

  smartcities-06-00079




smartcities-06-00079







Smart Cities 2023, 6(4), 1690-1718; doi:10.3390/smartcities6040079




Review



DC Microgrids: A Propitious Smart Grid Paradigm for Smart Cities



Shriram S. Rangarajan 1,2,*[image: Orcid], Rahul Raman 3[image: Orcid], Amritpal Singh 1, Chandan Kumar Shiva 4, Ritesh Kumar 4, Pradip Kumar Sadhu 3, E. Randolph Collins 2,5 and Tomonobu Senjyu 6[image: Orcid]





1



Enerzinx India Private Limited, Velankani Tech Park, Electronic City, Bengaluru 560100, India






2



Department of Electrical and Computer Engineering, Clemson University, Clemson, SC 29634, USA






3



Department of Electrical Engineering; Indian Institute of Technology (ISM), Dhanbad 826004, India






4



Department of Electrical and Electronics Engineering, S R University, Hasanparthy, Warangal 506371, India






5



College of Engineering, Western Carolina University, Cullowhee, NC 28723, USA






6



Department of Electrical and Electronics Engineering, Faculty of Engineering, University of the Ryukyus, Okinawa 903-0213, Japan









*



Correspondence: shriras@g.clemson.edu







Academic Editor: Isam Shahrour



Received: 31 May 2023 / Revised: 25 June 2023 / Accepted: 29 June 2023 / Published: 3 July 2023



Abstract

:

Recent years have seen a surge in interest in DC microgrids as DC loads and DC sources like solar photovoltaic systems, fuel cells, batteries, and other options have become more mainstream. As more distributed energy resources (DERs) are integrated into an existing smart grid, DC networks have come to the forefront of the industry. DC systems completely sidestep the need for synchronization, reactive power control, and frequency control. DC systems are more dependable and productive than ever before because AC systems are prone to all of these issues. There is a lot of unrealized potential in DC power, but it also faces some significant challenges. Protecting a DC system is difficult because there is no discrete location of where the current disappears. DC microgrid stability that is dependent on inertia must also be considered during the planning stage. The problems that DC microgrids have include insufficient power quality and poor communication. The power quality, inertia, communication, and economic operations of these value streams, as well as their underlying architectures and protection schemes, are all extensively discussed in this paper. This review paper examines the pros and cons of both grid-connected and isolated DC microgrids. In addition, the paper compares the different kinds of microgrids in terms of power distribution and energy management agency, such as the prerequisites for a DC microgrid’s planning, operation, and control that must be met before state-of-the-art systems can be implemented.
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1. Introduction


DC microgrids have become increasingly important in recent years due to the increasing sophistication with which they can integrate various energy storage systems like batteries and supercapacitors, as well as the increasing use of solar photovoltaic (PV) and fuel cell power, among other DC loads [1,2,3,4]. The flexibility of DC microgrids to support a variety of DC loads is another factor contributing to their growing popularity [5,6,7,8]. Harmonics, frequency control, synchronization, reactive power control, and other controls are not necessary with DC microgrids [9,10,11]. When multiple distributed generators, such as photovoltaic, wind, or fuel cell generators, are combined with loads and energy storage systems on a single DC bus, voltage regulation and power distribution become more challenging [12,13]. Figure 1 shows the basic architecture of a DC microgrid.



For DC microgrids to operate safely and reliably, multiple control strategies are needed. Control can be centralized, decentralized, distributed, multi-level, or hierarchical, among many other possible configurations [14,15,16,17,18]. Cooperation between operation and control algorithms is critical because optimal DC microgrid planning has consequences for both [19,20,21,22,23]. The current literature does not provide a thorough examination of DC microgrids. The construction, functionality, or administration details in the current literature are minimal [24,25,26,27,28]. There is a summary of research on DC microgrids’ design, administration, and rules [29,30,31,32,33,34,35]. Figure 2 shows the different objectives reported in literature related to microgrids [36,37,38,39,40,41,42]. As fossil fuels are used up, the importance of implementing RES has skyrocketed in recent years. However, there are a few technical hurdles that must be overcome to successfully integrate RES on a large scale [43,44,45]. According to the International Renewable Energy Agency, RES will provide for the energy needs of 66% of the world’s population by 2050. Solar and wind power are two of the best RES options because of their low generation costs and MPPT capability [46,47]. With RES, the challenges of directly connecting to the grid are made more difficult by the resources’ innate unpredictability. Direct connections to the DC bus from solar PV and other DC power generators are made possible by DC microgrids [44,45,46].



DC microgrids are quickly replacing AC microgrids as the preferred microgrid technology, particularly as more and more electronic loads and renewable energy sources are integrated into the grid, as they eliminate the need for reactive power control, synchronization is unnecessary in islanded mode, and frequencies and harmonics do not interfere [48,49,50]. In addition to being completely unacceptable, frequency or harmonic interferences are also not acceptable. There are two types of direct current microgrids, and they are grid-connected and island systems, respectively. Using renewable energy sources (RES) in a DC microgrid’s design or as its primary source of energy supply can reduce the microgrid’s environmental impact [51,52]. Integrating renewable energy sources into DC microgrids, however, reduces reliability because of the sources’ inherent unpredictability. DC microgrids often incorporate fossil fuels such as gas or diesel to smooth out the variability of renewable energy sources [53,54]. Poor management can reduce DC microgrid efficiency. DC microgrids benefit from several energy storage systems, but they complicate control. The supercapacitor and battery can store energy for later use. DC microgrids require complicated bidirectional controller architectures due to battery pack and supercapacitor energy and power densities [55,56]. DC microgrid research focuses on voltage management and power allocation between sources and loads. DC microgrids can easily implement standard droop control without a communication link. Poorly calibrated droop controller parameters can fluctuate DC bus voltage and current distribution. Hierarchical command and low-bandwidth communication can prevent droop control issues [57,58]. DC microgrid controllers must consider battery and supercapacitor SOC. Designing droop controllers requires a distinct approach due to the SOC’s effects. Droop parameters are unpredictable, making ESS output power management unfeasible. DC microgrids, whether connected to the grid or operating independently, will face active power flow interruptions, requiring controller reevaluation [59,60]. DC microgrid software optimization requires coordinated hardware and software control. Due to electrical supply and demand cycles and renewable energy’s volatility, this is critical. Coordination improves DC microgrid resilience in the face of uncertainty, load demand changes, and power generating failures [61]. DC microgrids optimize maintenance and electricity costs through numerous ways. Linear programming, robust optimization, and mixed-integer linear programming work [62]. Several device-level control schemes balance load and generation by regulating DC bus voltage. Economic dispatch (ED) and unit commitment (UC) examine generating unit availability, power demand, and power generation cost to maximize profits and reduce losses [63]. This method maximizes earnings while minimizing costs. In a grid outage or electricity price spike, the grid operator can signal islanded mode. DC microgrids must seamlessly switch between grid-connected and islanding modes for efficiency. Direct current (DC) microgrid protection, utilization, and management have been studied recently. This article examines DC microgrid management and stabilization approaches. This article examines microgrid topologies for applications. This report also stresses DC microgrid security’s necessity. This work briefly discusses planning, economic operation, unit commitment, economic dispatch, and reserve management. The system needs these two fixes. DC microgrid protection and control are discussed in a few clusters, but no research has been done on their design or management. This article surveys DC microgrid design, operation, and control approaches and discusses the problems that must be handled given the intensity of the issues. All organizational structures—horizontal, vertical, lateral, and top-down—are examined. We also discuss ideal planning solutions for DC microgrid issues. Strategy-management combinations will be discussed. Recent studies agree that innovative technology is needed to solve functionality gaps. Professors and business tycoons have debated these concerns. More research is needed to produce high-efficiency DC microgrids.



Power from the old grid must be transmitted and distributed to homes and businesses. Even wealthy countries like India have transmission and distribution network losses [64]. Distributed generators and small power plants meet the rising electrical demand in densely populated areas. Environment, economy and society benefit greatly. Reduced transmission losses, uniform grid voltage, fewer points of failure, and fewer failures increase system efficiency.



Maximizing output and minimizing costs maximizes profits. It requires less infrastructure than the electrical grid. Distributed generating is needed due to rising electricity demand and environmental concerns. Microgrids are better than standard grids in managing loads, DERs, and storage [65]. Microgrids are small, decentralized power systems that can run independently or with the power grid. Microgrids minimize national grid demand and lower energy bills. Microgrids are near load centers and allow two-way electricity flow [66,67]. Most distributed generation (DG) systems now use storage and offer DC power to their loads, making DC microgrids more attractive. As more RE sources are added to the grid, the system’s rotational inertia diminishes because Power Electronic Converters (PECs) do not contribute any. More PECs would not fix the system’s inertia issue, which threatens stability. This makes converter control harder [68].



DC bus voltage changes cause unexpected tripping and load shedding. To sustain inertia, batteries, supercapacitors, and flywheels must be integrated. Batteries power many microgrids. The integrated battery system must operate between over-charging and under-discharging modes, while considering ownership cost, battery capacity, and upkeep, linking microgrids to reduce battery load, and connecting neighboring microgrids to improve energy storage and discharge efficiency [69]. The report examines all DC microgrid pros and drawbacks. This paper’s remaining sections follow this format. This article discusses DC microgrid problems, communication issues, operational and control expenses, and protective strategies. DC microgrid configurations and power quality (PQ) and inertia are examined. Direct current microgrid research seems promising. End-use scenarios determine DC microgrid topology. The microgrid needs robustness, flexibility, and dependability. Microgrids with storage devices directly attached to the main bus are the most reliable industrial design. Battery banks store energy. Cellular and off-grid power sources use this setup. Directly connecting storage devices avoids converter issues. Multiple PECs simplify voltage control and increase system versatility. Thus, DC networks with transformers, bipolar networks, DC grids with redundant bus topologies, etc. have been proposed [70,71]. Edison invented direct-current incandescent light bulbs in 1878. He built the first commercial power station in 1882 to power the area. Before George Westinghouse built the first commercial AC power station in 1886, DC power plants generated most building electricity. AC demand skyrocketed after Edison’s rival Nikola Tesla licensed his AC induction motor to Westinghouse in 1888 [72].



AC power can be changed to higher voltages to power distant structures cheaper than DC power, which must be generated close to usage. Westinghouse’s AC electricity replaced Edison’s in 1892. The US developed more AC power plants and transmission lines in the early 20th century, establishing enormous regional AC power grids that are still in operation [73]. Direct current and smaller power grids disappeared as alternating current expanded. Due to frequent power outages, US municipalities are actively exploring sustainable, resilient, and locally integrated power sources. DC microgrids are now feasible energy sources again. DC microgrids may operate independently from the power grid since they generate and utilize DC power. DC microgrids use renewable energy sources like solar panels, fuel cells, and wind turbines, storing excess electricity in batteries. Computers, cell phones, and LED lights may immediately consume DC power from a DC microgrid [74].




2. Pros and Cons of a DC Microgrid


2.1. Sustainability and Tenability


The carbon footprint of direct current (DC) microgrids is smaller than that of alternating current (AC) microgrids. The fact that DC microgrids can operate autonomously from the main power grid is an eco-friendly feature. Owners have more leeway in achieving sustainability goals when they control all aspects of energy production, distribution, and use in their buildings. Instead of buying electricity from power plants miles away, which are likely to burn fossil fuels to produce electricity, building owners with this degree of control can generate their own DC power from renewable sources like solar panels and wind turbines. DC microgrids allow for decentralized power generation, which can reduce emissions from power plants by as much as 6 percent. A DC microgrid can save an additional 10% in energy costs by reducing the need for inefficient AC/DC and DC/AC conversions since DC power is already being generated and used [75].




2.2. Credibility


A DC microgrid is a crucial power layer for ensuring reliable electricity to buildings and infrastructure. DC microgrids are unique in that they can “island,” or operate separately from the main power grid while still meeting local demand. This is a backup system in case of a natural disaster or severe weather that knocks out the main power grid. DC microgrids can operate independently from the grid in the event of a blackout, making them more reliable than the conventional AC system. Despite the widespread use of air conditioning, there are still miles upon miles that are inadequately protected from the elements. However, a DC microgrid can be safer from the elements and natural disasters due to its smaller size [76].




2.3. Integration


DC microgrids are the most efficient and dependable way to power a smart building. “Smart buildings” have emerged because of a growing awareness among businesses of the importance of providing safe, comfortable, and productive work environments for their employees. Sensors, lights, screens, and other Internet of Things (IoT) enabled devices are utilized in smart buildings to increase comfort, safety, and efficiency for the building’s occupants. A Power over Ethernet (PoE) network can be installed to supply electricity and data to each of these devices. Since power over Ethernet only needs a small DC voltage, a DC microgrid is the most effective way to generate electricity because no AC/DC conversions are needed inside the structure. DC microgrids can also be used to connect to the network in a smart building. Connecting power plants to a smart building platform allows facility managers to better distribute power to devices while cutting down on waste. The DC microgrid can be monitored by the facilities manager, who is responsible for ensuring that the building and the business have sufficient energy [77].



There are a lot of factors contributing to microgrids’ rising popularity. Using both conventional and renewable energy sources is an advantage. Second, having them in place protects you from service interruptions due to things like a broken central power system or an act of nature. This makes them a viable option in extremely severe climates. In conclusion, microgrids can save costs significantly. Standard practice for conventional power grids is to employ alternating current (AC) distribution systems. However, for distributed renewable DC generation and storage systems, this is not the most efficient or adaptable network configuration. In addition, most electronic loads can be supplied directly via DC networks. Rectifiers are commonly used by electronic loads to change the alternating current (AC) from the power grid into the direct current (DC) required by the load. Including these rectifiers raises the price and decreases the efficiency of the load. The DC network backbone has been utilized by numerous application types. Some studies have shown that by implementing such systems, an organization’s output can rise by as much as 18%.It is not out of the question that DC microgrids will end up being more dependable than AC ones. The bipolar structure can nevertheless contribute to grid operation, as was previously indicated. The following table summarizes the many advantages of this network design in comparison to AC networks [78].



Most of the electricity generated by distributed generators is delivered in the form of direct current (DC). The role of storage systems in connection to distributed and renewable energy generation can be well appreciated from the wide popularity of battery banks and supercapacitors in the DC microgrids. By removing the need for a new DC/AC converter, these generators can help boost system efficiency. Since these storage systems (like batteries) typically produce and receive DC power, they can be directly integrated into the distribution system, which in turn improves system efficiency. This is because DC voltage sources often power electronic loads, allowing them to be directly linked to the distribution grid-like generators; electronic loads can be directly connected to the distribution grid-like generators. The predicted rise in the number of electric vehicles connecting to the grid needs more rectifiers to generate the direct current voltage needed by most loads [79]. By eliminating the power quality issues that plague AC systems, the ability to directly connect electric vehicles to the grid is good news for system efficiency. As far as system efficiency goes, this is great news. There is no need to synchronize with the utility grid or reactive power in a DC microgrid, and the skin effect is eliminated because the entire current flow travels via the distribution cable rather than being concentrated at one point. There is also no requirement for grid synchronization or reactive power. Consequently, losses can be decreased by using shorter stretches of cable, and dependability can be improved thanks to the high capacity to operate in island mode.



An alternating current (AC) bus system connects the microgrid’s generators and users. AC microgrids typically include renewable energy sources and conventional power generation technologies, such as engine-based generators. These distributed power plants coordinate using an alternating current (AC) bus and a battery energy storage system (BESS). Renewable energy sources such as solar panels, windmills, etc. produce DC power. This output can be used to generate AC power via power electronic-based converters. They are flexible since they can operate alone or in conjunction with more traditional forms of energy generation [80].



The convenience of utilizing a transformer with motors and other alternating current loads makes AC microgrid flexible. The microgrid’s reliable AC electricity is ideal for running this machinery and the need for an inverter is not there for AC loads. Power protection technologies that were both efficient and affordable increased the reliability of AC loads. But there are drawbacks associated with AC microgrids like the reduced efficiency of conversion. The cost of an adapter (particularly a DC-AC one) can add up quickly. Instabilities in frequency, voltage, and other areas of regulation are possible. Machinery that functions best with a constant current can suffer from power fluctuations. The transmission efficiency is also less compared to DC counterparts [81].



Although switching to DC microgrids may have some positive outcomes, it also comes with some serious drawbacks. One major concern that could slow the spread of this technology is the need for additional fees. Changing the minds of individuals and investors can be difficult, therefore a new viewpoint is essential. It has been argued, however, that DC microgrids necessitate the usage of a DC load converter or another adapter. However, due to the widespread adoption of electronic loads, it is now feasible to use this type of AC load in DC outlets. If we allow consumers to use their electronics with both AC and DC power outlets, we can reduce expenses and win over more backers. Whenever alternating current (AC) powered appliances or devices are plugged in, a rectifier converter, also known as an AC to DC converter, is typically required [82]. The AC devices can still function since the rectifier allows DC electricity to be sent into the circuit. The voltage of the DC microgrid that will power homes (and perhaps other applications) depends on this data. Many electronic devices, for instance, have an AC voltage between 100 and 240 VRMS. This suggests that the DC microgrid voltage should be raised over the threshold. When it comes to safety, however, bipolar DC microgrids can be quite intriguing because they allow for a reduction in the pole(s)’ voltage level, making it possible to employ voltage levels between 50 and 120 V.



DC microgrids are like AC microgrids in their fundamental working principle. One of the most notable distinctions is the use of a direct current (DC) bus network to link the distributed generators and loads, rather than an alternating current (AC) one. These DC buses typically operate between 350 and 400 V of electricity. To meet the low-voltage requirements of electronic loads, the main DC bus can be subdivided into multiple lower-voltage buses [83]. The use of high-voltage gain DC-DC converters in DC-type microgrids simplifies the connection of low-voltage power sources like solar modules (which typically operate between 20 and 45 V). As a result, connections between power sources of varying voltages are now feasible. These converters can be sorted into different categories according to the amount of power or voltage gain they provide. As a result of their more efficient energy conversion, they are perfect for running increasingly complicated electrical equipment. Cost-effective converter systems that can offer advantages beyond the monetary savings offered by renewable energy sources are needed. When there is no reactive current in the circuit, transmission efficiency is maximized. Improved dependability of electricity service to rural areas is possible in the case of a DC microgrid. Due to the low current requirements, smaller cables can be used even when greater voltages are being used. Using efficient, simple, and straightforward approaches to regulate parameters including frequency and power consumption, in addition to synchronization, harmonics, and reactive power [83,84].



But on the other hand, DC microgrids may be insecure due to immature power protection systems, especially in locations with sensitive electrical loads. One potential obstacle to the broad use of such systems is their relatively high cost of entry. Compared to their AC counterparts, DC microgrids are less frequent. When there are more AC loads, they are less likely to work together. Without reactive power sources, voltage drop problems are more likely to occur, especially in bigger systems. Due to the current infrastructure that must be modified, switching from AC to DC is a more difficult and expensive procedure [85]. Table 1 presents a comparison between an AC Microgrid and a DC Microgrid.





3. Topology of DC Microgrid Infrastructure in Smart Cities


A microgrid with DC (direct current) infrastructure, DC (direct current) end devices, and DC (direct current) battery storage would be complete with DC (direct current) power generators like solar panels. According to the IEEE 2030 standard, a smart grid infrastructure includes the amalgamation of several domains and one such domain includes the DC grid as an essential element in smart cities. Problems are inevitable because of the power grid’s age and increasing fragility. There is a serious threat to the supply of energy to buildings and their occupants in the future, and the time to prepare for this has arrived. The numerous environmental, economic, and societal benefits of DC microgrids make them the obvious choice for the future of global electricity generation.



3.1. Topology with a Single Bus


The simplest microgrid architecture is the single-bus topology. All of the system’s sources, loads, storage devices, etc. will connect to a central bus via various converters. Figure 3 shows the basic architecture of a single bus DC microgrid.



Devices for storage can also be attached directly. Bus voltage fluctuations due to changes in battery current and SOC renders this design unstable, despite its sturdy build. Because of the converters, voltage regulation can be simplified and made more adaptable, improving the system’s overall efficiency. As shown in Figure 1, the battery is connected to the DC microgrid via a PEC. But there are challenges, like designing the control circuits or supplying multiple units from a single bus in a network.



The system’s dependability and adaptability can be enhanced by switching from a single-bus topology to a multi-bus topology with multiple voltage levels. To boost the system’s efficiency, designers are considering using a multi-bus architecture DC microgrid, as seen in Figure 4 in comparison instead of a single bus architecture as in Figure 3. Several options for determining which bus should be used to link the load are presented. In a microgrid cluster, each microgrid can act as an injector or an absorber during periods of surplus or deficit. The system’s many parts complement one another and can be operated independently if necessary [86].




3.2. Topology of Reconfigurability


Because of the unpredictability of RES, many different reconfigurable architectures have been proposed for DC systems. To ensure system reliability, the DC systems are linked to more traditional AC ones. There are a variety of ways to classify the systems’ shared interface.



Moreover, multi-bus topology which is shown on Figure 4 also has wide popularity due to its outspread coverage over a wide range of applications.




3.3. Radial Topology


An AC/DC terminal interface sets this setup apart. Just one path exists for electricity to reach the load. The radial layout of the DC microgrid is shown in Figure 5. As was previously mentioned, the configuration may employ zero, one, or more buses. Whether a radial arrangement is a series or parallel depends on the circumstances. Parallel radial type architecture has largely replaced series radial type in recent years due to its superior flexibility and ease of isolating faulty sections. Using a central bus to distribute power adds a great deal of complexity to the design. This setup is preferred for low-voltage applications like residential loads because of the low distribution losses [87].




3.4. Ring or Loop Topology


The main advantage of a ring topology over a radial configuration with a single path for power flow is the availability of multiple paths, both at the customer and grid interface. Figure 5 shows the basic structure of a ring or loop topology-based DC microgrid. The malfunctioning component of the system can be cut off at the switch thanks to an integrated (Intelligent Electronic Devices) IED. In the event of a blackout, the DC component of the system is cut off from the power source.




3.5. Interconnected Topology


To increase system dependability, interconnected systems guarantee the DC microgrid always has access to at least one AC supply. Both mesh and zonal architectures can be used to build a connected topology. A mesh-like architecture for high-voltage DC systems is much more reliable in operation than in previous configurations. When there are multiple AC feeders in a mesh-type system, the impact of a fault is mitigated. The problem bus can be isolated with the help of this handshake procedure. Many methods for analyzing DC systems with several outputs are detailed. The second layout, a zonal layout, is frequently used for integrated power systems on ships. Zoning allows for multiple options for supplying power to the load. The load can receive power either all at once from multiple buses or in a series from a single bus. There may be several buses capable of transporting passengers, so the bus selection method is used to narrow the options. When necessary, buses can switch their loads with one another. Figure 6 depicts a typical zonal DC microgrid design. Energy sources, converters, loads, and energy storage devices are all part of the system, which is divided into zones. By using multiple switches, power can be cut off to the faulty components while the rest of the system continues to operate normally [86,87]. This system is more reliable than mesh-based ones, but it is more difficult to implement. There has been a dramatic increase in the use of DC power in everyday consumer goods since the advent of the electronic revolution. DC systems now have a wide variety of modern applications, including common loads, data servers, communication systems, etc. For these systems, maintaining a stable bus voltage despite variations in load or generation is of utmost importance. In recent years, the use of supercapacitors to smooth out DC bus voltage fluctuations has grown in popularity. To avoid using multiple output capacitors at various sources and storage devices, a supercapacitor-based DC microgrid architecture is developed and depicted in Figure 6. The bus voltage will remain stable in this setup regardless of external conditions [88,89,90,91,92].





4. Selection of Network Topology


Significant changes to the conventional distribution network are necessary to accommodate energy storage systems (ESS), distributed generation (DG), electric vehicles (EV), constant power loads (CPL), and renewable energy sources (RES). Many of the problems that plague traditional distribution networks can be resolved by integrating DC or hybrid DC/AC microgrids into the networks themselves. However, DC microgrid structure and topology design play a significant role and present a big challenge to the planning process. Plans are created for the construction, operation, and management of a DC microgrid. The novel idea of a net-zero energy building (NZEB), which drastically lowers carbon emissions and fossil fuel consumption, is made possible by DC microgrids. Considering the topology of massive DC microgrids is essential for the effective integration of renewable energy sources on a massive scale. To work with DC bus voltage, it is intended to implement a hybrid ESS based on an active topology. To avoid overcharging the ESS and maintain a steady bus voltage, a DC dump load is wired in series with the DC bus. A radial DC bus can connect a microgrid’s components, including lead-acid batteries, biodiesel-powered diesel generators, residential and commercial loads, and renewable energy sources. The best qualities of DC and AC microgrids are combined in a hybrid DC/AC microgrid. To increase overall efficiency, this type of topology connects DC and AC loads to separate but complementary DC and AC grids. Another benefit is that electric vehicle charging stations can be hardwired into the DC bus. Therefore, selecting a topology for a DC microgrid is a crucial planning phase that has consequences for both operation and control [93].




5. DC Microgrid Functionality


Microgrids need a unit commitment to schedule available producing units at each time interval due to factors including distribution network ancillary service availability, demand predictions, market price signals, and the availability of renewable energy. When microgrids try to maintain grid connectivity while lowering the cost of generating electricity for all loads, the “unit commitment problem” occurs. This approach to solving the unit commitment problem is more realistic than the usual one because it does not rely on any prior knowledge of RES and load. Heuristic optimization techniques can be used to solve the day-ahead unit commitment operation of microgrids, cutting down on operating costs and carbon dioxide emissions while distributing power to various units. Congestion can also be effectively eliminated using this method by optimally scheduling various units in response to congestion signals. Unit commitment strategies range from probabilistic and PSO to stochastic and mixed-integer linear programming. However, progress in this area would be facilitated by developing a hybrid unit commitment approach that combines several different approaches [94].



5.1. Economic Dispatch


Economic dispatch is a method for meeting load demands in a microgrid at the lowest possible cost after a new unit has been added to the grid. To account for probable delays in communication lines, the distributed economic dispatch (ED) issue was devised for DC microgrids. We made up an ED problem as an excuse to go on the hunt for savings opportunities elsewhere. To maximize system-wide cost efficiency, designers of microgrids and other distributed energy systems must consider generation costs to accommodate fluctuations in demand. This is because the ED for generating electricity accounts for transmission losses and the optimization problem considers the power flow model. Full decentralization of economic power dispatch is advocated for DC microgrids to improve scalability, reliability, and cost-effectiveness. To achieve a continuous dynamic model with a solution like the decentralized economic dispatch solution, the microgrid control method is employed in the top layer. Data transfer between layers is governed by controllers at the primary, secondary, and tertiary levels. In order to achieve controllability and precision, the ED issue in DC microgrids is typically addressed by a centralized master controller. Online optimal generation scheduling is achieved via distributed control schemes along with consensus algorithms due to the high amount of communication needed by the centralized approach taken by ED [95].



Literature provides a strategy for power scheduling. This approach uses deficit/surplus information from lower level microgrids to strike a balance between system resilience, customer privacy, and operation cost. The assumption made by this scheme—that all DGs within the microgrid is aware of the power mismatch—is unrealistic in totally distributed microgrids, where there is no central communication facility. Poor connections between nodes could also slow down the convergence of a consensus algorithm-based economic solution. The optimum ED in microgrids may be controlled via a droop-based control system, such as an objective function-based droop scheme for monitoring the fluctuation of distributed resources. Microgrid inertia can be nearly eliminated when run in islanded mode by utilizing a wide variety of renewable energy sources [95,96]. Therefore, DC microgrids require sizable reserve power margins. Since photovoltaic (PV) systems cannot add inertia to microgrids in isolated locations, the DC bus voltage control response is slower. Power electronics converters connect wind turbines to the grid despite the inertia of the wind turbines, effectively isolating wind systems from DC microgrids. These drawbacks can be mitigated using DC microgrids that run on renewable energy sources and keep a power reserve by employing an adequate number of energy storage devices. Managed power and charge from multiple ESS and DGs to ensure that DC microgrids always have enough reserve power. Keeping DC microgrids within acceptable operating limits requires vigilant monitoring of the battery state of charge (SOC). Microgrids maintain sufficient backup power by keeping batteries at a constant state of charge. Deloading methods for wind and PV systems are being developed because the cost of energy storage devices as a backup solution for DC microgrids is quite high. These methods involve preventing renewable energy sources, such as wind and solar, from functioning at full capacity. In case of an unexpected increase in power consumption, however, the MPPT point can be used as the new operating point. By working together and finding the optimal solution to a constrained dynamic optimization problem, the total spinning reserve in disconnected microgrids can be maximized. When presented at a single granularity, the optimization problem loses efficiency. We model a microgrid planner whose job is to cut down on expenses in both setup and maintenance. The DSO is at the bottom of the food chain and must ensure that microgrids run smoothly by constantly maintaining an adequate level of power reserve [97].




5.2. Changing between Grid-Connected and Off-Grid Modes of Operation


Microgrids can operate in “on-grid” or “grid-connected” mode, where they exchange energy with the larger power grid. Depending on the signals from the market, microgrids can either inject energy into the grid or absorb energy from the grid. Using unit commitment and economic dispatch, this mode schedules available energy sources to minimize running costs. Disconnection from the grid and autonomous operation of the microgrid is possible due to grid faults such as dips in voltage, short circuits, and faults in the converters. However, sometimes an intentional islanded operation is allowed to allow for routine maintenance on grid-connected converters and associated connecting lines. The rising importance of distributed generation and nonlinear loads in recent years has made control structure increasingly important. Some examples of what a DCMG system aims to control are as follows [98]:




	
Effective regulation of voltage and current in both grid-connected and island modes of operation.



	
Proportional sharing of loads among the DCMG.



	
Stability when subjected to both linear and non-linear loads of varying intensities.



	
Encourage communication and cooperation between ESDs and DERs.



	
Having the power grid synchronized by DCMG.



	
Power control in DCMG and the larger utility grid.



	
Changing between Grid mode and Island mode is completely transparent.



	
Economic dispatching and optimizing generation costs.



	
Benefit from DERs to the fullest extent possible.



	
Reduced transmission loss is a priority.










6. Control Topology of DC Microgrid


Based on the requirement of the control level, the controllers of a DC microgrid could be classified as follows:



6.1. De-Centralized Control


The key to maintaining order is effective communication. There are three distinct approaches to controlling the system, each of which is distinguished by the level of communication it employs. In a decentralized system, there is not a single boss. They depend, however, on a plethora of centralized owners, each of whom likely maintains a duplicate of the services made available to customers. Many different distributed approaches may be used to regulate the outputs of many parallel converters in a DC microgrid. Multiple geographically separated units in a DC microgrid can coordinate effectively through voltage analysis of DC bus variations, especially the common DC bus voltage. This research presents a decentralized control technique to enhance the economic performance of a DC microgrid in grid-linked and islanding modes. In the absence of a microgrid’s centralized controller, researchers have found a cheap technique for power sharing across several autonomous generators [99].




6.2. Distributed Control


As a result of the distributed architecture, data might have several owners. To optimize system performance, users are frequently granted access to additional hardware and software components. The reliability of a distributed system is enhanced because it is protected from the failure of individual components. Through the network connection, all of the dispersed units may talk to one another. Despite its numerous benefits, dispersed control may provide even greater functionality than centralized control. Communication delays and sensor measurement mistakes indicate a failure to properly analyze results and implement suitable settings. The primary drawbacks of distributed control systems are bus voltage volatility, inaccurate power monitoring, and difficult analytical performances [97,98,99]. The basic architecture of DC microgrid having distributed control has been shown in Figure 7.




6.3. Centralized Control


If the microgrid is a DC one and uses a central generator, it has to be controlled from one location. Connected users are the building blocks of this network. The data and profiles of all users are stored in a single, easily accessible database. This data could be associated with a user’s account or with some other piece of user-generated content or data. It is easy to make and explain a unified structure. It is most useful to think of it as a DC microgrid due to the way its power sources and loads are connected (through a centralized controller and an automated communication network). A hierarchical control structure is ideal for a large DC microgrid due to the additional layers of protection it provides. This organizational setup delineates the various levels of management. When compared to centralized control, the reliability of hierarchical-type control is higher because it continues to operate even if the central controller fails. Control mechanisms are necessary for a DC microgrid because of problems with voltage regulation on the DC bus, poor power quality, and uneven load distribution. To address these issues and guarantee some degree of control is maintained in the event of a centralized system failure, it is generally accepted that hierarchical control systems are necessary. Nothing has changed, and it still performs as expected [98,99,100]. The basic architecture of DC microgrid having centralized control has been shown in Figure 8.




6.4. Hierarchical Control


The components and structure of the command structure are graphically represented. The architecture classifies them as either “tertiary”, “secondary”, or “primary” commands. The electrical system regulates the flow of current and voltage. When combined with voltage compensation, secondary control improves current sharing beyond that of primary control [101].



	▪

	
Primary Control







The direct current (DC) microgrid is an essential tool for managing the interaction between generators and consumers. Primary controls include the inner loop and droop. By using an internal feedback loop, the voltage and current may be kept under check. In a microgrid, traditional droop controls are included in the droop mechanism. The droop approach is used to design local controls for the various sources to guarantee the most effective and dependable usage of those sources. The central command is in communication with the local controllers through a low-bandwidth networking system [102].



	o 

	
Droop Control of Primary Control







DC microgrids often use droop control owing to their adaptability. Microgrid DC buses often employ the droop control method to fine-tune amplitude and power distribution. In a DC microgrid, droop control algorithms are used to manage voltage and current droop separately. The effectiveness and reliability of power-sharing at the state of equilibrium were considered as part of a comparison between the current droop control solution and the voltage droop solution. The reference current is created when the DC bus voltage drops, while the reference voltage is created when the load voltage drops. To achieve optimal regulation, a voltage droop control strategy based on the power supply is used. Droop control methods allow for more efficient and equitable regulation of the system’s output power while also facilitating the sharing of this resource. Droop control is a basic control method that enhances the performance of a solar unit and adjusts the unit’s output power without the requirement for complete power measurement. In a power grid isolated from the rest of the world that relies on a wide variety of renewable energy sources, it is essential to not only reduce energy consumption but also to manage load and renewable energy supply. Since droop control for DC systems has no single point of failure and simply needs information about the bus voltage, it is more dependable than other control schemes [103].



	➢

	
Conventional droop control







Power and potential (or potential and current) are used together as the regulating variable in the basic droop control approach. Droop characteristics control methods are used to manage the output voltage of the power converter in a microgrid. Two droop control methods for a DC microgrid with voltage source management were examined for their power-sharing capacities and stability. Each terminal’s injecting current is individually controlled by a DC current controller in response to a readout of the terminal’s voltage in current mode droop control. The terminal voltage is maintained using the current-based potential mode droop power. When using droop control on a DC microgrid, electricity is distributed more evenly as the output current rises, since the voltage relation falls more steeply. However, there are a few things to keep in mind when employing droop control as a decentralized solution for load power sharing. Proportional Integral (PI) controllers average the voltage and current to restore the local DC output voltage and improve the precision with which the load current is split [104].



	➢

	
Advanced droop control







Different droop features are analyzed to boost the system’s efficiency. The inverse droop control architecture is effective in balancing load regulation and cost. Inverse droop regulation is proposed to increase the output voltage [104].



	➢

	
Inverse droop control







Inverse-droop decentralization of control may be useful for modular devices that have input sequence output parallelism. It is feasible to divide responsibilities fairly. The control’s power-sharing properties, such as the way it divides up input and output current, are amenable to both steady-state and transient analysis. Additionally, the usefulness of the performance-regulating feature may be enhanced. This is because the output voltage does not rely on the input voltage [105].



	➢

	
Non-Linear Droop Control







To provide better load sharing and voltage regulation, non-linear droop topology DC systems were designed. The use of variable droop resistance is proposed as an alternative to the more conventional option of continuous droop resistance. The droop resistance value is set by the output current. The resistance to sagging increases as the load is reduced. It does this by increasing load sharing at high loads and enhancing voltage balancing at low loads. This approach does away with a problem with the more common droop technique.



With the advent of non-linear droop control, the traditional tension between voltage management and load sharing has been greatly alleviated. Three distinct non-linear droop control algorithms were conceived of, studied, and created to enhance the precision of current sharing and the robustness of the system. If many droop curves have different droop gains, load sharing could be improved by using a droop curve with a higher degree of polynomiality to match the gains. Polynomial droop gain methods have proven to be the most reliable for voltage regulation. The polynomial droop curve method provides reliable voltage management and effective load sharing over a wide range of situations [105].



	➢

	
Dead Band Droop Control







The significant breakthrough mandated the “offline” mode of operation for lithium-ion rechargeable batteries due to the dead-band droop characteristic of these batteries. The need for charging and discharging is reduced by operating in a floating or standby mode. Control mechanisms for battery-based energy storage systems can be calibrated to the system’s nominal value via droop control. The adaptive droop function of the energy storage system minimizes dead band failures and reduces unnecessary switching noise, both of which contribute to greater device stability [106].



	➢

	
Adaptive droop control







Primary controllers can respond quickly and independently to faults, changes in load, and other disruptions when using an adaptive droop system. Power optimization at the main control layer requires an adaptive droop method that allows for local controllers to work effectively and dynamically in the face of disturbances like failures, changes in load, and variations in external conditions. Reference voltages allow for finer-grained regulation of power distribution to accommodate users with varying priorities for resource conservation and efficiency. Because of it, the voltage is consistent, and the loads are evenly distributed. Voltage reference points are modified by a control hierarchy to maximize efficiency. It helps with power regulation and load balancing. Responsibility will be removed by appointing a new leader to this position. The voltage and power distribution can be fine-tuned with greater precision by adjusting the continuous droop as opposed to the smaller or larger droop controls. The gain of the droop is enhanced by increasing the current-sharing output of the analog circuit. To counteract the higher droop gain, the voltage is stepped up at regular intervals. With droop gain, you can rest assured that the voltage and current will be distributed properly. Droop gains are load-dependent and are updated in real-time [105,106,107].



	➢

	
Inner Loop







The inner loop does the work of rectifying the DC current and converting it to another form. In many AC to DC converters, the current controller is situated on the loop side. Since the current controller’s output current is the most stable in relation to the reference and it quickly converges to the point of equilibrium with the power factor at unity, it can be used to generate a pulse-width-modulated switching signal. Keeping the current controller in place is the best bet for expanding the system’s capabilities. There are two distinct control modes for a DC/DC converter: voltage control and current control. The DC/DC converter can serve as both a voltage reference and a voltage source by entering voltage control mode. When the converter is set to control current or power, it functions as a regulated power supply.



	▪

	
Secondary Control







In DC microgrids, the primary controller is insufficient because of the grid’s poor voltage regulation and power distribution. When dealing with large line resistances over extended feeds, it has been found that the primary controller is particularly useless. This is why numerous controllers are employed in the hierarchical method. Any of the primary controllers could serve as the secondary controller in this setup, with the latter’s responsibility being to supply the former with voltage and current reference signals. Reliability, power sharing, voltage management, and power quality can all benefit from reference signals provided from the secondary controller to the primary controller. Since the secondary controller assumes that all loads are in a single location, it can maintain a consistent voltage throughout the system. A centralized controller keeps tabs on the DC bus voltage and reports back to the voltage regulators. Some people have doubts about the stability and dependability of the controller’s central communication link to the devices it controls [108]. As a result, some tertiary controllers resort to distributed control. This method is used for inter-converter communication by sending predetermined bus voltages to nearby converters. When the primary controller fails, the secondary controller takes over. It is demonstrated that secondary controllers can be constructed from the standard voltage and current. The data are collected by average current and voltage controllers, which then use it to make more informed decisions about current and voltage. Larger voltage swings due to mismatched line impedance make droop management unfeasible for DC microgrids using extended DC cables. We propose a consensus-based technique for a distributed secondary controller to replace the conventional droop control. In addition, the hierarchical approach employs the decentralized controller as a supplementary controller. The advantages of a decentralized controller over a centralized one are more efficiency and less complexity. Its primary function is to manage individual converters based on data collected in the surrounding area. The distributed method may be simple to build for the secondary controller, but it could compromise performance if the error correction term provided is insufficient [109].



	✓

	
Centralized Control







A DC microgrid serves as the foundation for the centralized controller that establishes connections between the data network and the input sources and loads. The voltage of each module can be regulated independently in its totality by means of network communication with a master controller. Control systems that are very complicated are necessary for power and energy management in microgrids that receive a considerable percentage of their power from solar panels [110,111]. This is because microgrids with this type of power generation structure are more difficult to control. The suggested technique incorporates not only a hierarchical control structure but also three distinct levels, which allows for load balancing and regulation of the voltage as well as components of the system. When used in the process of secondary voltage regulation, the utilization of a PI controller makes it possible to forestall the occurrence of voltage droop. The reference provides further command and control over the signaling that is executed on the bus of the DC microgrid on an islanded mode [112].



	✓

	
Decentralized Control







Indicators at the regional level are used to coordinate rules in decentralized systems. When connectivity between the various sources is not necessary, adding a centralized controller to the device can further improve its ability to carry out its functions. During the secondary control stage, the proportional controller will make the necessary adjustments to account for the impedance effect. Multiple control devices are dispersed across a region to perform computations and transmissions. Using approximation gain to eliminate line impedance is necessary for ensuring uniform power delivery. Each module’s individual reference voltage is taken into consideration by means of a forward feed term. A separate voltage controller for figuring out the load current is not required if the bus voltage and the load current are well-matched. The microgrid supplies electricity to multiple connected loads. Since this load provides energy to all other loads, it is essential to monitor the current flowing through it [113,114].



	✓

	
Distributed Secondary Control







Without a central command and control node, dispersed methods are still recommended. As a result of taking this course of action, the gadget can continue to operate correctly even if certain lines of connection are suddenly cut. In contrast to centralized control, only accessible variables are present during direct information transfer between local controllers. Because of the inability to coordinate between the two groups. Access to the monitoring data is restricted. To address this issue, we employ DC bus signaling, shared current and voltage, and cooperative problem-solving [115].



	✓

	
Voltage Current Sharing Control







To regulate the current and voltage, a PI controller is employed, but this time with enhanced droop characteristics. When a load is increased, the resistance of all droop lines shifts in the same direction, so the inaccuracy of the lines is reduced. Due to the effort necessary to calculate the average current and detect the shift gain, the three PI controllers may be cumbersome to deploy as a supplemental control tool. Distributed control methods can be used to determine the overall amount of energy (in kilowatt-hours) stored in the batteries. The average current controller allows for fine-tuning of the droop gain. Due to the voltage loss that occurs when compensating for shared loads, a unified compensation strategy is recommended. The secondary control system will often boost the droop gain to keep the power constant. To perform distributed secondary control with a low-bandwidth communication link, it is recommended to use a primary controller and an average control signal derived from measurements [116].



	✓

	
DC Bus Signaling







Using a DC bus and a distributed control signaling technique, solar energy can be stored for later use. Voltage bus signaling, which acts as an information carrier, regulates the transition between modes. Constant-voltage operation and peak-power tracking can be attained with the help of modular DC converters, which control the voltage of the DC bus [116].



	✓

	
Synergistic Control







The optimal voltage can be achieved by activating the cooperative control mechanism. Instead of using a conventional current and voltage regulator, a loop droop is used to fine-tune the voltage and current levels of the shared load. Decentralized control systems are required for voltage regulation on a DC microgrid bus. This is crucial in finding a happy medium between energy storage and a distributed controller. To achieve optimal current distribution, a microgrid-based hierarchical distributed control scheme combined with negative current sharing is used. To regulate the operation of several distributed generators, a microgrid employs a consensus mechanism. Distributed generation in a microgrid uses a consensus-based distributed control system to keep data in sync. Voltage and power quality can be precisely controlled by using a DC electric spring in a DC microgrid. To distribute energy among the various batteries and ultra-capacitors in a direct current (DC) microgrid without a centralized controller, a multi-cooperative control technique is used. A cooperative control technique is utilized because of the frequent failure of both the converter and the communication network. Advantages include lower voltage, current, and thermal strains [116,117].



	▪

	
Tertiary Control







To put it simply, the main control in a hierarchical control architecture does not have access to the secondary controls or vice versa. The DC bus voltage will be controlled and shared across the microgrid systems. Secondary control will use droop control of lower bandwidth communication to correct any voltage fluctuations. A centralized controller will be unable to regulate power flow if there is a significant voltage difference. A distributed controller is employed to address the problems. Third-level control strategies in microgrids gather data on generation and loads and use that information to run the grid efficiently and economically. While linked to the mains, it will keep tabs on the microgrid’s resources and regulate them to keep costs down [118].



DC microgrids require careful planning and management due to the many factors involved in their creation and maintenance. Inefficient DC microgrid planning, on the one hand, has a major impact on the operation. In contrast, the strategy’s implementation significantly affects the microgrid’s dependability and stability. DC microgrids can either operate autonomously or link up with the larger electrical grid. Strategically situating generating units that are visible and load may boost system dependability in a disconnected DC microgrid caused by a fault, voltage fluctuations, or other disruptions to the main grid. During the design phase of the microgrid, initial costs, ongoing operational and maintenance costs, and planned outages must all be accounted for. To calculate the return on an investment over a year, one uses an annual rate, while for a shorter time frame, one uses an hourly rate. The reliability index determines the total amount of money that is expected to be spent on increasing reliability over the planning horizon. Microgrids use a wide variety of generation mixes, including photovoltaic (PV) panels, wind turbines, fuel cells, supercapacitors, batteries, direct current (DC) loads, intelligent loads, and EV chargers. The microgrid plan in the base case, the sensitivity analysis of the DC loads ratio, the critical load analysis, and the market price analysis are all considered. To locate and quantify DERs, mathematical model could be employed. Nevertheless, renewable energy sources are impractical because of output fluctuations. The ideal location and size of a microgrid are determined using a mixed-integer non-linear programming model. The algorithm starts with a heuristic phase where the topology of the microgrid, ideal equipment size, and location are selected. The algorithm includes a section that is responsible for ensuring a steady exchange of power between the microgrids. However, the radial microgrids network is treated as if it were static in the programming model. A new model for microgrids is presented, one that considers both the optimally configurated microgrids and the DER sizing, to lower the overall cost of planning [119]. Some of the strategies associated with DC microgrids as a part of tertiary control are discussed further.




6.5. Power Production and Estimation of Demand


DC microgrids necessitate energy management due to the extreme cyclicity of renewable energy sources. When it comes to cost efficiency, DC microgrids rely heavily on the power variation in renewable sources. Therefore, DC microgrids, where a large share of renewable energy is expected, are the primary focus of renewable energy forecasting. To cut down on expenses and power losses, we present a method for predicting the output of renewable energy sources using a back propagation neural network trained with a variant of particle swarm optimization. The optimization results are used to combine various hybrid DGs into DC microgrid models. DC microgrids are vulnerable to instability due to changes in the load profile. These, along with other developments like the production of renewable energy, highlight the importance of load forecasting. The EMS cannot develop effective dispatch plans unless it has reliable predictions of renewable energy generation and load. Microgrid load forecasting was performed using a Markov chain Monte Carlo simulation. The current approach of forecasting takes into consideration a variety of parameters, such as solar photovoltaic (PV), energy storage systems used for microgrids, essential loads, residential loads, and more. The use of a long short-term memory (LSTM) system developed by support vector regression has significantly improved the accuracy with which microgrid load predictions may be made in off-grid regions. The inputs are the various commercial and residential building types, and the outputs are the resulting load profiles. A model for predicting microgrid load based on an artificial neural network is used. Hourly load data from the previous day, weekday, and month are inputs into the forecasting model. Most predictions for microgrid renewable energy are based on weather data, which is itself derived using a forecasting method. A forecasting method that depends on the results of another method is therefore doomed to failure. A persistence method that uses historical power data rather than weather data is presented to forecast loads and renewable energy. The literature has also covered fuzzy logic, statistical approaches intelligent algorithms, and adaptive neuro-fuzzy inference systems as additional approaches for load and generation forecasting [120].




6.6. Enhancement of Energy Storage Capacity


DC microgrids, however, present a security risk because renewable energy sources are unpredictable. Instead, energy storage-based DC microgrids are better for the environment, the wallet, the long term, and the grid’s overall reliability. A microgrid’s design must carefully consider various energy storage options, including batteries, supercapacitors, magnetic super-conducting energy storage (SMES), pumped storage, flywheel storage, and others. In favor of minimizing capacity through optimal sizing of energy storages, much of the existing literature ignores other critical issues. This highlights the need for a comprehensive analysis to guide researchers and businesspeople toward the optimal sizing of ESSs considering a wide range of factors. Numerous studies have divided the problem of optimal ESS sizing into several related issues, including an optimization issue based on multi-objectives and single objectives. When there is only one optimization goal to be met, most problems center on finding ways to cut costs. However, the goal of ESS multi-objective sizing is to maximize reliability while minimizing cost and consumption and maximizing the lifespan of the system. Multi-objective ESS sizing aims to find the sweet spot where system dependability, cost, energy consumption, and lifespan can all be maximized. The optimal sizing of batteries, SMES, hydrogen storage, and flywheel storage, among other energy storage devices, is determined using heuristic methods such as grey-wolf optimization (GWO), differential evolution (DE), particle swarm optimization (PSO), and genetic algorithm (GA), as well as probabilistic approaches and mixed-integer linear programming [121,122].





7. Challenges Associated with DC Microgrid for Advocacy towards Smart Cities


DC microgrids have a greater edge over AC microgrids, including simpler integration of renewable energy sources, direct consumer load connection, and no frequency or reactive power regulation. However, both frequency and reactive power can be regulated in AC microgrids. Although DC-powered microgrids have many benefits, they also have some drawbacks. There are many causes for the increased uncertainty. Power and SOC imbalances, excessive fault current owing to short circuits, and erratic wind speeds and irradiance are just a few examples of the many problems that can arise in solar power systems. DC microgrids need meticulous planning and management to keep their adaptability, dependability, and stability. However, constant innovation in methods and materials is required considering recent challenges in constructing DC microgrids. To address these issues, experts are developing novel approaches to optimization, DC bus voltage restoration, and other forms of improvement. The methods could be useful in a variety of settings, including strategic planning, operational efficiency, and command and control. There needs to be more research done into the optimal ways to design, operate, and regulate DC microgrids [119].



Accurate modeling is crucial for DC microgrid planning and management. Therefore, to reduce the financial burden of microgrid planning and maintenance, a new or improved model is needed that accounts for the inherent uncertainty of the integrated DGs. Many DC microgrid planning models have been created, but they all have significant shortcomings. More study is needed to better plan DC microgrids for real-time operations. It is possible to modify or improve adaptive, model-predictive, robust, and optimal control approaches in order to provide real-time power sharing and efficient management of DC bus voltage in microgrids. DC link faults remain a worry, even though rethinking and strengthening controllers can have a good influence on the stable and trustworthy functioning of DC microgrids. This is owing to the quick discharge of DC-link capacitors in the presence of short circuit faults. We now require knowledge of fault-blocking technology and strategies for protecting DC links [120]. When large amounts of RES are integrated into a DC microgrid, voltage control performance diminishes because the grid’s overall inertia drops. While solutions have been found, more research is needed before DC microgrids can operate on renewable energy alone. Microgrids are like conventional grids in terms of DC link voltage management. The capacitors in the DC connection supply energy to the inductors, which in turn power the inverter’s AC output. The DC bus voltage in a microgrid can be regulated by a variety of means. There have not been nearly enough studies to address several challenges. DC microgrids regulate DC voltage and manage power with different energy storage systems. The problem is that researchers rarely think about how long these storage devices will last. Longer-lasting energy storage devices can be studied to better maintain the power balance and restore DC bus voltage [121].




8. Optimal Operation and Effectiveness of a DC Microgrid


The economics of operation and control take on greater significance as DC microgrids grow in popularity to provide reliable, low-cost power to clients. Increasing productivity, decreasing operational expenses, and optimizing personnel scheduling are all ways to manage a business profitably. Even though line losses account for 5% of total system losses, they are disregarded by the multi-objective optimization-based scheduling that keeps the DC microgrid running effectively and affordably. For reliable operation of a DC microgrid that accounts for the impact of intermittent energy sources, a stochastic approach is given. Power is sent to the generator with the lowest total cost, which is determined by averaging the costs of all the neighboring units. Using a mathematical optimization model for economic dispatch with semi-definite programming allows for optimal operation with a high penetration of various sources and energy storage devices. Using an optimal scheduling model that considers operation costs, emissions, and power loss, we can devise a cost-effective power strategy for the DC microgrid’s generators. The authors explore several equality and inequality criteria to determine the best method of load sharing in a DC microgrid with fully distributed control. The distributed control system’s communications network is used to update the estimated voltage and operating costs for neighboring grids. Using power forecasts and technological limitations, the optimization challenge seeks to lessen operational costs in microgrids that rely on variable power generation. To help reduce expenses while factoring in the price of DG generation and the utility rate, economic droop control is effective. To maximize the system’s efficiency, scientists used a cost function that factors in the rates charged by the utility for responding to customers’ demands. Using a genetic algorithm, we optimized the parameters of the droop control to save maintenance costs. This reference primarily focuses on minimizing generating costs in a DC microgrid while in both grid-connected and islanded modes by utilizing a combined sub-gradient algorithm and incremental rate criterion. Clusters of DC microgrids are far more difficult to plan economically and logistically than autonomous systems. A Lagrange multiplier-based online power flow optimization technique was developed for a DC microgrid to enable efficient operation at a reasonable cost. Due to their increasing popularity, studies into the economics of DC microgrids’ operation and economic control measures are urgently needed [120,121].




9. Applications of a DC Microgrid


9.1. Domestic Applications


Direct current (DC) loads and sources are responsible for the largest bulk of today’s energy consumption, and this occurs now when the energy is being used. When performance is improved by using direct current rather than alternating current, this is because direct current can be utilized immediately. In addition, a wide variety of options for the management of energy are available in DC systems, but these options are unavailable in AC and hybrid grids. Homes that are DC-powered and exceptionally energy efficient will be important enablers of future smart grids. These kinds of homes are now being researched in several countries all over the world. Two of the most fundamental goals of smart grid programs are to integrate different types of alternative energy sources and to provide consumers with more control over their energy consumption. Increasing the number of storage units and intelligent home devices both contribute to an increase in the level of reliability that the networks provide. Individual residences may be managed as part of a larger group to cut down on the quantity of space required for storage, boost the level of dependability, and make the procedure of power distribution and consumption more straightforward [120,121].




9.2. Renewable Energy Parks


It is possible to construct renewable energy parks by joining many sources that are connected by DC buses. In order to generate power in this setting, several solar photovoltaic or wind turbine generators are connected in parallel. These networks, which are sometimes referred to as collector grids, are the most effective way to gather energy from renewable sources such as the sun and the wind. The control and management of such grids require a far more comprehensive suite of auxiliary services than is required for residential applications. This is necessary so that the grid can run in accordance with the rules that now govern grids [122].




9.3. Fast Charging Stations for Electric Vehicles


Electric and plug-in hybrid electric vehicles spark conversations about grid backup, emergency electricity to buildings, and system stability. The current issues surrounding fossil fuels have piqued interest in electric vehicles (EVs) around the world. There is a pressing need for more charging stations as the number of electric vehicles on the road increases. Most vehicles may be charged to 80% capacity in 15 to 45 min using DC quick charging. The standard AC charging station can take many hours, while this one only needs a few. A variety of DC energy sources can be interfaced with charging stations that support vehicle-to-grid (V2G) and grid-to-vehicle (G2V) modes, boosting the system’s dependability. V2G and G2V are the abbreviations for these two modalities. Many other energy-storage technologies exist and can be considered in addition to flywheels and batteries [123].




9.4. Support Systems in Data Centers


Multiple interconnected networks supply electricity to the many servers and other IT hardware installations typically found in data centers. The largest consumers of electricity in data centers are the servers and other IT equipment, as well as the energy end-use infrastructures (HVAC, UPS, lighting, communications, etc.). Data centers are probably only functional approximately 30% of the time. The research shows that by using direct current (DC) to power IT equipment, data centers can reduce their electricity costs and increase their profits by skipping multiple power conversion processes. This results in less wasted energy use by the data centers’ IT hardware [124,125,126,127].





10. Discussions and Future Trends


DCMG structure research is widespread. Design and architecture determine the power system’s hierarchy, scalability, controllability, sturdiness, and controllability. Single-bus, multi-bus, multi-terminal, Ring-bus, Ladder-bus, and Zonal DCMG structures are compared to each other and other MG structures. These structures have various functions and constraints. More research is needed to fix their flaws, add redundancy, and simplify DCMG frameworks. Controls might be basic or complex. The communication link determines whether control is centralized, decentralized, or distributed. DCMG’s decentralized units gather, process, and send information to DCLs in centralized control. Centralized master-slave control has been extensively studied. Decentralized control is considered the safest because it requires no communication between system components. Droop and DBS decentralized control methods have been discussed. Distributed controllers only connect with neighboring units via their limited DCLs. Consensus and agent-based distributed control techniques are examined. A single controller, centralized or decentralized, cannot achieve both basic objectives like voltage, current, and power control and advanced objectives like power sharing between DGs, Power Quality control, ancillary services, energy market participation, operating cost minimization, etc. DCMGs in this mode are believed to use multilevel control. Hierarchical control and layer functions are examined here. Centralized control is used in secondary and above-level control due to its single point failure and complexity. Several authors have tried to make distributed control suitable for higher-level control in multilevel control systems. Distribution control involves extensive research for secondary and higher management. Distributed control strategies involve extensive mathematical investigation. Small-signal-based linear controls like droop control and master-slave control may fail when used to global MG systems. Fuzzy, neural, Lyapunov-function, and other nonlinear control techniques may solve this problem. Before real-time application, complicated control systems need extensive research. Power management maintains the DC bus voltage with an energy storage system and the utility grid (if the system is connected). MG cluster power and energy management needs more research. DC distribution systems may soon use distributed secondary control with DBS power management. Before robust power management approaches can be applied for grid-connected, islanded, and transient modes, many difficulties must be tackled. SST allows flexible DCMG interaction with the electric grid. The EMS must consider storage device power losses, SOC response time, power-energy restrictions, and DG power projections. Energy management maximizes energy storage system efficiency, extends their lifespans, and meets critical electrical loads. Energy management approaches are addressed. All battery and supercapacitor HESS setups and their energy management pros and downsides have been examined. HESS systems require nonlinear power allocation algorithms since linear filters are insufficient. Sizing renewable energy system components affects hybrid energy storage system development cost. Most systems are overblown because they lack a systematic strategy to identify system components.




11. Conclusions


This paper was intended for both experts and the public to learn more about DC microgrids and their many uses. An overview was presented of DC microgrid applications, economic operation and control, microgrid configuration comparison, and global state-of-the-art DC microgrid projects, as well as a discussion of emerging trends in DC microgrid research. Different DC microgrid topologies have been researched for their unique communication and protection requirements. Despite DC microgrids’ widespread use and bright future, substantial obstacles in design, operation, and control must be met. As RES becomes more commonplace, grid power balance, energy management, and DC link voltage regulation will become increasingly crucial.
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Figure 1. Basic architecture of a DC microgrid. 
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Figure 2. Different objectives reported in literature related to microgrids. 
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Figure 3. Basic architecture of a single bus DC microgrid. 
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Figure 4. Basic architecture of a multi-bus DC microgrid. 
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Figure 5. Basic architecture of a radial topology-based DC microgrid. 
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Figure 6. Basic architecture of a zonal topology-based DC microgrid. 
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Figure 7. Basic architecture of a distributed control-based DC microgrid. 
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Figure 8. Basic architecture of a centralized control-based DC microgrid. 
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Table 1. Comparison of AC Microgrid and DC Microgrid.
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	AC Microgrid
	DC Microgrid





	Integrating RES (like PVs) and Electric Vehicles directly without a DC-to-AC converter
	No
	Yes



	Combining the ESS and the requirement for a DC/AC converter into a single package
	No
	Yes



	DC load integration
	No
	Yes



	Control and Power quality aspects in a Microgrid
	Complexity is more
	Easy



	Regulation of frequency
	Yes
	No



	Synchronization
	Yes
	No



	Skin effect
	Yes
	No



	Protection schemes
	Fully developed schemes and may not be expensive
	Still under the development stages and may be expensive



	Standards
	Sufficient and well developed
	May not be sufficient



	System cost
	Low
	High
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