 12(5):1910-1918

Silani A, Yazdanpanah MJ (2018) Distributed optimal microgrid energy management with considering stochastic load.
IEEE Trans Sustain Energy 10(2):729-737

Singh AR et al (2023) State-of-the-art review on energy management and control of networked microgrids. Sustain
Energy Technol Assess 57:103248

Sinha S, Chandel SS (2014) Review of software tools for hybrid renewable energy systems. Renew Sustain Energy Rev
32:192-205

Song D et al (2022) A critical survey of integrated energy system: summaries, methodologies and analysis. Energy Con-
vers Manage 266:115863

Tabar VS, Abbasi V (2019) Energy management in microgrid with considering high penetration of renewable resources
and surplus power generation problem. Energy 189:116264

Technologies S (2023) Energy management system vs conventional approaches: a clash for sustainable buildings. https://
www.linkedin.com/pulse/energy-management-system-vs-conventional-approaches/

Thirunavukkarasu M, Sawle Y, Lala H (2023) A comprehensive review on optimization of hybrid renewable energy sys-
tems using various optimization techniques. Renew Sustain Energy Rev 176:113192

Tsikalakis AG, Hatziargyriou ND (2011) Centralized control for optimizing microgrids operation. In 2011 IEEE power and
energy society general meeting. IEEE

Ullah Z et al (2023) Implementation of various control methods for the efficient energy management in hybrid microgrid
system. Ain Shams Eng J 14(5):101961

Upadhyay S, Sharma M (2014) A review on configurations, control and sizing methodologies of hybrid energy systems.
Renew Sustain Energy Rev 38:47-63

Urias MEG, Sanchez EN, Ricalde LJ (2014) Electrical microgrid optimization via a new recurrent neural network. IEEE Syst
J9(3):945-953

Velez-Varela F, Marin-Lozano DF, Sarria-Paja M (2021) Design, implementation, and testing of an energy consumption
management system applied in Internet protocol data networks. DYNA 88(218):159-167

Vijayaragavan M, Krishnakumar V, Vasan Prabhu V (2023) Energy management approach in electric vehicle with optimiz-
ing electricity consumption cost using hybrid method. Energy Environ 34(3):663-689

Wang L et al (2021) Energy management strategy and optimal sizing for hybrid energy storage systems using an evolu-
tionary algorithm. I[EEE Trans Intell Transp Syst 23(9):14283-14293

Wang S, Xu Z, Ha J (2022) Secure and decentralized framework for energy management of hybrid AC/DC microgrids
using blockchain for randomized data. Sustain Cities Soc 76:103419

Wang X et al (2019) Application of a MILP-based algorithm for power flow optimisation within more-electric aircraft
electrical power systems. In 2019 21st European Conference on Power Electronics and Applications (EPE'19 ECCE
Europe). IEEE


http://arxiv.org/abs/2304.08310
https://www.linkedin.com/pulse/energy-management-system-vs-conventional-approaches/
https://www.linkedin.com/pulse/energy-management-system-vs-conventional-approaches/

Bakare et al. Energy Informatics (2024) 7:57 Page 37 of 37

Wijesingha J et al (2021) Smart residential energy management system (REMS) using machine learning. In 2021 Interna-
tional Conference on Computational Intelligence and Knowledge Economy (ICCIKE). IEEE

Wu Z et al (2015) Three control approaches for optimized energy flow with home energy management system. I[EEE
Power Energy Technol Syst J 2(1):21-31

Xu N et al (2019) Towards a smarter energy management system for hybrid vehicles: a comprehensive review of control
strategies. Appl Sci 9(10):2026

Yamashita DY, Vechiu I, Gaubert J-P (2020) A review of hierarchical control for building microgrids. Renew Sustain Energy
Rev 118:109523

Yang Q et al (2021) Blockchain-based decentralized energy management platform for residential distributed energy
resources in a virtual power plant. Appl Energy 294:117026

Yang J et al (2022) Hierarchical energy management of a hybrid propulsion system considering speed profile optimiza-
tion. Energy 244:123098

Yazdkhasti P, Diduch CP (2019) A pid controller for direct load control of thermostatically controlled appliances. In 2019
|IEEE 58th Conference on Decision and Control (CDC). IEEE

Yokoyama R, Shinano Y (2016) MILP approaches to optimal design and operation of distributed energy systems. In Opti-
mization in the real world: toward solving real-world optimization problems. Springer

Yuan F et al (2011) Knowledge discovery of energy management system based on Prism, Furia and J48. In Communica-
tion Systems and Information Technology: Selected Papers from the 2011 International Conference on Electric
and Electronics (EEIC 2011) in Nanchang, China on June 20-22, 2011, Volume 4. Springer

Zhang Y et al (2018) A stochastic MPC based approach to integrated energy management in microgrids. Sustain Cities
Soc 41:349-362

Zhang X et al (2021) Testbed implementation of reinforcement learning-based demand response energy management
system. Appl Energy 297:117131

Zhang G, Xiao C, Razmjooy N (2022) Optimal operational strategy of hybrid PV/wind renewable energy system using
homer: a case study. Int J Ambient Energy 43(1):3953-3966

Zheng Y et al (2018) Optimization under uncertainty of a biomass-integrated renewable energy microgrid with energy
storage. Renew Energy 123:204-217

ZhouY, Zheng S (2020) Machine-learning based hybrid demand-side controller for high-rise office buildings with high
energy flexibilities. Appl Energy 262:114416

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.



	Energy management controllers: strategies, coordination, and applications
	Abstract 
	Introduction
	Control strategies in microgrid systems
	Centralized control
	Decentralized control
	Hierarchical control
	Control structure


	Energy management controllers
	Simulation-based energy management controllers
	Commercial software-based energy controllers
	HOMER controller 
	iHOGA controller 
	HYBRID 2 controller 


	Conventional-based energy controllers
	Rule-based energy controllers
	Optimization-based energy controllers
	Deterministic-based energy controllers
	Heuristic controllers
	AI and machine learning-based energy controllers
	Hybrid-based energy controllers

	Application and implementation

	Conclusion
	Acknowledgements
	References


