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Abstract: The fast depletion of fossil fuels and the growing awareness for environmental protection
have led us to the energy crisis. Positive development has been achieved since last decade by the
collective effort of scientists. In this regard the renewable energy sources (RES) are being deployed
in the power system to meet the energy demand. The microgrid concept (AC, DC) is introduced in
which distributed energy resources (DERs), energy storage system (ESS) and loads are intercon-
nected. DC microgrids are suitably appreciated due to their high efficiency, and reliability perfor-
mance. Despite of its significant growth, DC microgrid is still relatively novel in terms of grid archi-
tecture and control system. In this context, an energy management system (EMS) is essential for the
optimal use of DERs in secure, reliable, and intelligent ways. Therefore, this paper strives to shed
light on DC microgrid architecture, control structure, and EMS. With an extensive literature survey
on EMS part, different methods, and strategies about microgrid energy management is covered in
this article. More attention is centered on the EMS for DC microgrid in terms of size and cost opti-
mization. A very concise analysis between multiple optimization methods and techniques has been
presented exclusively for residential applications.

Keywords: DC microgrid; Energy management system (EMS); Renewable energy sources (RES);
Distributed generators (DG); Hybrid energy storage system (HESS); Residential applications.

1. Introduction

The global energy demand exponentially increases as the world population rises.
Since a few decades, an accelerated effort has been made for the development of renewa-
ble energy sources (RES). Many countries have taken the initiative to deploy the renewa-
ble energy technologies on a large scale. The European Commission has set the objectives
by 2030 for the promotion of RES inside the European Union (EU). The main goals are to
achieve at least 40 % reduction in greenhouse gas emissions compared to 1990 levels, 32
% of EU energy from renewables, and 32.5 % improvement in energy efficiency [1].

Today, many countries have started to generate power through the RES. According
to renewable 2020 global status report, more than 200 GW of new renewable power gen-
erating capacity was installed worldwide in 2019, raising the global total to 2588 GW by
year’s end [2], as shown in Figure 1.
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Figure 1. Annual additions of renewable power capacity by technology worldwide, 2013-2019 [2].

The Covid-19 crisis has greatly harmed the global growth in renewable power capac-
ity. Despite of this, according to international energy agency (IEA), renewable power in-
stallations will increase worldwide in 2021 as compared to previous year. The major rea-
son is that most of the delayed projects which were not completed because of unprece-
dented Covid-19 crisis are expected to come online [3].

The concept of microgrid is introduced to overcome environmental depletion by har-
vesting distributed energy from RES, such as photovoltaic (PV) and wind energy which
are playing a major role in the clean energy production. Microgrid technologies have
demonstrated three principle beneficial properties such as reliability (physical, cyber),
sustainability (environmental considerations), and economics (cost optimizing, effi-
ciency).

Microgrid is defined as a low-voltage distribution network, interconnected DERs
with the loads. As can be seen in Figure 2, various RES (e.g., PV panels, wind turbine),
energy storage system and loads are connected to the main grid via power converters,
with proper protection, communication, monitoring, and control systems. It can operate
either in grid-connected mode or islanded mode subject to the operational characteristics
of the main grid.
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Storage system

Power converter Protection

Figure 2. A typical microgrid architecture [4].

Microgrids present both AC and DC distribution lines. Each type has their own trans-
mission and distribution levels. Points of common coupling (PCC) constitute the gateway
between the main grid and microgrid. The protection mechanisms guarantee an
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operation, which is designed by different principles and parameters according to the sys-
tem. Following parameters such as voltage, frequency and power quality are continuously
supervised and controlled by means of proper monitoring systems and control strategies.
Thus, power converters are the essential components of grid system for AC/DC or DC/AC
conversions. In distributed generation systems, two types of generation technologies are
applicable for microgrid, i.e., renewable distribution generation systems from RES (e.g.,
solar thermal, PV, wind, fuel cell and biomass), and systems from non-renewable ones
(e.g., diesel engine, stream turbine and gas engine) [5]. Among them, solar and wind tech-
nologies have rapidly increased and become significant energy sources in microgrid. Stor-
age system has a great importance for the stability, reliability, and the overall performance
in a microgrid system. An overview of the different storage technologies, which can be
separated in chemical, electrical, electrochemical mechanical and thermal systems are dis-
cussed in [6]. Some key energy storage technologies used for microgrid applications are
discussed in [7]. A microgrid system has various kinds of loads (AC, DC). The load clas-
sification is important in terms of operating strategy for the overall microgrid manage-
ment [8].

Considering the nature of the voltage and current, microgrids are sub-categorized
into three types, i.e,, AC, DC, and hybrid. Each alternative has distinctive features, which
imply different advantages and disadvantages that need to be contemplated. Comparison
between each type of microgrids in terms of control, protections and power losses were
discussed in [4]. AC microgrid has the benefit of using power from the main grid. AC
microgrid structure is based on AC bus and all sources (e.g., wind turbine) with variable
frequency and different voltages are connected to the bus through AC/AC power convert-
ers. Sources with DC output (e.g., photovoltaic panels) are connected to the AC bus
through DC/AC converters. However, an AC microgrid needs a relatively complex con-
troller for importing and exporting power while maintaining the system stability and re-
liability. While in DC microgrid structure, sources with DC output are directly connected
to the bus, whereas sources with AC output are interfaced to the DC bus through AC/DC
converters. Thus, DC microgrid has advantage over AC microgrid in terms of system ef-
ficiency, and size which also result in an advantage considering the investment and oper-
ating cost. Indeed, in DC system, a lesser number of power converters are required yield-
ing to a possible optimization of the size and an improvement of the overall efficiency.
Nevertheless, the protection system of DC distribution is not mature enough compared to
the AC system. More research is needed to implement such as its protection system, ar-
chitecture design, control strategies and stabilization techniques in future power system
[8]. A hybrid microgrid can supply both AC and DC loads due to its hybrid AC and DC
buses.

In general, RES are integrated with energy storage devices to form a hybrid system
to satisfy a given load demand. The PV and wind turbine (WT) combination provides
more reliable power compared to individual systems. Wind and solar has a strong de-
pendency on the environmental conditions, which is considered as a drawback of the sys-
tem. Nevertheless, this problem can be solved by combining energy storage units as a
backup. These additional elements usually increase the overall cost of the system. There-
fore, optimal sizing and energy management system are essential to decrease the system
cost and attain the system reliability.

Due to the increase of RES in microgrid system, the significant role of EMS has been
seen in the literature. The researchers have concentrated on solving energy management
problems to achieve a high level of operational efficiency while satisfying certain system
constraints, to realize an economical, sustainable, and reliable operation of microgrid [9-
12]. Different energy management strategies have been proposed in the literature to
achieve an efficient and optimal operation of microgrid. Extensive research has been done
by using search filters to find the literature related to certain subjects, including EMS, DC
microgrid and residential application. The analysis of search filters was conducted in web
of science, google scholar and Scopus. In total, 103 article and 2 handbooks has been
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consulted. 74 articles are related to the general EMS, among them 56 articles are about
microgrid EMS which are published in high impact journals. The representative publica-
tions in previous years are further classified and analyzed in section 3.

In [13], authors proposed an EMS model based on machine learning algorithm. The
EMS here formulated in such a way that real-time prosumer energy demand is calculated
and fulfilled. Additionally, a novel graphic tool is proposed in this article to better repre-
sent, observe, and analyze microgrid energy flow. The paper [14] reviews the system com-
ponents, modeling, and control of microgrids for smart buildings. Various data-driven
forecasting methods for the building integrated microgrids control are discussed. In [15],
a comparative and critical analysis on decision-making strategies and their solution meth-
ods for microgrid EMS was performed. The authors in [16] presented a multi-agent system
(MAS) for the stability, security, and reliability of microgrid system. A comprehensive
review on size optimization methodologies, and critical comparison of several algorithms
are shown in [17]. In this article, authors evaluated the possible combinations of
standalone solar and wind energy systems. In [18], centralized and decentralized EMS of
microgrid are discussed in detail. The author focused on the following objectives such as
power management, economic dispatch, and unit commitment. Several linear and nonlin-
ear methods are covered in the article. The authors in [19-20] presented different optimi-
zation methods used for energy management and control of HRESs and ESSs. A compre-
hensive review on software tools and algorithms used for sizing objectives are also dis-
cussed. In [21], authors discovered several linear programming and intelligent techniques
for the energy management of stand-alone and grid connected HRESs. Optimal sizing,
modeling, control aspects and reliability issues in microgrids were discussed by authors
in [22]. In [23], authors presented an energy management plan for microgrids. It covered
different computational optimization techniques applied to scheduling, reliability, envi-
ronmental, and sizing problems.

Considering the electric vehicle as a storage element, the plug-in electric vehicle (EV)
appears as a crucial agent in the energy management of residential applications. The au-
thors in [24] discovered several energy management approaches, in which EV are linked
with microgrid as a major player. In [25], authors presented a rule-based control strategy
to manage the power flow between grid, batteries, and EV. The benefits of using an elec-
tric vehicle as an active agent in energy balance and a reduction of cost are shown in the
study.

Most literature reviews have mainly focused on the EMS issues of AC or hybrid mi-
crogrid systems. Different aspects of microgrids have been addressed, such as protection
and control schemes, reactive power compensation and frequency control to solve energy
management problems. Nevertheless, the EMS issues in DC microgrid system have not
been specifically and much addressed, especially for the residential applications. Hence,
this review paper contributes to provide a comprehensive review of various EMS applied
for DC microgrid in residential applications.

The paper is structured as follows. Section 2 presents the DC microgrid architecture,
communication technologies and microgrid control structure. In Section 3, EMS with dif-
ferent strategies about DC microgrid are classified and reviewed. Some existing EMS strat-
egies for DC microgrid residential applications are also discussed in this section. Some
relative discussions are made in Section 4. Finally, Section 5 draws the conclusions.

2. DC microgrid architecture

2.1. Physical architecture

In an architectural context, DC microgrid comprises of distributed generators (DGs),
storage system (SS), power converters and loads interconnected through one or more DC
buses as shown in Figure 3. Power converters (AC/DC, DC/AC) are still necessary because

several sources and loads cannot be directly connected to the DC bus. During normal op-
erating conditions, two types of microgrid networks (AC, DC) are interconnected through
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PCC while the loads are supplied from the local sources (RES based DG units) and if nec-
essary, from the main grid. If the load demand power is less than the power produced by
DG units, excess power can be exported to the main system which can be utilized in case
of short production.

With the integration of these components, the whole system becomes simpler as com-
pared to AC microgrid. A smaller number of converters are required because most of the
microgrid elements have DC nature, which reduces the system cost and gives higher effi-
ciency in terms of losses. Due to the system simplicity, reactive power and harmonic dis-
tortion is not a problem in such kind of system. Despite of all these advantages, DC mi-
crogrid has some challenges at the same time, because the structure of the present power
grids, transformers, cables, and even the protection system is designed specifically for AC
applications. For this reason, the most possible solution given by many researchers is to
build a hybrid AC/DC microgrid system for a better integration of all elements with the
main grid in [26-28].
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Figure 3. Illustration of DC microgrid scheme.

This idea presents a new paradigm for the definition of the distributed generation
operation, in which AC and DC sources are connected to the corresponding networks.
These networks are linked together through PCC with the main grid as presented in Fig-
ure 3. Specifically, this paper attempts to show the DC microgrid system for residential
applications. Therefore, it discusses about the system design and control of microgrid in
terms of different voltage levels and its application.

In residential DC microgrid system, generally distributed generators, energy storage
system and local loads are connected through a common DC bus by means of line regu-
lating converters or directly connected depending on the operating bus voltage. Several
voltage levels have been found in the literature concerning residential DC microgrid var-
ying from 5 V to 400 V. These DC bus voltages are inspired from existing DC applications,
such as universal serial bus (USB) which is the most common way to distribution 5 V DC
power. Transport applications like camping cars operate with 12-24 V, and telecommuni-
cation applications operate with 48 V [29]. Concerning residential application operating
on 24 V DC bus, a design of a 250 W DC solar nano-grid with 24 V DC distribution bus
was presented in [30]. In some literature, a small scale of DG such as a single house or a
building is considered as a nano-grid but in this article, the microgrid term is used in a
general sense. Another voltage level of 380-400 V was investigated in the literature used
for the data centers. A 380 V DC test system was presented in [31], which has been con-
structed in Obihiro, Japan. It was concluded that the system allowed not only to reduce
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the environment load while improving energy efficiency but also to form an independent
community energy system. In [32], the authors have implemented an experimental plat-
form of DC microgrid with a bus voltage level of 380 V. The system is composed of PV
array, WT, an energy storage system by lithium battery pack and a supercapacitor, LED
lights and controllable electric loads. It has been shown that the converter performances
were well achieved. And the ability to control the power distribution between each unit
connected to the bus was validated. The existing DC bus levels in residential applications
in the literature, with their pluses and minuses, are summarized in Table 1.

As can be seen, most of DC appliances generally operate on 12 V or 24 V. However,
with the development of standards such as IEEE 2030.10-standard for DC microgrids [32],
DC loads running on 48V have equally exist in the market. Therefore, for the time being,
most of commercialized DC home appliances operating on 5V, 12V, 24 V, 48 V are pre-
sented in Table 2, with their power ranges and operating voltages.

Table 1. DC bus levels for residential applications [30-33].

Voltage Application in residential Remarks
level domain (Advantages +, Disadvantages - )
5V Universal serial bus (USB) con- + Easy to connect with a device and
nections. distribute power.
Small rechargeable batteries. - Short application range.
12V Low load applications for short + Safe and same level of DC
distance. appliances.
- Designed for low power
usage.
24V High power applications for long  + Low level power distribution
distance according to the standard.
48V New automobiles charging infra-  + Within the standard of IEEE for
structure. DC microgrid.
Telecommunication instruments Simple protection.
such as wireless phones, ethernet.
380-400 V. For DC computer data centers + Within the standard of Emerge

and possibly commercial build- Alliance of buildings.
ings as a residential application. Easily compatible with main grid.
More appropriate for DC

microgrid residential applications.
- Additional converter required.
Protection is compulsory.

The specific power range of appliances may negotiate different voltage capabilities
for the access of electricity. Depending on the power appliances (low power, medium
power, and high-power appliances), different voltage levels (5V, 12V, 24V, 48 V) could
be defined. Based on the literature survey, this work considers 380-400 V voltage level for
the proposed DC system environment. With this voltage level, additional converters are
required for adapting available appliances and it is easily compatible with utility voltage
230 V AC with a minor modification. Therefore, for residential applications, 380-400 V DC
bus could be an appropriate voltage level. Additionally, proper control and protection is
necessary for the system reliability and stability.

Table 2. Typical DC load household appliances [33-35].

Appliance Power range (W) Rated Voltage (V)

5. 12 24 48
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USB Port 2.5

Led lamp 3-40 A A A
Fan 3-36 A A A
Air conditioner 444-816 A

Refrigerator 40-150 A A A
Microwave 660-1100 A

Coffee maker 900-1200 A A

Computer 21-80 A A

Television 65-120 A A A
Washing machine 70-360 A A

Iron 130-150 A

2.2. Communication technologies

In microgrid system, an efficient data communication system is required for contin-
uous, fast, and reliable operation. Selection of microgrid communication system depends
on system configurations and its protocols. Control objectives, its implementation and
cost are also important factors to consider.

In the literature, several wired and wireless communication technologies have been
suggested for the effective communication among different microgrid components. It de-
pends on the data rate, distance, and quality of service, reliability, and power consump-
tion. Commonly wired technologies such as ethernet, power line communication (PLC),
and fiber optics have a higher data transmission rate and reliability, but the installation
cost is relatively high. Meanwhile, technologies such as ZigBee, Z-wave, global system for
mobile communications (GSM), general packet radio service (GPRS) and worldwide in-
teroperability for microwave access (WiMAX or Wi-Fi) can be deployed with lower instal-
lation cost. Both wired and wireless communications are studied in this article. Wired
networks are preferred because of reliability and security reasons, while wireless technol-
ogies are more advantageous in terms of low deployment cost. However, they have low
data transmission rate and signal interference problems [15]. An overview of different
communication technologies that can be used for microgrid operations is summarized and
compared in Table 3.

Table 3. Grid communication technologies parameters [36-38].

Technology Data rate Coverage range Applications

Wired

Broadband PLC Up to 300 Up to 1500 m Smart grid, HAN
Mbps

Narrowband PLC 10-500 Up to 3 km Smart grid, HAN
Kbps

Ethernet Up to 100 Up to 100 m SCADA, backbone
Gbps Communication

Fiber optics Up to 100 Up to 100 km SCADA, HAN
Gbps

Wireless

GSM Up to 14.4 1-10 km AMI, HAN, BAN, IAN
kbps

GPRS Up to 170 1-10 km AMI, HAN, BAN, IAN
Kbps

WiMAX Up to 75 Up to 50 km AMI, Mobile workforce
Mbps management

Z-wave 40-250 30 meters point-point, AMI, HAN, BAN, IAN
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Kbps Unlimited with mesh

ZigBee 250 kbps 100+ meters AMI, HAN

Abbreviations: HAN: home area network, SCADA: supervisory control and data acquisition,
AMI: advanced metering infrastructure, BAN: business area networks, IAN: industry area net-
work.

In the literature, several internet protocols (IP) have also been discussed, which pro-
vide internet services in microgrid applications. Mostly used protocols are network timing
protocol (NTP) for time synchronization, transmission control protocol (TCP) and user
datagram protocol (UDP). In [39], a Modbus protocol was used for data exchange between
programmable logic controllers (PLCs). Two main versions of Modbus were presented in
this study, i.e., remote terminal unit (RTU) and TCP, known as Modbus TCP/IP. It basi-
cally consists of the Modbus RTU protocol with a TCP interface that runs on ethernet and
widely used for industrial networking and communication.

The most used standards in wired communication for serial transmission are RS-232,
RS-422 and RS-485, which could be deployed over various physical links such as fiber
optics and ethernet for microgrid networking. RS-485 protocol is mostly used for the en-
ergy management of DC microgrid system. Another open standard, which is widely used
for commercial and domestic building automation is called Konnex. In [40], authors used
it with international standard Modbus for the energy management of smart buildings.

2.3. Control structure

In prospect of microgrid reliability, stability and proper operation, control structure
has a great importance. Many researchers have addressed the operational and control is-
sues in microgrids to allow their stable operation in both grid-connected and islanded
mode. Microgrid control structure is based on various objectives. For example, based on
their controller function, connection with grid and response time, a systematic classifica-
tion of various control techniques is presented in Figure 4.

With reference to power systems control architecture, control techniques can be cat-
egorized into centralized, decentralized, and distributed control, as shown in Figure 5. In
centralized control, microgrid central controller (MGCC) determines controlling actions
for all units. In this control, a huge communication is required between all units and the
central controller. Due to large geographical area and distance, it is not feasible to have a
fully centralized control among microgrids. In decentralized control, every single unit is
controlled by its own local controller, and it receives only local information such as fre-
quency and voltage. Some local controllers can exchange information with the neighbor
control unit. However, with little communication, fully decentralized control is also not
possible because of dependency of various units within the system. It can cause the system
to become unstable or operate non-optimally. Therefore, a compromise between these two
controls can be obtained by introducing a third approach called distributed control
scheme. It consists of some degrees of centralizing along with some degrees of decentral-
ization properties. In distributed control method, each unit uses local information such as
frequency and voltage provided by its neighbors. In this method, local units exchange
information through two-way communication links. This method can also preserve the
unit’s privacy because a lot of important information is not shared globally [41].
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Figure 4. Classification of various microgrid control techniques (summarized based on [42-44]).
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[42)).

It is important to note here that PV, WT, and storage system with the loads in Figure

5 are used as an illustration in a nano-grid scale. Each unit can be further replaced by one
or several nano-grids to constitute a larger scale microgrid.

2.2.1. Control objectives and scope

The main building block of microgrid, integrates several DG units, energy storage
systems and loads together to build a small power system. To control such systems, it is
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important to define a set of controlling objectives. By doing this, the proper operation of
the system is achievable. Hierarchical control structure has been proposed in the literature
[45-46] which consists of three levels, i.e.,, primary, secondary, and tertiary control, as
shown in Figure 6.

-2
§
)
K
<
;f
o~
§
&

Q‘% Secondary control

Primary control

Figure 6. Hierarchical control levels in a microgrid structure (adapted from [46]).

The primary control is based on each local DG controller, which mainly involves volt-
age loop control, current loop control, MPPT control and SOC estimation. As there is no
information exchange between each DGs, they are totally decentralized. Secondary con-
trol is a higher level than primary control. It is linked with the voltage compensation and
sharing performance enhancement. It deals with voltage control for the regulation of DC
bus voltage. The tertiary control is on the top layer of the microgrid control diagram, and
its dynamic response is the slowest one among the three layers. In the tertiary control,
economic dispatch, power flow optimization, and optimal energy scheduling issues are
usually considered. In [45], the tertiary control is regarded as EMS, which is designed to
achieve the accurate power sharing control among DG units, and the power exchange
between microgrid and external grid in case of grid-connected mode. Additionally, it
deals with the energy market, organizing the energy dispatch scheduling from an eco-
nomic point of view. Based on the hierarchical control, energy management strategies can
be defined. Hence, the decisions on microgrids are made by the EMS. In this sense, multi-
objective functions ought to be specified by using the information such as demand fore-
casting, power generation, energy storage, weather forecasts, energy grid prices, and so
on [47-49]. Based on previous literature review [18,20,50-51], an analysis has been made
based on multi-objective functions. The research objectives and scopes are detailed as fol-
lows.

1. The primary control is implemented on each local DG according to decentralized
control scheme. The objective is essentially to regulate the local voltages and currents.
It also controls the breakers/switches (on/off and protection functions) and load con-
trol (curtailment functions).

2. Primary control may cause voltage deviations, especially when the heavy loads are
connected to or disconnected from microgrid. The system might run abnormally or
drop into under or over voltage protection. The objective herein is to develop a dis-
tributed secondary control scheme for the voltage quality enhancement such as volt-
age unbalance compensation. For regulating the DC bus voltage, droop control is
recommended for the voltage control among microgrids. The proposed control
scheme should be flexible and make the controller have the plug-and-play property.

3. A tertiary control structure is developed in a way that microgrid central controller
considers the optimal power flow, economic dispatch, and optimal energy
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scheduling problems in the microgrid to formulate an EMS. The EMS uses inputs
(weather forecast, load demand, SOC, energy prices, etc.) to carry out scheduling and
optimization procedures. It determines the optimal set points for distributed gener-
ation (DG) and load operation in the microgrid.

Based on the objective functions, a typical hierarchical control for DC microgrid is
summarized and presented in Figure 7. In this way, the control system can be more
flexible and reliable while respecting the system objectives and the operating con-
straints.

Tertiary control

power flow management Dispatch, etc.

Secondary control

Power flow control Drop control DC bus level
and sharing accura L adaptation, etc.

Voltage/current MPPT,
control S0C estimation

Load control, etc. |

Communication
A § T

2 4 ———

T | e Information and communication

Lam—

Figure 7. Typical control objectives and functions in DC microgrid.

3. DC microgrid energy management system (EMS)

Microgrid EMS is a multi-objective system that deals with technical, economical, and
environmental issues. The main objectives of the EMS are to optimize the operation, en-
ergy scheduling, and system reliability in both grid-connected and islanded modes.
Therefore, for the controlling purposes, an EMS is necessary within a microgrid to have a
connection with each part of the system as shown in Figure 8. The whole microgrid oper-
ation is controlled and coordinated by microgrid central controller (MGCC) and local con-
trollers (LCs) via communication network called information and communication tech-
nology (ICT) [52]. It should be noted that as a single microgrid is illustrated herein (with
less geographical area and distance), a MGCC is applied for illustration.
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Weather
forecast

Electrical network

Storage system DC Load

................... Information and communication

Figure 8. EMS based DC microgrid architecture (adapted from [15]).

Different energy management strategies have been proposed in the literature to
achieve an optimal and efficient operation of microgrid. Common techniques and meth-
ods used for the energy management of microgrid systems can be classified into two major
categories, i.e., classical methods and artificial intelligence methods, as shown in Figure 9.
In addition, several existing software tools and hardware components dedicated to resi-
dential applications are also listed at the end of this section. More details of each category
are given in section 3.1 and 3.2. It should be noted that different classifications may exist
in the literature, such as rule-based and optimization-based EMS. In addition, a practical
EMS may be a combined form of different methods.

1- Iterative algorithms

2- Linear programming methods
— Classical methods 3- Mixed-integer linear programming methods

4- Stochastic and robust programming methods

%} 5- Model predictive control methods
= 1- Fuzzy logic methods
Artificial intelligence 2- Neural network methods
methods 3- Evolutionary algorithms

4- Multi-agent system

Figure 9. Proposed classifications of energy management strategies.

3.1 Energy management based on classical methods

A limited number of studies have been carried out using classical methods for the
energy management of DC microgrid system. Most of the research are conducted in the
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size optimization of standalone PV-WT HES [53-57] . However, they may provide useful
guides for EMS design of residential applications. Commonly used classical methods in-
clude iterative, linear programming (LP), mixed integer linear programming (MILP), sto-
chastic and robust programming methods, and model predictive control, which are re-
viewed in the following subsections.

3.1.1. Iterative algorithms

In the literature, iterative algorithms are utilized to realize different objective func-
tions. It has been implemented for the sizing optimization of standalone systems with
single objective optimization (SOO) functions. In [58], Hosseinalizadeh et al. applied an
iterative algorithm to optimize a standalone PV-WT-FC-BS-HT HES in terms of minimiz-
ing the system’s total cost of energy for four different regions in Iran. The authors of [56]
have evaluated the reliability of the HES by using loss of energy expectation (LOEE) and
loss of load expectation (LOLE) as estimation parameters. In this study, it has been as-
sumed that the value of LOLE parameter must be less than 2% to achieve a system relia-
bility. The study found that the PV-WT-BS HES was more economical and reliable without
the FC system. Bhuiyan et al. [59] proposed an enumeration-based iterative algorithm to
perform the energy management in terms of component size optimization within mi-
crogrid residential communities. This system comprised of PV, WT, BS and DGs. In this
research, the system reliability was evaluated by analyzing the battery SOC and the power
balance between generation and demand. Furthermore, the study found that PV-WT-DG
HES system to be techno-economic in meeting the energy demand of remote consumers.

3.1.2. Linear programming methods

A few studies have recently used linear programming (LP) to implement the energy
management in terms of optimizing the standalone HES with PV and WT [60-61]. No-
gueira et al. [60] suggested a methodology that uses LP to size and simulate a standalone
PV-WT-BS HES for a remote rural area by minimizing the total cost of the system while
assuring the system reliability by using the measure of loss of power supply probability.
Indu Rani et al. [62] proposed a residential microgrid system in which PV panels were
connected to the grid to supply DC loads without any interruption. An effective power
flow management system was designed to achieve this goal. Its effectiveness in providing
uninterruptible power to DC loads and maintaining the total harmonic distortion (THD)
of the injected grid current has been proved. In [63], Battistelli et al. suggested a practical
prototype to assess the contribution of the vehicle-to-grid (V2G) systems to support the
electricity market. An optimization model based on linear programming algorithm was
integrated into the EMS to assess the interaction between the small electric energy systems
(e.g., microgrids) and the main grid. Meanwhile, stochastic programming and robust op-
timization (more details in section 3.1.4) were applied to deal with uncertainties related to
renewable power generation and vehicles aggregation separately. Karami et al. [64] pro-
posed a simple and efficient EMS for a hybrid system comprising of a PV panel, a FC
system, a battery, and a super-capacitor. Sixteen different scenarios covering both night
and daylight were considered for the power flow management. The optimal energy pro-
duction was achieved by the application of MPPTs on both PV and FC and the use of
compensators. Pascual et al. [12] proposed an EMS for a residential microgrid system con-
sisting of PV panels, a WT, and a battery connected to the main grid. The main objective
is to minimize the power peaks and fluctuations for energy exchange with the grid. The
renewable generation and load forecasting together with the battery SOC were considered
in a single control rule to achieve the goal.

3.1.3. Mixed-integer linear programming (MILP)
MILP is used for the modeling of the energy management problems because it con-
siders integer and binary variables to decide the operation system. In the literature, sev-

eral authors used MILP methods for microgrid EMS according to the variables and objec-
tive functions. In [65], Sukumar et al. proposed a power sharing, continuous run, and
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on/off-based mix-mode microgrid EMS. The on/off mode was modeled and solved by a
MILP solution approach that optimizes the operation of microgrid with respect to on/off
connection status of FC system. Meanwhile, the other two modes were modeled and
solved by an LP method. Comodi et al. [66] introduced a MILP energy trade profit model-
based EMS for residential microgrid system. The PV power was forecasted by a basic neu-
ral network (NN) method. The integration of thermal storage and batteries was realized
by load management. The batteries were concluded uncompetitive for the residential ap-
plications because of their high investment and replacement cost in the residential market.
For optimal energy management of residential microgrid system, an operating cost-mini-
mization model based on MILP was proposed in [9]. It encompassed energy trading cost,
penalty cost on adjustable load shedding. Both energy costs and battery wear costs were
included in the minimization. In this study, three types of loads were considered namely:
critical, adjustable, and shiftable loads. The loads were divided in different power levels
which analyzed the tradeoff between load demand and the battery state of charge (SOC).

3.1.4. Stochastic and robust programming methods

Stochastic and robust programming is considered as a two-stage approach which
deals with constrained optimization with uncertainty. In microgrid systems, the energy
management is facing new challenges due to the increasing number of variable generation
sources. To meet these challenges, stochastic and robust optimization methods are pro-
posed to overcome the uncertainties in [67]. A probabilistic scenario-based optimal day-
ahead economic operation was presented for a hybrid AC/DC microgrid system. It mini-
mized the overall operating cost by using the forecasting values of electricity price, solar
power, wind power, AC and DC loads. A two-stage stochastic programming model was
presented in [68] to optimize microgrid operation while considering uncertainties of RERs
and load demand. The first stage is associated with optimization of investment cost of
microgrid. And the second stage deals with the energy management operation of mi-
crogrid.

3.1.5. Model predictive control methods

Model predictive control (MPC) is very useful for the defining the energy manage-
ment strategy in microgrid system. In the literature, MPC is widely used to minimize the
daily generation cost and emission of the microgrid system while considering the tech-
nical constraints in real operations. In [69], Solanki et al. presented an EMS strategy based
on a MPC approach. Authors emphasized on use of smart loads to perform an efficient
operation. A supervised NN was used to estimate the residential controllable load. In an-
other study [70], an MPC-based EMS of a grid-connected microgrid was presented to min-
imize the energy trading cost with the main grid, and to ensure a better utilization of bat-
tery during peak load demand. It also ensured the maximum use of wind power to meet
the local demand. Authors introduced a fault tolerant scheme to have a smooth operation
of microgrid during sudden failures of WTs and power supply shortage. Akter et al. [71]
suggested a hierarchical model for power sharing among residential consumers. Each
house was equipped with a central EMS controller to share information in a grid-con-
nected mode residential microgrid. The intention was to maximize the energy sharing
among houses in comparison with the main grid to minimize the investment cost. The
authors concluded that the payback period was reduced due to power sharing among
residential consumers.

3.2 Energy management based on artificial intelligence methods

Diverse studies have been focused on the utilization of artificial intelligence methods
for the multi-objective energy management of microgrids. In this category, artificial intel-
ligence techniques are used to solve single-objective optimization (SOO) and multi-objec-
tive optimization (MOO) problems. In general, artificial intelligence methods are more
flexible and efficient in dealing with complex optimization problems, such as fuzzy logic
(FL), neural network (NN) and evolutionary computation methods. In addition, multi-

440
441
442
443
444
445
446
447
448
449
450
451
452
453

454

455
456
457
458
459
460
461
462
463
464
465
466

467

468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

485

486
487
488
489
490
491



15 of 28

agent system (MAS) composed of multiple interacting intelligent agents has also been in-
troduced to microgrid. This subsection gives a more detailed review on these studies.

3.2.1.Fuzzy logic methods

FL techniques are widely used for energy management in standalone or grid-con-
nected hybrid renewable energy systems. FL can effectively manage the multi control
functions. Several studies have been found in the literature about FL based EMS. The de-
sign and implementation of an EMS based on fuzzy control for DC microgrid system was
presented in [72]. In this work, the modeling, analysis, and control of the DERs and ES
devices were completed in MATLAB/Simulink environment. The FL controller managed
the battery SOC to ensure a longer battery life and to offer better performance for the
entire system at low cost. Different membership functions with variables were defined for
both inputs and outputs of the system. The simulation result validated the accuracy of the
proposed system with a fuzzy controller that can maintain the battery SOC at a certain
level irrespective of the amount of power generated from the microgrid system. Erdinc et
al. [73] studied a FL based EMS for a standalone hybrid power system. This residential
system was comprised of WT, PV, FC system, and batteries. The PV and wind energy
served as the primary power sources, the FC provided backup power during the unavail-
ability of the primary sources, and the battery unit was used for storage. The main objec-
tive of this study is to employ a FL based EMS to regulate the overall system power flow
while maintaining the battery SOC. The authors herein justified the advantages of the FL
based EMS over other previously developed approaches, in the aspects of fast response
capability and ease of adapting to new conditions during the period of operation.

3.2.2.Neural network methods

The neural network (NN) is another intelligent technique commonly used for control
and energy management of microgrid systems. It is an advanced approach which is com-
putationally intelligent and has humanlike expertise. NN has achieved remarkable suc-
cess in control system applications due to its reliability, computational capability, and
adoptability to handle complex nonlinear systems. Wang et al.[74] introduced a Lagrange
programming NN approach to optimize economic dispatch and minimize the system ob-
jective function. Meanwhile, a radial basis function NN was applied for the day-ahead
prediction of renewable energy production and load demand. In [75], Venayagamoorthy
et al. proposed an intelligent adaptive dynamic EMS for a grid-connected microgrid. An
action-dependent heuristic dynamic programming (ADHDP) combining the concept of
dynamic programming and reinforcement learning was developed by using two NNs.
Meanwhile, an evolutionary strategy was proposed to dynamically optimize the EMS
over time. It maximized the utilization of RERs and minimizes carbon emissions to
achieve a reliable and self-sustainable system. It can also improve the battery life. Azmy
and Erlich [76] presented an artificial NN approach for optimizing the performance of FC
system for residential applications. Jifang et al. [77] proposed a NN based control strategy
for multi-energy common DC bus hybrid power system. The authors developed a hybrid
model for an hourly forecast of PV and wind renewable energy system.

3.2.3.Evolutionary computation

Evolutionary computation is inspired by biological evolution and forms another pop-
ular subfield of artificial intelligence. Genetic algorithm (GA) is a random-based classical
evolutionary algorithm. It is one of the most powerful optimization algorithms. In several
studies [78-79], GA has been implemented to find the optimal sizing of hybrid system.
Ogunjuyigbe et al. [73] used GA for the optimal sizing of hybrid energy storage system
(HESs) in standalone mode. In this study, the authors inspected five different combina-
tions for residential loads. The study found that PV-WT with HESs is the most optimal
combination in terms of cost, net dump energy and CO: emissions. In [79], the authors
used GA for the optimal sizing of renewable energy sources (RES) with battery storage
system (BSs) for four different residential zones in Karnataka, India. The study found that
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PV, WT, and BSs are the most cost-effective solution for residential applications. An im-
proved version of GA, called non-dominated sorting genetic algorithm (NSGA-II), was
discussed in [80-81]. Kamjoo et al. [80] applied the NSGA-II algorithm to optimize a
standalone PV-WT-BSs combination for residential loads in Kent, UK and provided prom-
ising results in solving MOO problems.

Meanwhile, several other algorithms are also used to solve the non-linear optimiza-
tion problem including particle swarm optimization (PSO), ant colony optimization
(ACO,), fruit fly optimization algorithm (FOA) and others. PSO is one of the most popular
heuristic algorithms in solving non-linear optimization problem because of its simplicity,
ease of implementation and fast convergence. Suhane et al. [82] used ACO to find the
optimal sizing of PV, WT, BS, and DG in terms of minimizing the total cost for a small
village in India. Fruit fly optimization algorithm (FOA) is a heuristic evolutionary com-
putation method used in finding global optimization. In [83], authors utilized an im-
proved FOA (IFOA) algorithm for the optimization design of standalone PV-WT-BS-DG
system in Dongao island in China. The study found that with a smaller number of WTs
and battery units, total cost can be reduced.

3.2.4.Multi-agent system (MAS)

Multi-agent system (MAS) is made up of intelligent agents embedded in different
sources and loads working all together to solve the problem of energy consumption con-
trol in the network. A MAS-based approach is used for optimal operation of microgrid
system. All the system elements like storage units, generation units, grid and consumer
side are considered as an agent. Anvari-Moghaddam et al. [84] suggested MAS-based
EMS for efficient operation of a grid-connected residential microgrid. The agents were
classified into central coordinator agent, building management agent, RER agent, battery
agent, and service agent. The objectives of the proposed method were to minimize opera-
tional cost while satisfying the consumers comfort level.

3.3 Existing software tools and sardware components for microgrid EMS

This section introduces both software tools and hardware components used for mi-
crogrid applications. In the literature, many open-source software tools have been used
for the optimization of hybrid renewable energy systems. The most used software tool in
size optimization for PV-WT HES is Hybrid Optimization Model for Electric Renewables
(HOMER) [85]. Another software, named Improved Hybrid Optimization by Genetic Al-
gorithm (i-HOGA) has been used in several studies for sizing optimization for standalone
PV-WT HES [86]. TRNSYS and graphical user interface (GUI) are graphically based soft-
ware tools and extremely flexible [87]. Several hardware components such as Arduino,
Raspberry Pi (RPi), and Color Control GX (CCGX), and SCADA are explored in [39,88].
All these tools are primarily used for the energy management of microgrids.

3.3.1.Software tools

Mostly researchers throughout the world have used the HOMER to optimize their
suggested hybrid systems. HOMER is a computer software that can evaluate various de-
sign options for both standalone and grid-connected energy systems. Three main tasks
that the HOMER can perform are simulation, optimization, and sensitivity analysis [89].
Bhakta et al. [90] utilized HOMER for sizing, optimizing, and performing the economic
analysis of a PV/wind hybrid system with a battery bank for microgrid residential appli-
cation in Northeast India. In [91], Das et al. has done a feasibility study to find the optimal
size combination of hybrid energy system for household user in Kuakata, Bangladesh.
Giannoulis and Haralambopoulos [92], Al-Karaghouli and Kazmerski [93], Bekele and
Palm [94], Bangladesh. Ma et al. [95], Adaramola et al. [96], Olatomiwa et al. [97], Nandi
and Ghosh [98], Sen and Bhattacharya [99], Lau et al. [100], used HOMER to optimize their
proposed standalone hybrid systems. Different locations throughout the world (Nigeria,
Bangladesh, Ethiopia, Iraq, Hong Kong, Ghana, India, Malaysia, and Greece) are covered.
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Each survey suggested a particular combination of components which is different from
others in terms of performance according to a certain location.

i-HOGA is a hybrid energy system optimization software developed by the Univer-
sity of Zaragoza [101]. It utilizes GA for the size optimization of single- or multi-objective
functions. i-HOGA performs optimal control strategies with less computational time com-
pared to the use of GA alone. In [102], Fadaeenejad et al. used the i-HOGA software to
analyze the optimal size combination for a remote village in Malaysia in terms of mini-
mizing the amount of cost of energy and CO: emission.

TRNSYS software can be used to simulate the behavior of transient systems. In [87],
Behzadi and Niasati examined a hybrid system consisting of PV, battery, and FC. In this
system, TRNSYS software was used to conduct the performance analysis. The system siz-
ing could be done by using the GA via i-HOGA, manual calculation, or HOMER. Authors
used three different energy management strategies to dispatch energy in this hybrid sys-
tem. Firstly, the value of excess energy is checked. If it is positive, the excess energy will
be directed to charge the battery to its maximum SOC. The excess energy is then directed
to produce more hydrogen. However, if the excess energy is negative and the SOC of the
battery is less than its minimum SOC, then FC system will supply the load if the pressure
in the hydrogen tank is higher than the critical value; otherwise, the battery will supply
the load. In the second step, the control system never checks for the minimum SOC. It
only checks for the level of pressure in the hydrogen tank. Lastly, the nominal power of
each component is checked, and control system decides that how much amount of power
can flow toward each storage device. A similar approach was presented in [103], in which
a hybrid energy system (hydrogen storage and a supercapacitor) is used as a storage sys-
tem. In this paper, the aim of proposed energy management strategy is to satisfy the load
requirement. The PV panels prioritize supplying the load, and surplus energy is used to
generate hydrogen. When the hydrogen storage system is filled, excess energy is directed
to the supercapacitor. If the storage system is fully charged, then the solar system will be
automatically shut down.

GUI integrating different algorithms is graphically used for sizing optimization and
measuring system efficiency in homes and offices for residential applications. In several
articles, GUI is considered as a real-time monitoring and energy management tool. In ref-
erence [104], GUI is used to optimize the size of a hybrid PV, WT, BS, and DG system
while considering the peaks and troughs of wind speed and solar irradiance for a com-
plete year. The proposed method used the measured annual hourly solar irradiation and
wind speed to simulate the real time operation of the hybrid system. In the study, authors
found that the peaks of solar irradiation and wind speed affect the size optimization re-
sults.

3.3.2. Hardware components

Arduino is an open-source hardware platform supportive for electronic prototyping.
It has been used in different projects and have several applications. In [39], authors used
Mega 2560 model to measure the temperature of PV modules by means of a network of
digital temperature sensors. Arduino microcontroller has been used to verify the smart
grid features [105]. In this study, a multi-agent approach is used to address the complexity
issues in the microgrid network.

Raspberry Pi (RPi) is an open-source and series of small single-board computers
(SBCs) developed by the Raspberry Pi Foundation of the University of Cambridge in 2012.
It provides huge computation resources and wide connectivity options. Raspberry Pi fea-
tures a Broadcom system on a chip with an integrated ARM cortex A72 processor and on-
chip graphics processing unit (GPU). In Addition, USB 3.0 and Gigabit Ethernet ports are
available. In the context of EMS, it can bring new possibilities for the integration and de-
velopment of an operating system (OS). According to authors, it gives an easy access to a
high level of computation while providing the same input/output pins as a microcontrol-
ler [106]. In [88], authors used raspberry Pi (RPi) board for sending information to local
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data base for the supervisory control of microgrid testbed. Another innovative device has
been developed by Victron Energy Almere Haven (Netherlands), i.e., color control GX
(CCGX). With this device full system control is gained by the exchange of data with solar
chargers, inverters, batteries, and other connected appliances. According to the authors in
[39], this device is very useful for real-time operation in microgrid system. As it provides
full access to the very extensive controls and settings of all system components such as,
PV, battery, solar charger, and generator. It allows remote user and installer to login from
anywhere, at any time.

Another category of powerful, real-time simulation devices is investigated in the lit-
erature, including real-time simulators from OPAL-RT, Typhoon and dSPACE enter-
prises. It provides real-time simulations for electrical conversion and enables customers
to conduct precise and exhaustive testing more quickly. In [99], authors designed a real-
time simulation platform to simulate and control the system. In the studied system, PV
panels and WT were linked with the batteries. And the objective was to control the speed
of WT and maintain the battery SOC. Authors in [40], presented an intelligent EMS based
on complete supervisory control and data acquisition (SCADA) system for smart building
applications. The duties were performed in an educational building with an MG Labora-
tory testbed, which was named LAMBDA at the Sapienza University of Rome. The pro-
posed model examined the daily production and consumption of different sources and
loads in real time and evaluated the economic aspect.

3.4 Energy management strategies analysis

In different control frameworks, the problems can be formulated in different man-
ners according to the objective functions and the underlying controls. Previously, numer-
ous energy management strategies have been discussed in the article but few of them are
highlighted in accordance with the DC microgrid system for residential applications. Most
adopted energy management strategies such as, linear programming-based EMS, artifi-
cial-intelligence based EMS, hardware and software tool-based EMS like SCADA,
HOMER are chosen with the system configuration (PV/wind/fuel cell/storage) and control
objectives and are summarized in Table 4.

Table 4. Summary of EMS strategies.

System configuration = EMS approach Control objectives
PV /Wind /Fuel cell/  Fuzzy logic (FL) [47] Satisfy the load demand while
Battery maintaining the battery SOC and

keeping the hydrogen storage tank
at maximum level.
Cost optimization.

PV /Wind /Fuel cell/  Linear programming Reduce the computational time.
Battery (LP) [56] Minimize the energy cost and CO:
emissions.

Increase the battery life.

PV / Fuel cell / Battery = Model predictive con- Weather forecasts.
trol (MPC) [57] Optimize microgrid operation
while considering uncertainties of
RERs and load demand.

Minimize the daily generation cot
and emission.
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PV /Battery / Fuel cell ~ Linear programming Battery overcharging protection.
(LP) [61]
Hybrid renewable en-  Fuzzy logic (FL) [72] Optimization and design of con-
ergy sources based on trol strategy: power, energy effi-
storage systems inte- ciency, economic evaluation, envi-
grated with a grid. ronmental effects, and voltage
quality.

PV /Wind /Fuel cell/  Fuzzy logic (FL) [73] Regulate the overall system power
Battery flow.

Batteries life cycle.

Standalone and grid- HOMMER [85-86] Making energy balance calcula-
connected system with tions on hourly basis for the com-
different configura- plete one year.

tions. Size optimization of each compo-

nent to achieve the minimum cost
of energy production.

The EMS integrated DC microgrid structure is presented previously in Figure 8, con-
sisting of PV panels, WT connected with storage system (e.g., batteries and supercapaci-
tor) via power converters. All the elements are connected to the common DC bus. With
the accordance of DC microgrid system, a few similar systems streamed from the litera-
ture are presented in Table 5, with their element characterizations and corresponding
EMS. It should be noticed that no single method can satisfy all the requirement, and hy-
brid methods may be used in combination in an EMS.

Table 5. Analysis of EMS strategies with element characterization.

Intelligent EMS based on SCADA system [40]
(MATLAB/Simulink integrated with Modbus and Konnex)

System Element Type Capacity Objective

PV Panels Monocrystalline 5kW MPPT

Battery Li-ion 6.5 kWh Charging/discharging
Load 9 kW Reveals daily consumption

EMS with fuzzy control for a DC microgrid system [72]
(MATLAB/Simulink, LabVIEW, Rs-485/Zigbee tools)

System Element Type Capacity Objective
PV panels Monocrystalline 5 kW MPPT
Wind Turbine AWV 1500 1.5 kW MPPT
Battery Li- ion 1.5 kWh SOC
Load 6.5 kW

DC bus voltage 380V (= 20V)

EMS for islanded microgrid based on rule-based power flow control [54]
(PSCAD simulation tool)

System Element Type Capacity Objective
PV panels Monocrystalline 30 kW MPPT
Wind Turbine 3 kW MPPT
Battery pack Li- ion 800 Ah 50C

Lead Acid
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Load (10kW-+15KW) 25 kW

EMS for residential microgrid system based on NN and MILP [66]
(Neural network and Mixed integer linear programming algorithm)

System Element Type Capacity Objective
PV panels 6 kW MPPT
Battery Li- ion 5.8 kWh S0C

EMS for real time laboratory control based on feedback & PI cascaded control [107]
(MATLAB/Simulink integrated with RT-LAB tool)

System Element Type Capacity Objective
PV panels 260 W MPPT
Wind Turbine PMSG 260 W Speed/torque
Battery Lead acid 10 Ah SOC

DC bus voltage 20V

Intelligent EMS with linear programming based multi-objective optimization[108]
(Artificial neural network and Fuzzy logic controller)

System Element Type Capacity Objective

PV panels 20 kW Cost minimization
Wind Turbine 25 kW Cost minimization
Battery Lead acid 15 kWh 50C

Fuel cell 15kW Cost minimization

EMS with multi-agent system [109]
(MATLAB/Simulink tool)

System Element Type Capacity Objective
PV panels Titan S-60 100 kW MPPT
Wind Turbine PMSG 200 kW MPPT
Battery Lead acid 300 kWh SOC
Load 80 kW

The review has classified different methods for the energy management of microgrid
systems coupled with various RES and storage system. Table 4 and 5 have summarized
the research conducted in comparing several algorithms and techniques used for size op-
timization and EMS. In Table 5, more specifications are given on the existing microgrid
systems in the literature with their element characterization, and different EMS strategies.

The cited articles related to the EMS of DC microgrid for residential applications in
this review paper are 74 in total, among them 73 % (54 articles) were published during the
period of 2015-2021, and 27 % (20 articles) were published during the years 2010-2014. A
growing trend has been observed regarding the EMS design and implementation in DC
microgrid domain in the recent years especially after the year 2015. A graphical represen-
tation of the references in years is illustrated in Figure 10.

687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705



21 of 28

Disctribution of references in years

= 2010-2014 2015-2021

Figure 10. Citation graphical representation in years.

4. Discussion

The previous reviews have mainly focused on the AC or hybrid AC/DC microgrid
systems (islanded/grid-connected mode) which comprises on several DERs and storage
elements. DC microgrid system has not been specifically addressed, especially for the res-
idential applications. It is thus interesting to have an overview on its different aspects,
such as the architecture design, control design, communication technologies and EMS.

For residential applications, 380-400 V DC could be an appropriate voltage level for
the common DC bus based on a synthesis of different appliances’ voltage levels and their
power ranges. Apart from the common DC bus voltage level, a variance of DC voltage
standards, such as 12 V, 24 V and 48 V can be defined according to different appliance
groups, as summarized in Table 1 and 2. Reasonable design of a set of DC voltage levels
may favor the system efficiency, reduce the power losses due to the high step-up ratio and
much conversion stages, and augment the users’ safety as lower DC voltage levels are
applied. In the future study, further quantitative analysis can be made for setting variant
DC voltage standards dedicated to residential applications.

For the microgrid communication technologies, the communication links in rural and
residential area microgrids mainly depend on the cost and data rate. Nowadays, wired
technologies still dominates in microgrids due to the existing hardware components and
the relatively mature communication techniques and protocols. An increase of wireless
technologies has been observed in recent years due to their low deployment cost, high
flexibility, and low power consumption. Different communication standards and proto-
cols exist for both technologies. The interoperability among the different standards will
be an essential part of the information and communication technology (ICT) in order to
modernize the microgrid and make it really smart. In recent years, the concepts such as
the internet of things (IoT), block chains and cyber-physical microgrid, have been much
focused on, which indicate the importance of the ICT aspect.

The energy management of DC microgrid system for residential applications has
been specifically emphasized in this review. For the microgrid EMS, it can be noticed that
a growing trend is observed towards the use of artificial intelligence methods for the op-
timization and energy management of system, due to their inherent advantages in dealing
with complex multi-objective optimization problems. It should be noted that no single
method can meet all the requirements of an EMS. Hybrid methods can be combinedly
used for a practical EMS. In addition, in more recent articles, the predictive functions have
been integrated into the EMS design to consider the influences of the factors such as future
energy generation, load demand, energy market variation in hours or even days ahead.
Another aspect is that apart from EMS, the health management strategies (HMS) should
be equally considered, include the degradation cost for each component (e.g., battery deg-
radation cost), the PV shading cost (e.g., the shading effect on PV panels), the reliability
of the converters (e.g., the degradation effect of the switching devices). An interaction of
both EMS and HMS could be interesting for an both efficient and reliable operation of the
microgrids.
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5. Conclusions

Compared with traditionally used AC microgrid and hybrid AC/DC microgrid, DC
type has the advantages in terms of system efficiency, reliability, and cost. Nevertheless,
various issues such as its protection system, architecture design, control strategies, stabi-
lization techniques deserve tremendous research efforts. This paper has particularly re-
viewed several critical issues regarding DC microgrid in residential applications, includ-
ing its architecture design, communication technologies, control structure and EMS clas-
sifications.

Concerning its architecture, the DC bus level of 380-400 V has been considered as an
appropriate voltage level for the common DC bus considering the different voltage levels
and power ranges of residential appliances. However, different DC voltage standards
may exist in the future microgrid to further improve the system efficiency and reduce the
power conversion stages. The communication technologies have also been briefly dis-
cussed, including both wired and wireless technologies. Compared with the dominated
wired technologies, the wireless type has demonstrated more interests due to their low
deployment cost, high flexibility, and low power consumption. As illustrated in the dis-
cussion part, the ICT part will be essential to construct modern and smart microgrids.
Tremendous effort is still needed in the future.

Particular attention has been paid to the EMS issues in the tertiary level specially for
residential applications. Two major categories have been summarized, including classical
and artificial intelligence methods. According to the literature research, classical methods
have been majorly applied for solving optimization problems. Iterative algorithm, linear
programming, mixed-integer linear programming, stochastic and robust programming,
and model predictive control in this category have been briefly introduced. Artificial in-
telligence methods, including fuzzy logic, neural network, evolutionary computation
methods together with multi-agent system, have gained a popularity for the multi-objec-
tive energy management of microgrids. In this category, advanced techniques are used to
solve single-objective optimization (SOO) and multi-objective optimization (MOO) prob-
lems. In general, they are more flexible and efficient in dealing with complex optimization
problems. In addition, in recent publications, the predictive functions on future energy
generation, low demand and energy market variation and so on have been integrated into
the EMS. Health management strategies (HMS) considering the degradation cost and the
reliability of each component have also been integrated into the EMS objective functions.
The interaction of EMS and HMS could be an interesting research direction to guarantee
an efficient and reliable operation of DC microgrids.

Some existing software tools have also been listed, such as HOMER, i-HOGA and
TRANSYS, which could be interesting for residential end users due to their good inter-
pretability. Final analysis has been done based on several examples of DC microgrids for
residential applications including the system elements with their types and power levels,
and the controlling objective of each part and the overall EMS. They could provide some
concrete examples for future designers of DC microgrid for residential applications.
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