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As an emerging energy management technology, the DC nano-grid coordinates renewable energy sources output through demand-side management which would provide more options and flexibility for the dispatch of smart buildings and communities with high reliability and efficiency. In this context, this article has analyzed the structure and components of the DC nano-grid. The role and components in DC nano-grid are reviewed in this article. Then the crucial control technologies for the DC nano-grid in recent years are investigated from two aspects: local control and coordinated control, which contains control schemes such as voltage/current control technology, power-sharing technology and cooperative control technology. Different control strategies at various levels are compared and their application scenarios, advantages and disadvantages are also analyzed. The current research progress and challenges are summarized at the end of this article.
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INTRODUCTION
Economic development is increasingly dependent on electricity, and the acceleration of urbanization and the development of new energy industries have put forward higher requirements for the power supply capacity and quality of distribution networks. According to the Global Status Report on Renewables 2019 (REN21 GSR-2019), renewable energy sources (RESs) have a share of more than 33% of the global power generation installed capacity. Photovoltaic (PV) accounts for 55%, wind 28% and hydro-electric 11% of the renewable power generating capacity worldwide (Murdock, 2019). The International Renewable Energy Agency (IRENA) predicts that the global RES share will reach 85% of the total energy supply by 2050 (Shafik et al., 2020). However, both photovoltaic arrays and wind turbines are affected by environmental factors such as temperature and weather, so distributed energy generation (DEG) mode is mostly used. The impact of small-scale DEGs on the grid is almost negligible. However, the large-scale deployment of DEGs will have negative effects on the grid operation due to the randomness and volatility of RESs. Therefore, the concept of Nano-grid (NG) is put forward, which is mainly composed of DEGs and local load. The concept of NG was firstly proposed by J. Ryan and R. Deuke in 2004 (Shahidehpour et al., 2017), which is defined as a small-scale independent DC power network operating. Its characteristics are 1) no more than 20 kW of power, 2) a space distance less than 5 km and 3) DC bus voltage about 400 V (Werth et al., 2015; Shahidehpour et al., 2017). NG is a bottom-up power supply structure (Lucia et al., 2013a; Nag et al., 2013). Subsequently, a grid-connected NG was proposed by Virginia Tech. This type of NG can be incorporated into a Micro-grid (MG) as a subsystem. In the later research, smart load and electric vehicles (EVs) were introduced successively. It is possible to build an ultra-low-voltage subsystem within NG. The typical voltage of it is much lower than the voltage level of traditional distribution networks, typically 48 V, 24 V or 12 V (Rodriguez-Diaz et al., 2016). For example, they can be used for low-power LED lighting or to connect loads with USB/Type-C interfaces.
The struggle between alternating current (AC) and direct current (DC) has been going on for more than a century and is also reflected in NG related research. Types of NG can be divided into DCNG, ACNG and AC-DC hybrid NG (AC/DCNG). When the DEGs and DC load are incorporated into the AC bus, the conversion process of current will reduce the electricity utilization (Fairley, 2012). The DC units in the DCNG can directly connect to the DC bus, thus improving the efficiency of power generation and consumption. DCNG has better stability than ACNG because the voltage level and the number of converters are reduced. AC/DCNG is a compromise choice, which has high energy efficiency and shows good adaptability to existing AC load (Patterson, 2012). Due to the increase in PV systems, fuel cells, energy storage units and DC loads, DCNG is becoming more and more prominent. At present, several pilot projects based on NG have been completed. For example, an NG was built on the seaside where the distribution grid cannot be connected (Wu et al., 2016). A new type of physical system was developed and implemented in the Power System Stability Laboratory (PSSL) of Sofia University of Technology to evaluate the control performance of the NG (Stanev et al., 2018). An AC/DCNG was established in Universidad del Valle as part of MG (Franco-Mejia et al., 2017). And an ETAP model is established to compare with the field operation (Shafik et al., 2020).
For a single DCNG, the control functions that the converter can achieve include: 1) power flow management, 2) maximum power output of RESs, 3) bus voltage adjustment, 4) inter-module current adjustment and 5) harmonic elimination. When the DCNGs are connected to form an MG, it needs to be coordinated and controlled through the communication system to realize energy management and interaction between each DCNG. The converter is the backbone of the DCNG, and almost all control functions need to be realized by converters (Saxena et al., 2016; Villalva et al., 2016; Saxena and Kulshreshtha, 2017). The performance and control method of the converter has a significant impact on the operation of the entire DCNG (Wu et al., 2017; Bagewadi et al., 2020). Local control is mainly used for voltage/current control and local power-sharing. It has the shortest response time. Coordinated control integrates the electrical information of each component, enhance the performance of power-sharing, and switch operating modes. The control strategies of DCNG are realized by the converter (Francés et al., 2018). For example, a converter connected to PV arrays can use the maximum power point tracking (MPPT) method to achieve the maximum power output of PV (Chaudhuri and Chaudhuri, 2013; Dogga et al., 2015). The inaccurate load share caused by the mismatch of the line impedance between multiple converters can be solved by master-slave control or droop control (Javaid et al., 2017a; Javaid et al., 2017b).
At present, there are relatively few research reviews on the control strategies of NG. Various analyses and black-box modeling strategies applied to smart DC micro/nano-grid are summarized in (Francés et al., 2018) for linear/nonlinear modeling techniques. Daniel. B etc. sorted out the definition of NG and given a concise definition of NG in (Daniel et al., 2017). Afterward, they summarized the control structure, technology and the corresponding hardware/platforms to realize the intelligent control of NG. Finally, the operation mode of interconnecting multiple NGs to form an MG was introduced, and the concepts of NG, MG and Pico-grid are distinguished in (Martin-Martínez et al., 2016) from four aspects of physical equipment, communication architecture, analytical intelligence and business model.
This paper reviewed the key local and coordinated control techniques by summarizes the principles and newest literature. The rest of this paper is organized as follows: The structure and components of DCNG were elaborated in Structure and Components of DCNG. In Control Strategies of DCNG, the principle and basis of the control strategies are introduced in advance, and then the specific control strategies are introduced. The future direction of the control technologies has prospected in Discussion of the Future Direction. Finally, Conclusion concludes the paper.
STRUCTURE AND COMPONENTS OF DCNG
In DCNG, the DC bus integrates DEGs and loads. DEGs (photovoltaic, wind power, diesel generators, etc.) and energy storage systems (ESSs) connect to the DC bus through converters. Conventional DC loads are connected to the DC bus directly. Special DC loads need to connect to the DC bus through one-stage DC/DC converters. And before NG connects with other grid entities, a bidirectional DC/AC converter is needed. Figure 1 shows the entity and control structure of a DCNG.
[image: Figure 1]FIGURE 1 | Physical and control structure of DCNG.
It can be seen from Figure 1 that DCNG contains the following components:
Nano-grid management platform: The NG management platform integrates local controllers, coordinated controllers, and measuring devices. The role of the NG management platform is to manage and optimize the use of energy. It can dispatch controllable resources within NG according to specific optimization algorithms and corresponding optimization indicators. The exchange of information between various control levels is also included. Some energy management techniques applied in NG have been summarized in (Bin Mohamad Saifuddin et al., 2019; Xia et al., 2019a; Bampoulas and Karlis, 2020; Salazar et al., 2020).
Sensing and measuring devices: These modules measure the physical quantities necessary for scheduling, such as temperature, light intensity, wind speed, and real-time power load. The utilities extract the characteristics of the user’s behavior and predict the future load using detailed information of data to achieve energy management better.
Converters: Used for grid connection of NGs, it can realize energy exchange between NG and MG. According to the variables used to adjust its state, the converter can be divided into Buck converters, Boost converters, Buck-Boost, and Cúk converters. Buck converter is simple and efficient. It gives the output voltage lower than the input voltage and provides a continuous output current (Goud and Gupta, 2020). The Buck converter requires a large capacitor to smoothen the discontinuous input current (Dursun and Gorgun., 2017). This converter also requires a higher gate side driver than the Boost converter. Boost converters provide output voltage higher than the input voltage. This converter has a continuous input current and a discontinuous output current (Adda et al., 2013). Boost converter requires a higher value of inductance compared to Buck converter. Buck-Boost and Cúk converters provide output voltage higher or lower than the input voltage with inverted polarity. Buck-Boost converter has more current ripples and lower efficiency than Buck and Boost converters (Elsayad et al., 2019).
Renewable energy sources: It is the main power source inside NG. The scenarios of source-side operation include 1) grid-connected mode; 2) island mode; 3) transition mode. Under the grid-connected mode, the DCNG bus voltage and active power are regulated by ESSs and the utility grid (Martin et al., 2018). The interface converter controls the power exchange between the DCNG and the utility grid. The RESs always operations at the maximum-power-point mode. In island mode, the DCNG bus voltage and active power balance are only controlled by ESSs (Azimi and Lotfifard, 2021). And a part of the RESs operations at the maximum-power-point mode. The transition is the switch between DCNG from grid-connected mode and island mode. The method that DCNG transitions from the grid-connected mode to the island mode is divided into 1) a transition process with non-uniform control strategies and 2) a transition process with uniform control strategies (Liu et al., 2018). The former refers to the operation in the current control mode in the grid-connected mode and the operation in the voltage control mode in the island mode. Some research schemes require that the DC line current be reduced to zero before switching to island mode (Kleftakis et al., 2017). While the other part of the research which allows the direct current not to be reduced to zero requires precise coordination of the compositions (Ochs et al., 2014). Otherwise, voltage spikes may occur during the switching process. The last refers to small-capacity DEGs operate in MPPT mode before and after transition, and larger DEGs operate in a voltage control mode (Yi et al., 2017). Before the DCNG transitions from the island mode to the grid-connected mode, it is necessary to synchronize the DCNG bus voltage with the public grid voltage. The method is divided into active synchronization and passive synchronization. The former refers to DEGs and ESSs actively cooperate to control the DC bus voltage to the system voltage (Vandoorn et al., 2013). And the last refers to connect to the grid when the system voltage is equal to the DC bus voltage (Cho et al., 2011).
Energy storage: Since the DCNG does not contain controllable power sources, the charging and discharging processes of energy storage units are the main way to achieve power balance. The power exchange between the ESS and the system has two components: high frequency (HF) and low frequency (LF) components (Tudu et al., 2019; Shen et al., 2020; Chang et al., 2018). Short-term power fluctuations caused by sudden changes in load or fluctuations of renewable energy sources are regarded as HF components. The slow power fluctuation caused by the normal behavior of the system is regarded as the LF component. The HF component needs to be processed by ESSs with a high power density and ramp rate. The LF component can be deal with by ESSs with high capacity. However, limited by current energy storage technology, no ESS showed in Table 1 can meet the above two requirements at the same time. An effective solution is to configure hybrid energy storage. A configure method of heterogeneous energy including electric-heat hybrid energy storage is proposed in Li et al. (2021). The authors use a scenario-based multi-level adaptive stochastic optimization method to deal with uncertainties from RESs, load, and environment. And the actual annual load growth is considered.
TABLE 1 | Characteristics of different types of ESSs.
[image: Table 1]Smart loads: The smart load is different from the traditional load. It can adjust its power consumption level to respond to demand-side management and assist in peak shifting. The operating state [image: image] of the load a at time t can be represented by three parameters i.e., [image: image], where [image: image], [image: image], [image: image] are represent the number of remaining periods that need to be run to complete the current power task, the number of time periods that the current power task can be delayed and the ratio of rated power [image: image], respectively. Assume that the earliest start time [image: image] and deadline [image: image] of a task are represented as a time window [image: image], and the maximum and minimum number of periods required to complete the task is [image: image] and [image: image], respectively. Thus, the smart load can be classified as:
a) Uncontrollable loads: Such loads are entirely under the control of the users and cannot be dispatched. Such as entertainment facilities (televisions, computers, etc.). The possible operation of the uncontrollable loads at time t can be expressed as:
[image: image]
b) Light-control load: This load can operate at a certain ratio of rated power, and will not have a serious impact on the user's comfort. For example, the brightness of the lighting equipment can be appropriately reduced in the daytime. The possible operation of the light-control loads at time t can be expressed as:
[image: image]
c) Temperature-control load: Its operating state should be as close as possible to the reference value set by users. Otherwise, it may seriously affect the comfort level of users. It should be adjusted to the reference value as soon as possible after reducing its power in the necessary period. The typical is air conditioning.
d) Time-shifting load: The NG management platform can delay the power supply time to achieve peak load shifting before putting these devices into operation. Typical time-shifting load includes washing machines and dishwashers. However, it should note that the time-shifting loads cannot be interrupted once they are operated. The possible operation of the time-shifting load at time t can be expressed as:
[image: image]
e) Interruptible loads: It can be interrupted with a little cost, even during operation. Plug-in hybrid electric vehicles, for example.
A study in Tsao et al. (2021) addresses the real time-based demand response programs by leveraging blockchain technology to provide. A multi-objective mixed integer-linear programming model with three sustainable objectives (economy, environment, and society) is proposed. And a robust fuzzy multi-objective optimization approach is proposed to determine dynamic pricing decisions under uncertain demand. A multi-objective optimization model considering demand-side management was proposed in Rocha et al. (2021). The author considers real-time electricity prices, the priorities of equipment, operating cycles, and energy storage in demand-side management. This model uses three artificial intelligence algorithms, the support vector machine algorithm used to predict, the K-means algorithm used to fit the comfort of users, and the Elitist non-dominated sorting genetic algorithm II used to solve the model.
The RESs, grid-connected interfaces and smart loads are all objects that need to be controlled. These control methods will be explained in detail in Control Strategies of DCNG.
CONTROL STRATEGIES OF DCNG
Local Control
The local control of NG is mainly for various internal devices. It controls the converter of each unit to keep the key indicators within an acceptable range. For the DCNG, there is no need to consider the frequency issue since there is no phase change of the current (Navarro-Rodríguez et al., 2019). The premise to ensure the power supply quality and system stability is the stable DC bus voltage (Ganesan et al., 2015). This requires multi-source coordination to maintain the DC bus voltage and power balance (Nguyen et al., 2020). Functions of the local control typically cover the following: 1) current and voltage control; 2) source-side control e.g., adjust output power for RESs; 3) load sharing, generally realized by master-slave control or droop control (Nasir et al., 2018). These control methods will be introduced in this Section.
Current/Voltage Control
Generally, the controller on the converter includes two modules: a voltage controller and a current controller. The voltage controller uses observations to estimate the global voltage and adjust the VSC voltage set point to achieve global voltage regulation. The current controller obtains the required filter inductor current and compares it with the adjacent converter, and uses this as a reference to modify the local converter parameters to realize load sharing.
The internal voltage and current control can be realized by the proportional-integral (PI) controller, proportional derivative (PD) controller, proportional integral derivative (PID) controller (Azab, 2017). The PI controller is easy to control, and because the PI controller introduces zero steady-state error, it has high robustness. The PD controller can improve the phase margin of the system. But it cannot eliminate the steady-state error like the PI controller. Therefore, the derivative term in the PD controller is usually replaced by a digital high-pass filter. The PID controller can be obtained by combining the PI controller and the PD controller (Murdianto et al., 2018). The performance of the PID controller depends on three parameters, proportional, integral, and derivative. The proportional coefficient has a direct influence on the response speed of the controller. And it can improve the control accuracy of the controlled system. The magnitude of the integral coefficient has a direct impact on the elimination speed of a static error. The differential coefficient improves the dynamic characteristics of the system. It suppresses the maximum dynamic deviation in the transition process and enhances the stability of the system.
Fuzzy control which an intelligent algorithm based on the knowledge base. The linguistic variables of the fuzzy controller refer to its input variables and output variables. They are variables given in the form of natural language rather than numerical values. Fuzzy control can deal with the uncertainty in DCNG. It can classify a variable to a certain category (or level) with the highest membership strength by setting a membership function. Figure 2. shows a typical membership function with five levels that Negative Big (NB), Negative Small (NS), Zero (Z), Positive Small (PS), and Positive Big (PB), respectively. Precision and processing time are proportional to the number of levels.
[image: Figure 2]FIGURE 2 | 5-level membership function of the inputs.
The membership degree of input x to each level i is assumed to be [image: image], and the relationship of output variable y and output value Y can be expressed as:
[image: image]
and
[image: image]
These are called the Min rule and Max rule, respectively. Then the uncertain variables in DCNG are transformed into deterministic variables by these which are summarized based on the manual control experience of the operator. The defuzzification of fuzzy control uses the average weight for the rules and is denoted as follows:
[image: image]
The operator usually can only observe the total value or rate of change of the output variables. Therefore, the fuzzy controller generally converts the error or the rate of change for the error into a fuzzy variable firstly, then performs fuzzy inference and makes a fuzzy decision. The final deterministic variables are integrated into the PID controller as control parameters. For example, a new type of high-bandwidth fractional-order universal type-II fuzzy logic proportional-integral-derivative controller was applied in the secondary control layer in Mosayebi et al. (2020c), which can realize the rapid voltage regulation and state of charge (SOC) balance of DCNG. And in Mosayebi et al. (2020a), this fuzzy controller is further applied to the scene of multi-DCNG joint control.
Maximum Power Point Tracking Control
The maximum power point tracking (MPPT) control is usually applied to the converter connected to the RESs. It can always maintain the maximum power point (MPP) of the RESs. However, when the system absorbs overfill power, the bus voltage will increase and causes the entire system unstable (Vinnikov et al., 2020). Especially for power systems with low capacity and low voltage levels such as NG, fluctuations in the output power of RES can easily disrupt the local balance of the system. So MPPT is usually used in combination with droop control. That is, when the bus voltage rises to a prescribed extreme value, the control mode of the converter will switch from MPPT to droop control, adjusting the power output of RES and keep the bus voltage stable.
There are three basic types of MPPT. The first is the constant voltage (CV) method (Nasir et al., 2018). Its objective is to maintain the constant output voltage. When applied in photovoltaic arrays, the voltage at the maximum power point of solar cells under different lighting conditions is not much different and is approximately constant. This method has a large error, but it is easy to implement and has a low cost.
The second is the open-circuit voltage (OCV) method (Burmester et al., 2018). It is an improved method of CV method. The OCV method tracks the maximum power point by a reference voltage calculated based on Eq. 4
[image: image]
where [image: image] is the open-circuit voltage measured in the open circuit configured by separating the load with a constant cycle or condition. The OCV method is simple to implement, but it results in a large deviation from the actual MPP because of the difference in the value of [image: image].
The last is the short circuit current (SCC) method (Rafiee and Sirouspour, 2018). It tracks the maximum power point by the maximum power current between 78% to 92% of the short circuit current ([image: image]).
[image: image]
This range is approximated by experiment. Like the OCV method, the SCC method also requires a short-circuit configuration in a certain period to measure the short-circuit current. This results in power loss and reduced efficiency. In addition, it cannot get the actual maximum power point because the maximum power point current is an approximate value.
The above is the basic theory of MPPT, and many artificial intelligence-based MPPT control methods have derived, such as PID-based MPPT controller (Maroufi et al., 2020), Fuzzy-Logic (FL) based MPPT controller (Veeramanikandan and Selvaperumal, 2020), Artificial-Neural-Networks (ANN) based MPPT controller (Al-Majidi et al., 2020), Genetic-Algorithms (GA) based MPPT controller (Hadji et al., 2018), and Particle-Swarm-Optimization (PSO) based MPPT controller (Merchaoui et al., 2020). The attributes that the P-V curve has a unique maximum power point located at the [image: image]. The typical output equation is shown in Eq. 6.
[image: image]
The objective of PID-based MPPT control to annul the slope [image: image].
The basic principles of fuzzy control have been introduced in Current/Voltage Control. And it is often used to optimize MPPT because of its advantages that no requires precise mathematical modeling and excellent ability to deal with nonlinear problems. The FL-based MPPT controller has two inputs and one output. The most frequently used inputs are the slope of the P-V curve and the change in the error as Eqs 7Eqs 8, respectively.
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Then the membership strength calculated by the membership function according to the value of [image: image] and [image: image], with Eqs 1Eqs 2. The numeric output [image: image] is calculated using Eq. 3
The neural network consists of three components: a single input layer, a single output layer, and hidden layers with a selectable number of layers. The performance of ANN-based MPPT control depends on the number of nodes in each layer and training time. The fitting equation of ANN is determined by the weight of each node. The more nodes and training time, the smaller the fitting deviation of the sample data. But this may lead to overfitting. The ANN-based MPPT control method can be divided into three methods according to the type of input data: a method based on electrical data such as the voltage and current, a method based on non-electrical data such as wind speed, temperature and radiation, and a method based on mixed data. The structure of the ANN of these three methods is shown in Figure 3. The outputs generally include the reference power, the reference voltage and the reference current.
[image: Figure 3]FIGURE 3 | The neural network of ANN-based MPPT. (A) The method based on electrical data; (B) The method based on non-electrical data; (C) The method based on mixed data.
The widely used MPPT control methods based on artificial intelligence algorithms include GA-based MPPT control methods and PSO-based control methods. Fixed sampling time strategy (FSTS) (Kakosimos and Kladas, 2011) and variable sampling time strategy (VSTS) (Khalessi et al., 2020) are used to test the performance of each individual. And the results are used as a reference for population iteration. After that, the individuals in the population combine as parents to produce children, which is expressed as:
[image: image]
where i, j are random integers from 1 to the population size. In this process, a mutation will occur with a very small probability. The random-effects on child individuals are expressed as:
[image: image]
where [image: image] and [image: image] are the minimum and maximum voltage in the search space. The track of maximum power point will stop when the following conditions are met:
[image: image]
where [image: image] and [image: image] are set by users.
PSO is a simple, high-speed optimization algorithm. The velocity of the particle in the search space is v, and its location x represents the voltage value of RES. The particles get a locally optimal solution at the optimal position [image: image], and the global optimal position [image: image] is obtained by comparing the local optimal solutions of all particles. In each iteration, the position and velocity of the particles are updated as follows:
[image: image]
where w is the inertia weight, c1 and c2 are the acceleration coefficients; r1, r2 are the random numbers between 0 and 1.
The [image: image] should be replaced by [image: image] if [image: image] and the [image: image] should be replaced by [image: image] if [image: image]. The [image: image] is the objective function. The Iteration stops when MPP is reached i.e., Eq. 8 is satisfied. At this time, the velocity of the particle becomes very small and the objective function cannot be increased no matter which direction the particle moves in.
Active Load Sharing
The active load sharing is the current distribution control with a communication channel among converters. It can be classified as the master-slave control and the average current load sharing.
The Master-Slave control refers to control the slave controllers of each module using a master controller in real-time (Javaid et al., 2017a). The master controller executes the voltage control method. And the slave controller executes the current control method. The objective of the master-slave control is to realize a real-time unification of the current signals. The effective voltage reference signal of the slave module needs to be adjusted according to the voltage of the master module to make its output current equal to the output current of the master module (Burmester et al., 2018). The structure of Master-Slave control is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Structure of the Master-slave control.
The DCNG under the Master-Slave control changes the control methods of different controllers in time to achieve the master-slave command relationship. When the DCNG operates in grid-connected mode, the utility grid assumes the stability of voltage. All RESs in the DCNG will run in the current control mode, including the master component. In this way, the DCNG can obtain constant active power from the public grid. The slave component will operate according to the reference current provided by the master component. When the utility grid fails, DCNG turns into island operation mode by opening the static transfer switch. At this time, the master component will operate in the constant voltage control mode and assume the stability of voltage.
The Master-Slave control can be divided into the Master-Slave control with dedicated master modules and automatic Master-Slave control. As the name implies, a master-slave control with a dedicated master module will select a fixed module as the master module. Master-Slave control has the advantages of simple principle, high voltage stability, accurate control. But it requires reliable communication (Javaid et al., 2017b). Automatic Master-Slave control is also called voltage margin control. Voltage margin control is an extension of the master-slave control (Liu et al., 2018). It is equivalent to an improved DC voltage control with multiple optional power balance nodes. The module with the largest output current temporarily operates as the master module. And other modules will adjust the output current according to the current reference provided by it. When a master module fails or its voltage reaches the limit, another module with maximum power output will replace it. In this way, the reliability and flexibility of DCNG are improved.
In the average current sharing, the average current of all converters is calculated by the average load controller to provide a reference for each converter (Nawaz et al., 2020). The control technology diagram is shown in Figure 5. Each converter is equipped with a controller including an inner loop and an outer loop to match the average current.
[image: Figure 5]FIGURE 5 | The control technology diagram of average load sharing.
The average current of all inverters is calculated by the average load controller to provide a reference for each inverter. The control technology diagram is shown in Figure 5. Each converter is equipped with a controller including an inner loop current loop and an outer loop voltage loop to match the average current. The average current is connected to the current loop as a feedback signal. The error between the output current of the converter and the average current is connected to the voltage loop through a Current Sharing Error Amplifier (CSEA) and an incremental [image: image] is added to the reference voltage. When the current error can be very small under the large CSEA gain, the expected control effect is achieved. This control strategy is autonomous because each module of the parallel inverter tracks the average current generated by all modules (Li et al., 2020). External noise is injected in the bus because of the distribution of the current sharing bus over the DCNG, and deteriorates the distribution of voltage and current (Wang Z et al., 2020).
Passive Load Sharing
The droop controller installed on the top of the inner loop is used to adjust the output voltage reference of the internal voltage loop. The principle of droop control is to adjust the state of each unit to make it operates according to the droop characteristics. The droop characteristics are shown in Figure 6. and represented by Eqs 13Eqs 14, Nasir et al. (2018).
[image: image]
[image: image]
where [image: image] and [image: image] are the no-load voltage and the full-load voltage, respectively. [image: image] and [image: image] are the droop coefficient. As long as the droop coefficient of each module is the same, the average power distribution can be guaranteed without a centralized controller (Guerrero et al., 2011). This is a linear droop characteristic i.e., the output voltage and power/current show a clear inverse proportional relationship.
[image: Figure 6]FIGURE 6 | Droop characteristic curve. (A) Power droops (B) current droops.
There are also many improved methods for droop control, such as adaptive droop control, mode adaptive droop control, virtual resistance-based droop control and intelligent techniques-based droop control.
Different from conventional droop control, the droop coefficient of adaptive droop control is not fixed, but the function of the real-time output power or voltage level of the converters. This can prevent the voltage or power from exceeding the limit in the process of redistributing the load. Generally, the droop coefficient is adjusted by the adaptive PI controller to eliminate the current sharing error in each component like (Chaudhuri and Chaudhuri, 2013):
[image: image]
where [image: image] and [image: image] are the output current and the nominal current of the ith converter; [image: image] is the load current; n is the number of converters.
The principle of the virtual impedance-based droop control is to introduce virtual impedance on the output side of the converter to simulate the line impedance and change the output characteristics (Dogga et al., 2015). The virtual impedance can be considered in the feedback loop. By adjusting the size of the virtual impedance [image: image], the output voltage [image: image] of each converter can be allocated to realize the average distributed of load:
[image: image]
where [image: image] is the reference value of the no-load output voltage; [image: image] is the output voltage; [image: image] is the compensator output for restoring the voltage of DCNG.
In the mode-adaptive droop control mode, one of the three bus regulation unit that the utility grid, the ESSs and DEGs operate in droop control mode to maintain the power balance of DCNG. The other two units operate under a constant power control mode. The different droop characteristics with different bus regulating unit are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Droop characteristics with different bus regulating unit.
When the output voltage of the bus regulation unit exceeds the limit, another unit replaces it. The switching order from low to high according to the voltage limit is the utility grid, energy storage devices, and distributed power generators. The droop control can also be combined with other control modes, such as the MPPT described above. This control method has higher freedom than the conventional droop control method and does not require an additional control center and communication lines. It achieves a fully adaptive adjustment of the converter and provides higher reliability and flexibility for the system.
Since the distribution characteristics of conventional droop control are affected by load mutations and other uncertain factors (Lu et al., 2020a), it is difficult to guarantee accurate power distribution. Fuzzy droop control combines the characteristics of the fuzzy algorithm and the droop control. It correlates the droop coefficient with energy storage device output power, DC bus voltage, and other parameters dynamically adjust the droop coefficient, optimizes the droop curve in real-time, and achieves the purpose of proper power distribution (Farzaneh et al., 2020). However, in the DCNG, the line impedance has a great influence on the voltage. Only when the line impedance of each module is small, fuzzy droop control can realize the average current sharing (Mosayebi et al., 2020c).
The linear droop control strategy is simple to implement. Generally speaking, the higher the droop coefficient, the better the current sharing accuracy. However, due to the influence of line impedance and different converters, linear droop control cannot guarantee accurate current sharing and voltage deviation. Therefore, droop control is often a compromise between output voltage regulation and current sharing between converters (Mosayebi et al., 2020c). The non-linear droop characteristic refers to a small droop coefficient under light load and a high droop coefficient under heavy load i.e., it values the accuracy of load sharing under heavy load or the performance of voltage regulation under a light load (Meng et al., 2015). The corresponding equation for calculating the reference voltage is:
[image: image]
where [image: image] and α are positive function and positive constant, respectively.
Figure 8. illustrates the improvement in current sharing with non-linear droop control when there is a small error in the nominal voltage for two RESs. The difference between the currents of the two power supplies is ([image: image]) with a small droop coefficient and ([image: image]) with a large droop coefficient, respectively.
[image: Figure 8]FIGURE 8 | Performance comparison of the linear droop control and the non-linear droop control.
This article summarizes the advantages and disadvantages of the local control techniques in Table 2.
TABLE 2 | Comparison of local control techniques.
[image: Table 2]Coordinated Control
Coordinated control is the global control of DCNG. It can be implemented in a centralized manner with a central controller or a distributed manner with a sparse communication network. Therefore, the method of coordinated control is reflected in the control structure. In this Section, the control structure is divided into centralized control, decentralized control, distributed control, and hybrid control. The characteristics and newest techniques of them are discussed.
Centralized Control
Under the centralized control mode, the entire DCNG is controlled by a centralized controller. Figure 9A shows the topology of the centralized control. The solid lines in the figure are power transmission lines, and the dashed lines are communication lines. Firstly, the related data are measured by measuring devices such as a smart meter. The measurement signal is transmitted through the communication lines to the centralized controller for analysis and calculation. Then the centralized controller sends the control signal to control the decentralized modules directly. The centralized control mode is the simplest to implement among all control modes, but it requires a reliable communication system. The influence of hybrid electric vehicles was analyzed in Pahasa and Ngamroo (2018), and a centralized model predictive control method. This method takes into account the change in the number of hybrid electric vehicles was proposed in it, which can suppress the frequency fluctuation of the system and optimize the residual power of PV.
[image: Figure 9]FIGURE 9 | Three schematic diagram of coordinated control.
Decentralized Control
The decentralized control mode is no need a centralized controller, but each control unit has a decentralized controller that controls its region (Schonberger et al., 2006; Hirase et al., 2018; Ciavarella et al., 2020; Nasir et al., 2019). Each controller is independent and no communication bus is required. Figure 9B shows the topology of the decentralized control. The decentralized control mode does not depend on the communication system, so it does not need to consider communication failure and other problems. A self-sustaining and flexible control strategy for hierarchical autonomous DCNG based on decentralized control was constructed in Nasir et al. (2019). The local control manages the power balance. The coordinated control is responsible for eliminating the voltage deviation of DC bus. In the proposed control strategy, the battery charging state and the external DC bus signal is considered to avoid the battery overcharge/deep discharge and the external DC bus crash.
However, the single point of failure of the physical system is likely to expand the scope of failure due to untimely communication, which will affect the security of the system. The most common decentralized control methods are DC bus signal (DBS), power line signal (PLS) and the droop control described above. The DBS and PLS will be described in detail below.
DBS is the most basic decentralized control method, which uses the DC bus as a transmission channel for digital signals (Schonberger et al., 2006). Relying on the DBS, the coordinated and static operation of different energy sources can be realized by improved static V-I voltage drop characteristics. The control strategy of DBS depends on the measured value of the local voltage of the DC bus. Figure 10. shows the three modes of DBS control strategy, including utility grid dominating, storage dominating and RES dominating, and the relationship between the selections of the three modes and the DC bus voltage.
[image: Figure 10]FIGURE 10 | Different operation mode in DBS. (A) Utility dominating, (B) Storage dominating, (C) RES dominating, (D) Operation mode selection depending on DC bus voltage.
In Figure 10 the dominating unit is demonstrated by the Thevenin circuit. The value of the voltage source is equal to the voltage reference, and the size of the series impedance is equal to the virtual impedance. Other units are represented by a current source. DBS only relies on local information and does not require any other components except the interface converter (Ciavarella et al., 2020). Therefore, this is an easy-to-implement decentralized control method. The main concern is to select the appropriate voltage level needed to identify the different operating modes (Nasir et al., 2019). The too-large difference between adjacent levels will cause the DC bus voltage fluctuation to exceed the acceptable range. If the difference between the voltage levels is too small, the sensor cannot accurately identify the operating mode.
PLS is another decentralized control method. The principle of PLS is to inject a sinusoidal signal with a specific frequency into the DC bus after amplification by an amplifier. Then the controller sends or receives information about the status, performance, and working model of the device to the converter (Nguyen et al., 2020). Noted that, although PLS relies on data communication, it does not require an additional communication system. Therefore, PLS is considered as a decentralized control structure (Hirase et al., 2018). And unlike DBS, the signal transmitted by PLS in the DC bus is additionally injected instead of the electrical characteristic signal sent by the DC bus itself. Sinusoidal signals are generally injected into the DC bus at a fixed time interval, so they are mostly used to change the working mode of equipment or isolate damaged components in the system and are not suitable for power-sharing. PLS improve extent voltage quality compared with DBS and droop control.
Distributed Control
Distributed control mode combines the characteristics of centralized control and decentralized control mode. There are only decentralized controllers and no central controller, but each controller can realize information exchange (Xia et al., 2018). Figure 9C shows the topology of the distributed control. The distributed control system is more secure than the decentralized control and less dependent on the communication system than the centralized control system. Haroun, R. and Yoomak, S. applied the power flow coloring theory to the energy management strategy, introduced the master-slave control scheme. The feedback control based on the time slot is integrated. And a cooperative distributed control method is proposed, which can buffer the power fluctuation and maintain the voltage stability (Haroun et al., 2020; Yoomak and Ngaopitakkul, 2020).
In the DCNG under distributed control mode, the information exchange can be only through digital communication lines. If there is no digital communication line between two decentralized controllers, they cannot directly access each other data. Therefore, how to avoid control deviation and ensure the reliability of the local controller through limited information is the key to the distributed control strategy (Lucía et al., 2013b).
The converter under consensus control gets interest variables from the adjacent controller to find a local control protocol that drives all nodes to have the same constant steady-state (Rafiee and Sirouspour, 2018). The exchanging variables can be module voltage, current, or state of charge if energy storage is integrated. All the algebraic differences of these variables will be added to the generator. In this way, the decentralized controllers will adjust the connected unit according to the state of the decentralized controllers adjacent. Another option is to use a non-zero input offset in one of the local controllers (Samet et al., 2019). In both cases, the latter has wide applicability.
Each unit operates in a multi-agent control mode is composed of a device layer, the main controller layer and an agent layer. The equipment layer at the bottom is used to connect the physical electrical equipment and the platform. The main controller that controls the power output of electrical equipment is located in the middle layer. Droop control is usually applied in this layer. The top agent and communication layer provides coordinated control. The agent layer is the main element of a multi-agent system. It can be a physical or virtual entity located in the environment. The agent needs to react autonomously to the environment and communicate with other agents. The implementation method uses a distributed control circuit with a consistent algorithm to obtain information between neighboring agent units, and iteratively evaluates the global average value to provide the lower controller with a control correction. However, when the number of agents is too large, it is difficult to achieve global consistency. An effective solution is event-triggered control, which is a communication method that does not require continuous information exchange between units. A unified active power distribution method based on distributed dynamic event trigger control is developed in Wang et al. (2020a). The event-triggered mechanism based on dynamic samples reduces the communication between units. The gain and event-triggered parameters of the controller are set by the maximum and second eigenvalues of the Laplacian matrix.
Hybrid Control
Hybrid control can be divided into hybrid centralized control and hybrid distributed control. Hybrid centralized control is a mixture of centralized control and decentralized control. There are both centralized and decentralized controllers. The central controller is used to centralize various information collected by the decentralized controllers, then send the commands to the decentralized controllers. The decentralized controller adjusts its respective area. Hybrid distributed control is generally applied to small DCNG. If the number of DCNGs is large, then hybrid centralized control, also called hierarchical control, is limited. Hierarchical control is to divide levels based on centralized control, and each level sets up the affiliation between controllers to form a radial control network. Hierarchical control makes different control levels independent, so the system can operate normally even the centralized controller fails. It can still ensure the normal operation of the system with higher reliability. Hierarchical control also has a wide range of applications in DCNG. For example, a two-stage hierarchical energy management system for smart homes was proposed in Luo et al. (2019). On the one hand, the authors use the staged-optimization method to overcome the uncertainty and randomness from the demand side. On the other hand, the actual operation model is established by the hierarchical control method. An effective power management program based on the hierarchical control strategy in smart DCNG was established in Latifi et al. (2020) to build an energy trading mechanism to avoid the impact of grid uncertainty and local transactions. Both of these two control methods can improve the reliability of the system. The latter has a stronger control ability but a higher dependence on communication lines. Table 3 shows the comparisons of different coordinated control strategies.
TABLE 3 | Comparisons of coordinated control strategies.
[image: Table 3]DISCUSSION OF THE FUTURE DIRECTION
Combined with the review of DCNG control strategies in this paper, the direction of further research is discussed as follows:
1) The grid connection of large-scale DCNGs will lead to a reactive power shortage in load centers and impairs the system's ability to withstand unexpected events. Some RESs in DCNG need to absorb reactive power from the system when outputting active power, and a large amount of reactive power is also needed to compensate for nodal voltages when the system is at fault. If the RESs fail to receive sufficient reactive power, it will further worsen the system contingency. One solution is to use an AC/DC hybrid nano-grid, which can integrate reactive power compensators to supplement the shortage of reactive power. The design and implementation of an AC/DCNG based on field experiment scenarios are introduced in (Tudu et al., 2019). And the corresponding simulation model carried out on HOMER software was developed by the National Renewable Energy Laboratory (NREL), USA. Another method is to introduce the virtual inertia control to provide inertia and damping support for the RESs (Debnath et al., 2021; Terazono et al., 2021).
2) RESs have problems such as low efficiency of energy utilization and high curtailment of energy. The integrated energy system can break the barriers among different energy sources and make complementary utilization of multiple types of energy. In the context of the deep coupling of electricity, heat, natural gas and other energy sources, DCNG should consider the impact of comprehensive energy loads (An et al., 2020), while complex physical properties of various energy sources and interacted energy flow in different time scales should also be considered.
3) Future DCNG will integrate high-penetration renewable energy, energy storage devices, and flexible loads. Traditional offline day-ahead scheduling is difficult to meet the optimal scheduling objective, and real-time energy management is required to provide safe and reliable power services. Consequently, A fast and reliable communication system is a basis, and Cyber Physics System (CPS) integrates environment perception, embedded computing, and network communication to form a multi-dimensional heterogeneous complex system integrating real-time perception, dynamic control and information services (Wang et al., 2020b).
Another requirement is an efficient algorithm that can coordinate a large number of DCNGs (An et al., 2020). Since AlphaGo defeated human Go masters, AI algorithms have received extensive attention in various fields. In the real-time scheduling of DCNG clusters, deep reinforcement learning (DRL) algorithms can provide new ideas for handling complex DCNG control problems through autonomous learning (Qazi et al., 2020). Real-time energy management also requires high-speed solutions. It is necessary to study the corresponding parallel computing technology to improve the calculation speed and maintain the independence of DCNG (Xia et al., 2019b).
4) The short-term and continuous interference characteristics of utility grids, power sources, and loads will cause DCNG steady-state or transient power quality problems, such as DC voltage fluctuations caused by continuous changes of the active power for RESs or loads, voltage deviations caused by unbalanced active power, and harmonics caused by a large number of power electronic devices implemented (Liu et al., 2021). Moreover, the load was strictly controlled by the converter, and its dynamics are described by a constant power model. However, with the introduction of flexible loads and the demand for alleviating reactive power shortages, more complex and flexible dynamic load models should be considered. Therefore, it is essential to study the harmonic characteristics of converters and the dynamic characteristics of loads, and analysis of possible power quality problems and quantified indicators, and control strategies are the key directions in the future (Shu et al., 2021). A new oscillatory component load model was derived from a second-order differential equation in (Paidi et al., 2020), which consisted of static, exponential recovery, and damped oscillatory components and was used in real-time parameter estimation of the dynamic load model.
5) Though the research on power systems uncertainty is a hot topic, related techniques are not mature for DCNG where a bottom-up structure is close to the demand side with RES. All uncertainty caused by the fluctuations of load and RESs should be considered carefully in control strategies. At present, FL-based control strategies are commonly used to deal with the uncertain input of local controllers, but far from handling the uncertainty of the coordinated control. Therefore, energy management strategies that consider uncertainty is also an urgent issue to be solved (Xia et al., 2016; Lu et al., 2019; Latifi et al., 2020; Lu et al., 2020b).
CONCLUSION
DCNG provides new solutions for the construction of smart grids and green buildings in the future. Its personalized and modular characteristics make it an ideal choice for a bottom-up power system structure. This article summarizes the structure and control methods of DCNG, and draws the following conclusions.
DCNG adopts a hierarchical control scheme similar to microgrids. The control strategy can be divided into local control and coordinated control. The local control realizes the voltage, current control, and primary power-sharing of the units. Droop control has been widely used in local control due to its precise current sharing and excellent voltage regulation abilities. Moreover, the improved droop control overcomes the shortcomings of the traditional droop control and exhibits excellent voltage regulation and current sharing abilities regardless of light or heavy loads. Coordinated control further improves the accuracy of power-sharing and power quality of the grid systems. According to whether a centralized controller is used and whether it depends on communication lines, coordinated control is further divided into centralized control, decentralized control, and distributed control. Some studies have mixed multiple control structures. The distributed control scheme and corresponding communication technologies should be further studied with the multi-agent-based AI algorithms such that these control strategies can operate DCNG stably in all operation modes.
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