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Abstract 

Microgrids are envisioned as one of the most suitable alternatives for the integration of distributed generation units in the utility grid, as 

they efficiently combine generation, energy storage and loads in the same distribution network. In this context, hybrid ac/dc microgrids 

are arising as an interesting approach as they combine the advantages of ac and dc networks and do not require excessive modifications 

in the distribution network. However, they require more complex control strategies as they need to control the ac and dc networks and 

the interface power converter simultaneously. This paper identifies and analyses the control strategies that can be implemented in hybrid 

microgrids for an adequate power management in grid-tied and islanded modes of operation. The review is focused on hierarchical 

controls as they are the most extended approach in the literature. A classification has been elaborated, which covers the three main levels 

of hierarchical control strategies (primary, secondary and tertiary). Each of the levels has been independently studied in order to provide 

a comprehensive analysis of the alternatives found in the literature. The future trends related to this topic show that a higher research 

effort is required regarding the control of the interface device and the ancillary services that the management strategy must provide—

e.g. blackstart, transition between islanded and grid-connected modes of operation, interconnection of microgrids, etc. 
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1. Introduction 

The integration of renewable energy sources (RES) as distributed generation (DG) is an attractive solution to deal with 

the dependency on fossil fuels, the constant increment of the energy consumption and the poor energy quality supplied by 

a conservative and aged power network. 

Microgrids are a feasible solution towards the integration of RES, energy storage systems (ESS) and loads in the same 

grid, and several reviews can be found where different aspects of these networks are analyzed: control strategies [1]–[16], 

test beds around the world [13], [17]–[19], optimization techniques and available software tools [20]–[25], protection 

devices [7], [14], [16], [26], [27], etc. 

Although the configuration of microgrids can be either ac, dc or hybrid ac/dc, during the last years hybrid solutions 

(Figure 1) are becoming an interesting alternative as they combine the main advantages of ac and dc networks [28]–[32]. 

The greatest part of the research focuses on ac- or dc-based microgrids independently, so a more detailed analysis of the 

factors related to hybrid microgrids is required.  

In this context, the most used hybrid topologies have been reviewed and studied in the first part of this paper [Reference 

to Part I]. This second part of the paper is focused on control strategies because microgrids, and specially hybrid ones, 

require more complex control strategies than conventional power distribution networks [16], [32]. 

Hybrid microgrids are composed by an ac network, a dc network and a power converter interface between both of them 

that controls the power flow between the networks and the utility grid (Figure 1). These configurations have several 

advantages as ac- and dc-based devices can be easily connected to the grid with less interface converters. However, their 

control strategy must provide several features: adequate power sharing of RES and ESS units, stability of voltage and 

frequency at grid tied and islanded modes of operation, optimal power exchange between the microgrid and the power 

network, etc. 
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Figure 1 – Example of a hybrid microgrid configuration. 

Although several control strategies can be found in the literature, there is a reduced number of them that directly focuses 

on hybrid ac/dc microgrids. In addition, the information around the strategies for hybrid microgrids is very disperse and 

has not been previously reviewed. Therefore, the main purpose of this paper is to identify and analyze the most important 

control strategies that can be implemented in hybrid microgrids. Many of them have been originally studied for ac and dc 

microgrids independently, but might be also feasible for hybrid microgrids with higher or lower modifications. The 

classification and analysis of the most important features of control strategies will support researchers and developers to 

adopt the most suitable management strategy depending on the requirements of their microgrid. 

The structure of the paper is as follows: in Section 2 a brief overview of the hybrid microgrid concept is performed, 

where the main features and associated problems are stated. A classification of the most relevant strategies can be also 

found in this section. Subsequently, Section 3 collects a wide literature review related to the architectures used in hybrid 

microgrids and a comparative evaluation of the revised topologies. Finally, in Section 4 and 5 the most important future 

trends and conclusions of the research are presented, respectively. 

2. Control strategies overview 

One of the most characteristic features that distinguishes microgrids from conventional distribution grids is the control 

strategy that manages the devices attached to the network. This strategy is necessary for an optimal management mainly 

due to the distributed nature of microgrids [33]. On the one hand, the intermittent behavior of DG units must be controlled 

in an optimal way with ESS units so that a stable and constant power flow is provided. Apart from that, the microgrid must 

be controlled properly when operating on an autonomous mode to ensure a seamless transition between modes of operation 

and provide stable voltage and frequency. 

Therefore, control strategies for microgrids are a challenging field that is being widely researched in order to find the 

most suitable one depending on the requirements.  

Generally, the characteristics that a control strategy must fulfil in the microgrid environment are the following [16], 

[34]–[36]: 

• Stability: regulation of the voltage and frequency of the microgrid operating at different modes. Moreover, it ensures a 

stable and reliable power network both in the ac- and dc-side of the microgrid. 

• Protection: monitoring of energy flow and critical devices, and fault management of the grid. 

• Power balance: optimal load sharing and DG supply coordination. 

• Transition: seamless transition between microgrid modes of operation—i.e. islanding to grid-tied mode or vice versa. 

• Power transmission: exchange of power between the microgrid and the utility grid. 

• Synchronization: synchronization of the microgrid with the power network for an optimal transmission of power. 

• Optimization: depending on the conditions of the microgrid and the utility grid (e.g. market situation, power 

demand/supply or energy forecast), management of the systems to reduce costs, improve energy efficiency, etc. 
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These features cause the need to adopt a more complex control architecture compared to the controls found in 

conventional distribution networks. In the typical power grid the management of generation or storage units is not 

controlled by the grid operator unless their magnitude is representative for the network. 

It is not simple to identify and classify the control strategies that are most common as they mainly depend on the 

characteristics of the microgrid. However, the control strategies that are adopted by most authors in order to provide the 

aforementioned features are based on a hierarchical structure [1], [2], [9], [16], [33]–[35], [37]–[43]. In this approach three 

main control levels are distinguished: global/tertiary, microgrid/secondary and local/primary control. Each level is 

responsible for the control of the microgrid at a different scale and their main functions are summarized in Figure 2. 

 

Figure 2 – Main functions of control levels of a hierarchical control architecture. 

The classification of the most relevant hierarchical control level strategies can be observed in Figure 3. This 

classification has been performed based on the studies found in the literature, and their characteristics are explained more 

in detail in the following sections. 



4 

 

Figure 3 – Classification table of the microgrid control strategies identified in the literature. 

3. Hierarchical control levels 

3.1. Primary control 

The purpose of the local controller is to perform the current and voltage control of the interface devices connected to 

DG and ESS units. Optimal power management of resources and power sharing has to be ensured while providing voltage 

and frequency stability. In addition, lower-level protection is performed at this stage—e.g. inhibition of converters, 

contactors, etc. 

In the literature usually two or three types of primary control levels are distinguished, depending on their function. Some 

authors state that three strategies can be implemented, namely grid-forming, grid-feeding/following and grid-supporting 

ones [2], [44]. However, this classification could be simplified by reducing the number of primary control strategies to 

grid-forming and grid-feeding ones as described in [1], [40]. The grid-supporting strategies are introduced in the grid-

forming group because they contribute to the regulation of the grid voltage. 

Although some studies can be found where primary control strategies are reviewed [34], [45], they usually focus on ac 

or dc-based microgrids. In this case, grid-following and grid-forming control startegies are analyzed for their 

implementation in hybrid ac/dc microgrids. Therefore, not only the control of DG and ESS devices is reviewed but also 

the control for the interface converter between the ac and dc networks. 

3.1.1. Grid-following control 

When operating in grid-tied mode, the voltage and frequency of the microgrid are established by the utility grid, so the 

local controllers of RES systems usually operate in current-control mode to extract as much power as possible from energy 

resources—e.g. maximum power point tracking (MPPT) mode in wind turbine or photovoltaic systems, rated power 

operation in diesel/biomass generators, etc. [40]. Apart from that, this type of control can work in a non-optimal point—

out of the maximum power range—when the references are set by upper control levels. Usually the purpose of this approach 

is to optimize the power sharing strategy of the network [44]. These strategies are equally implemented in ac- and dc-based 

units; the main difference is the synchronization process of the ac-based ones to the ac side of the microgrid. 
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In this context, Blaabjerg et al. perform a review of some of the most relevant grid-following control strategies for DG 

systems and identify the most suitable network synchronization methods in the case of ac-based DG units—i.e. zero 

crossing, grid voltage filtering and phase locked loop (PLL) techniques [46]. Based on that, Palizban et al. have recently 

performed a review and classification of primary control strategies where the most common grid-following techniques are 

identified [1]: synchronous reference frame (dq), stationary reference frame (αβ) and natural frame (abc). For more 

information regarding these control strategies refer to [1], as internal current and voltage control strategies are out of the 

scope of this review. 

On a similar approach, Rocabert et al. and Rodríguez et al. identify some of the most suitable control techniques for the 

connection of devices to ac grids [44], [47]. These strategies could be implemented on the ac side of the hybrid microgrid 

or in both ac and dc networks after some adaptations. 

3.1.2. Grid-forming control 

When an intentional or non-intentional islanding occurs, voltage and frequency stability of the ac and dc networks of 

the microgrid has to be ensured by DG and ESS systems. Therefore, an optimal active and reactive power control has to 

be performed so as to provide adequate power sharing between devices. This feature has been previously studied for lower-

scale uninterruptible power supply systems [48], [49]. 

Depending on the requirements, some or all the DG units will operate to control the network voltage [40]—i.e. in grid-

forming mode—while the rest continue in grid-following mode. Two configurations have been identified for this control 

strategy [40]: 

• Single grid-forming unit: one of the interface converters connected to DG units is in grid-forming mode and its 

reference is established to supply a certain voltage and frequency. The rest of the devices connected to this network are 

controlled to absorb as much power as possible from energy resources—i.e. in grid-following mode [40]. 

• Multiple grid-forming units: in this strategy, more than one interface converter is controlled in grid-forming mode. 

Consequently, a synchronization process is required to ensure voltage and frequency stability for both the ac and dc 

microgrid networks while performing a balanced power sharing. 

According to several authors, approaches under this category can be distinguished depending on whether interface 

converters are interconnected by a communication network or not [9], [10], [15], [34]. Vandoorn et al., for example, 

make an extensive review of grid-forming control strategies for multiple grid-forming DG interface converters where 

this classification is observed [10]. 

○ Communication network between devices: these strategies are usually based on active load sharing. They include 

master/slave, central or concentrated control, instantaneous current sharing or circular chain approaches, among 

others [1], [10]. The main disadvantage of these techniques is that the communication network can become extremely 

complex in highly extended microgrids, and it can cause failures in the control strategy if any part of the 

communication network has a fault. Moreover, plug and play capability is not ensured, what makes the integration 

of upcoming devices a challenging task. 

As an example of this control strategy, Liu et al. propose in [50] a primary control strategy for a hybrid ac/dc 

microgrid consisting of an energy storage system, a photovoltaic panel, a doubly-fed induction generator-based wind 

turbine and an ac and dc load. The authors employ a cascaded voltage and current regulator for the DG and ESS 

devices and for the interface converter, and some information is exchanged between these control strategies in order 

to ensure a good stability and demanded power sharing. 

Another approach can be observed in [51], where Bidram et al. develop a two-layer control strategy based on the 

droop control technique—which is a proportional control—for voltage- and current-controlled voltage-source 

inverters. The control strategy of each device requires its own information and the information of the neighboring 

systems, but it does not make use of a central controller for the management of the microgrid. 

Other solutions can be found where communication between DG and ESS devices is necessary but no communication 

network is present. These approaches are based on the communication between the power lines of the microgrid, 

which is also known as power line communication (PLC) or power line signaling (PLS). An example of this strategy 

can be observed in [52], where signals of different frequencies are sent through the power line so as to synchronize 

the converters connected to the grid. Although this strategy does not require any additional communication network, 

the control signals that circulate through the microgrid pollute the voltage and frequency of the networks. Moreover, 

the integration of new generation or storage units in the microgrid is more complex as the range of frequencies where 

the signals can be injected is reduced when the number of devices already connected is high. 

Even if primary control strategies based on a communication network provide adequate power sharing and stability 

for the microgrid, they are not very used in the literature. A more usual approach is to employ an autonomous primary 

control with a centralized or distributed secondary control, which is explained more in detail in the following sections. 

○ No communication network:  

Droop-based control 
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Droop control is one of the most studied strategies where no communication between devices is necessary [13], [36], 

[37], [43], [53]–[73]. During the last decade, a lot of research effort has been focused on this topic due to the 

advantages it provides over other control alternatives: plug and play capability, power sharing, less faults due to the 

lack of a communication network, simple implementation, etc. The purpose of droop control is to vary the voltage 

amplitude and frequency references depending on the active and reactive power demand to perform the power sharing 

between devices. This strategy is widely used for the power sharing of synchronous generators in the conventional 

utility grid. In microgrids, ESS units often include this strategy to perform optimal current sharing when operating 

both in islanded or grid-tied mode. Moreover, its integration in DG systems is often limited to islanded operating 

mode to perform an optimal power sharing and to take advantage of MPPT regulation in grid-tied mode as mentioned 

in Section 3.1.1 [37]. 

Under this category, Guerrero et al. propose in [37] some primary droop-based control strategies for ac and dc 

microgrid architectures which are suitable for their implementation in hybrid microgrids. According to the authors, 

even if conventional droop control strategies have several advantages over other alternatives, they also present some 

drawbacks: no capability for non-linear load sharing, load-dependent frequency deviation or trade-off between the 

voltage regulation and the current sharing between the converters, among others. In order to cope with these 

problems, a hierarchical control consisting of three levels is proposed, where voltage and frequency deviations are 

compensated by the secondary level (explained more in detail in Section 3.2). 

Similarly, Bidram and Davoudi perform an extensive comparative evaluation of several droop control strategy 

variants for ac microgrids [34], and collect their most relevant advantages and disadvantages (refer to Table I in [34] 

for more information). 

A slightly different approach which is based on droop control can be also observed in [74]. In this case, the authors 

have adapted the droop curves depending on the mode of operation of the microgrid, so that a certain device operates 

in each case. The modes of operating are defined based on the voltage levels of the microgrid. The authors in this 

case state that a fully decentralized control can be obtained as the devices modify their operating mode autonomously. 

Each droop method has its own advantages and disadvantages. Therefore, there is not an optimal solution that can 

cover all type of applications, and their feasibility has to be studied in detail depending on each situation. 

The above mentioned studies focus on ac or dc microgrid droop controls independently, but they can be implemented 

in hybrid microgrids with slight modifications. As an example, Loh et al. combines both strategies for their operation 

in a hybrid microgrid by the use of an interlinking converter [64]. In this approach, the power flow between both 

sides of the microgrid is studied through a normalization process of the ac frequency and dc voltage. 

Similarly, Eghtedarpour and Farjah make use of droop control strategies for the management of the interface 

converter that is located between the ac and dc network [75]. The authors propose a solution based on a two-stage 

droop control by measuring the ac microgrid frequency and the dc microgrid voltage. With this control a bidirectional 

power control can be performed under different modes of operation. 

Virtual impedance 

As an extra feature of droop-based techniques, many authors introduce the concept of the virtual impedance in the 

control strategy [47], [76]. These virtual impedances are mainly used to provide active stabilization and disturbance 

rejection or to provide ancillary services to the microgrid. 

Shi et al., for example, introduce an adaptive virtual impedance in the control strategy in order to perform the voltage 

and frequency regulation of the ac microgrid [77]. The authors in [78] and in [79] have also employed a virtual 

impedance to control the power sharing of distributed converters. Moreover, Li and Kao use a virtual impedance in 

order to decouple the control of the active and reactive power of converters, and they defend that the reactive power 

control and sharing accuracy is significantly improved. 

An ancillary service provided by the virtual impedance can be to avoid circulating power flows between converters 

connected in parallel, as studied by Kim et al. in [57] or by Zhang et al. in [68]. The latter study, for example, 

contemplates the interconnection of six three-stage SST converters in parallel, and employs an adaptive virtual 

impedance to mitigate currents circulating between them. 

Another interesting approach is the solution proposed by Gu et al. in [80], where different virtual impedances are 

employed for the ESSs that regulate the voltage of the dc microgrid. Depending on whether the ESS unit is based on 

batteries or supercapacitors, the virtual impedance is adapted so the response of their converters corresponds to their 

power capabilities. As an example, the dynamics of the virtual impedance of the supercapacitors will be faster than 

the one from the batteries. 

Other ancillary services such as state of charge balancing of ESS [55] or soft-start techniques for wind turbines [37] 

can be also seen in the literature. 

Non-droop-based control 

Apart from droop-based techniques, other strategies can be found where no communication network is required. 

Ovalle et al., for example, propose an alternative that is based on the instantaneous power theory [81]. The authors 
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imply that power sharing between devices can be achieved without any communication, barely with local 

measurements. 

Another approach is proposed by Sun et al. in [82], where the modes of operation of the photovoltaic panels attached 

to the microgrid are varied autonomously depending on the level of the voltage. 

Regarding the control of the interface device, Davari and Mohamed propose a fixed-parameter low-order strategy in 

[83]. The authors state that this control strategy provides a great tracking performance and a robust disturbance 

rejection and stability over operating point or parameter variations. 

As it can be deduced, the vast majority of control strategies that do not require a communication network are based 

on droop control techniques. However, as aforementioned, droop techniques require additional modifications in order 

to ensure an efficient management of the microgrid. 

In some cases hybrid control solutions are also used, although they are not as common as the above mentioned 

approaches [10]. An example of a hybrid control strategy can be observed in [78], where a communication-based and 

autonomous control strategy are mixed. In this case, the autonomous control is used for DG converter blocks that are 

physically apart, and it is based on the droop control technique. On the other hand, the converters inside each block, which 

are near each other, are controlled with a dynamic power distribution technique. The authors state that this strategy 

improves the system efficiency while ensuring balanced power sharing. 

3.2. Secondary control 

The main purpose of this control level is to compensate the voltage and frequency deviations in the networks that 

compose the microgrid (in the dc side of microgrids only the voltage). After a change in the load or generation of the 

microgrid, the secondary control regulates the difference between the established voltage/frequency references and the 

measured ones towards zero [37], [84], [85]. 

When operating in islanded mode, the secondary control strategy is the higher hierarchical control level, so it must 

ensure other features such as black-start management and resynchronization on the transition from islanding to grid-tied 

mode of operation. 

Secondary control strategies are primarily categorized as centralized or non-centralized [33], [36], [86], [87]. Depending 

on the architecture and the state of the microgrid, the control levels adopt different grades of responsibility. 

3.2.1. Centralized management 

In centralized approaches, the management of the microgrid is performed from a central controller located at the global 

control level, usually named as microgrid central controller or MGCC (Figure 4) [13], [33], [86]. In order to do so, variables 

such as active and reactive power are collected from DG, ESS and critical loads; moreover, market conditions, security 

issues and requests coming from upper control units (e.g. the SCADA of the utility grid) are taken into account [33]. This 

means that a communication network links all the hierarchical control levels. 

 

Figure 4 – Concept of the centralized secondary control 
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Therefore, centralized control strategies become extremely difficult when a high amount of devices are connected at 

dispersed locations and their owners do not share the same interests. However, they are suitable for the management of 

small-scale microgrid where there is a single or reduced number of DG and ESS owners, as they provide high plug-and-

play capabilities [13], [36]. 

The secondary centralized control compensates the variations of voltage and frequency in primary control levels based 

on the references set by the upper tertiary control level when operating in the grid-tied mode. Alternatively, these references 

are internally generated when an islanding process occurs. The already mentioned study performed by Guerrero et al. in 

[37] shows an example of this strategy. The authors propose a centralized secondary control which could be implemented 

for both networks of the hybrid microgrid. 

A similar approach is proposed by Shafiee et al. for dc microgrids in [39]. They study the integration of a control strategy 

that relies on a communication network for a proper operation and power sharing of generation and storage devices. The 

authors state that it is not possible to take advantage of this technique when there is an interconnection of microgrids, since 

power sharing has to be ensured. Therefore, the adoption of a decentralized strategy is proposed for this operating mode. 

Milczarek et al. also propose a centralized secondary controller that collects the information from the DG units and 

generates the active and reactive power references for each device [88]. This method provides a balanced active and reactive 

power sharing between the controlled devices, improving the characteristics of conventional droop-based techniques. 

Another approach of this control strategy can be observed in [61], where an optimal power flow algorithm is developed 

in order to find and generate the optimal reference values for voltages and active powers in a dc microgrid. 

The integration of a secondary control strategy for the interface converter of a hybrid microgrid can be also seen in [89]. 

In this approach, Radwan and Mohamed employ a centralized strategy for the control of the interface converter whereas 

the management of the generation devices located at the microgrid is performed autonomously. According to the authors, 

the control of the interface converter operates successfully regardless of the mode DG units are managed. 

A general overview of a droop-based hierarchical centralized control is performed by Vasquez et al. in [41], and other 

studies can be found where this control strategy has been used [79], [90]–[93]. 

3.2.2. Non-centralized management 

In non-centralized control strategies, power management responsibilities recall in the generation and storage devices. 

This means that instead of being implemented in the MGCC, they are integrated in the local controller, avoiding the 

communication network with upper level control strategies (tertiary and so on) [94]. The main advantage of these 

management strategies is that in case a fault occurs, the rest of the microgrid can operate normally after disconnecting the 

faulty unit. 

The non-centralized control approach is envisioned as an attractive solution towards the integration of microgrids at the 

power distribution level, as it offers a more simple communication network while providing plug-and-play connection of 

devices [13], [33], [36]. 

Two main variants can be found; one where a communication network is integrated, also named distributed control [42], 

and another where there is no communication between units (DG, ESS, etc.), also known as decentralized control. 

• Distributed secondary control: this is one of the most studied secondary techniques due to the good performance 

it provides and the relatively simple communication network it requires (Figure 5). 

Yazdanian et al. perform a review of some of the suitable solutions—e.g. consensus or agent-based 

techniques—stating that they provide higher performance over decentralized or centralized approaches thanks 

to the interaction between units [42]. 
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Figure 5 – Concept of the distributed secondary control strategy. 

Multi-agent systems (MAS) are one of the solutions for the distributed management of microgrids. In this 

approach, each local controller acts as an agent, making decisions over the parameters of the DG or ESS unit 

that is controlling. As it is a distributed strategy, the communication is performed only between neighboring 

devices. 

An example of this alternative is explained and developed by Bidram et al. in [95] for ac microgrids. The 

authors propose a droop-based primary control strategy where the reference values are generated based on the 

parameters of adjacent devices. The validation in this case is performed by simulation, concluding that adequate 

voltage control is ensured while performing a good power sharing between devices. 

In addition, Liang et al. show a MAS-based control algorithm that performs the communication between 

neighboring devices via wireless connection [96]. The authors state that even if the convergence of the 

microgrid is slower due to near interferences, this strategy improves previous MAS-based techniques by 

reducing multiagent coordination errors. 

Apart from the mentioned studies, this control strategy has been also adopted by other authors, for example in 

[97]–[101]. 

Apart from MAS-based techniques, other distributed strategies have been also identified in the literature. As 

an example, Shafiee, in cooperation with several other authors has proposed a wide variety of distributed 

secondary control strategies to provide frequency and voltage deviation controllability while ensuring reactive 

power sharing [94], [102]–[104]. These strategies are divided into three main groups: normal averaging, gossip-

based (a type of MAS technique) and consensus based techniques. As an example a normal averaging control 

strategy can be seen in [94], which has been experimentally validated and compared to a centralized control 

structure afterwards. The conclusions are that a good performance is obtained with this strategy and the 

communication network is simplified considerably comparing to centralized configurations [94]. 

A similar approach is proposed by Simpson-Porco et al. in [105], where a distributed averaging technique is 

employed for the secondary control of frequency and voltage. According to the authors, the control strategy of 

each device only requires the information of its neighboring devices to perform the frequency control and 

power sharing. The authors in [72] have also employed an average voltage sharing in order to compensate the 

voltage deviations caused by the primary droop-based control, and the study performed in [59] integrates an 

average current sharing and voltage sharing technique to enhance the accuracy on the current sharing and 

regulated the bus voltage, respectively. 

Regarding consensus-based secondary techniques, some examples can be seen in the literatures such as the 

solution proposed by Guo et al. in [106]. In this paper, the authors state that this control strategy can restore 

voltage and frequency to their rated values while the power sharing is ensured between the connected devices. 
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• Decentralized secondary control: several authors imply that decentralized control strategies are more suitable 

for microgrid systems as they need no communication and therefore plug and play connection of upcoming 

units can be ensured (Figure 6). In [107], Chandorkar et al. develop a control strategy that does not require any 

type of communication network between devices and relies in locally-measured parameters. Results show that 

the power sharing between devices is correctly performed under load variations. 

 

Figure 6 – Concept of the decentralized secondary control 

Díaz et al. have also proposed a secondary control strategy that merely uses local variables to perform the 

control of ESS units [63]. The authors mention that with this control technique, which is based on fuzzy 

inference, it is possible to adequately balance the state of charge of the ESS while providing low voltage 

deviation. Similarly, a decentralized secondary control strategy is used in [108] in order to restore the frequency 

deviation of the droop primary control. 

The concept of virtual impedance has been also used by some authors in order to provide frequency and voltage 

compensation without any type of communication between devices [77]. 

On the other hand, Ahn et al. have performed a comparison between distributed and decentralized secondary 

control strategies [109]. They state that even if it is possible to perform the management of the microgrid 

without any type of communication between devices, the distributed approach provides a better performance 

and reliability. 

A slightly different approach is employed by Wang et al. in [110], where the decentralized control strategy is 

used to control the DG and ESS systems located at the ac and dc network of a hybrid microgrid. 

3.2.3. Centralized vs non-centralized management 

Apart from specific studies of centralized or non-centralized control strategies, several articles can be found where the 

features of each approach are highlighted. Planas et al., for example, compare and identify the main advantages of 

centralized and non-centralized MAS architectures in terms of complexity of control, communications, fault management 

and flexibility and modularity [13]. According to the authors, the centralized approach is envisioned as an interesting 

alternative for small-scale microgrids where few modifications will be performed in the future, whereas decentralized 

control strategies offer a more flexible system although their higher initial cost. However, as Olivares et al. state in [35], 

usually a compromise between centralized and decentralized approach is adopted because a minimum communication is 

required for an optimal management of the microgrid. As an example of this, Majumder et al. analyze and compare two 

communication-based and autonomous control strategies, concluding that the low-bandwidth communication significantly 

improves the power sharing and it is economically feasible [111]. 

The main features of each control architecture have been summarized by Hatziargyriou et al. in [33] and are shown in 

Table 1. 
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Table 1 – Main characteristics of centralized and decentralized control architectures [33]. 

Characteristic Centralized control Decentralized control 

DG ownership Single owner Multiple owners 

Goals A clear, single task, e.g. 

minimization of energy costs 

Uncertainty over what each owner 

wants at any particular moment 

Availability of operating personnel 

(monitoring, low level 

management, special switching 

operations, etc.) 

Available Not available 

Market participation Implementation of complicated 

algorithms 

Owners unlikely to use complex 

algorithms 

Installation of new equipment Requirements of specialized 

personnel 

Should be plug-and-play 

Optimality Optimal solutions Mostly suboptimal solutions 

Communication requirements High Low 

Market participation All units collaborate Some units may be competitive 

Microgrid operation is attached to a 

larger and more critical operation 

Possible Not possible 

 

As can be observed in the table, the centralized approach makes sense in microgrids where there is a single owner or 

the owners share the same interests. Therefore, the main applications that adopt this strategy will be small microgrids where 

a limited number of controllable devices are integrated and few future integrations are expected. 

However, microgrids managed by non-centralized control will comprise the largest part of microgrid applications, as 

they offer a high level of flexibility by supporting the inclusion of plug-and play devices. 

3.3. Tertiary control 

When operating in grid-tied mode, the tertiary or global control level manages the active and reactive power flow 

between the microgrid and the utility grid by regulating the voltage and frequency of the microgrid. Similar to the secondary 

control level, this can be performed in two ways: as a centralized strategy where the tertiary control level is located at the 

MGCC (which can be the SCADA system), or as a distributed technique where the entire control is located at the local 

controllers. 

3.3.1. Centralized management 

In centralized techniques, power values are measured at the point of common coupling and they are compared to the 

desired values. P/Q reference values are obtained based on the power requirements of the microgrid and the market 

situation—i.e. energy cost, generation, storage and/or load forecasting, etc. This way, different variables can be optimized 

such as efficiency, economical benefit, control simplicity, power quality, etc. 

An example of this control level can be seen in [37], where Guerrero et al. propose a centralized hierarchical control 

consisting of three levels. In this solution, the active and reactive power are measured in the PCC and compared to the 

desired values in order to generate the frequency and voltage references for the secondary level. The algorithms have been 

tested by simulation and show a good performance of the overall control strategy for the islanded/grid-tied modes and the 

transition between both modes of operation. Moreover, the authors mention that the management of multiple microgrids 

can be done with the proposed control. 

A centralized tertiary control can be also seen in [112] for the energy management of a hybrid ac/dc microgrid. As well 

as ensuring an adequate voltage control, this strategy takes into account several factors such as the forecast of electricity 

price, generation and demand power profiles in order to optimize the overall system—grid interaction and ESS/DG 

interaction. According to the authors, this strategy reduces the operation cost of the microgrid. 

A similar approach is employed by Shi et al. in [113], where an optimal power flow problem is formulated in order to 

generate the schedule of the microgrid. The results in this case show that the proposed energy management strategy operates 

successfully in grid-tied and islanded modes. 

Apart from these studies, a variety of centralized tertiary management strategies can be identified in the literature [93], 

[114]–[120]. 
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3.3.2. Distributed management 

Usually, the tertiary control level is not located at the microgrid itself, but in the MGCC of the main grid (e.g. at the 

SCADA). However, there exist some approaches where the tertiary control level is placed in the microgrid in a distributed 

manner, as can be observed in [121]. In this paper the authors propose a gossip-based tertiary control algorithm that is 

directly located at the local controllers. In addition, all the devices are interconnected via internet, increasing the reliability 

and efficiency of the system. 

A similar architecture has been used by Meng et al., where the three hierarchical levels are integrated in the local 

controller [122]. In this approach a consensus-based tertiary control strategy has been implemented, and two 

communication networks have been developed for the adequate operation of the microgrid: one for the communication 

between consensus-based controls and another one for the primary and secondary levels. 

Even if these strategies significantly improve the flexibility of microgrids, the most common trend in the literature is to 

employ centralized tertiary control strategies. The main reason is that the coordination of the devices attached to the 

microgrid is performed based on factors that are difficult to be integrated on each device. These factors include forecasting 

of generation and demand profiles, energy flow in the microgrid, energy market, etc. 

4. Future trends 

One of the most important conditions that a microgrid must fulfil is the plug-and-play capability of devices such as DG, 

ESS or loads. Most authors have focused on droop-based control strategies to cope with this, but these present some 

drawbacks that need to be further researched such as reactive power sharing or frequency and voltage deviations [34], [37]. 

In hybrid microgrids the control strategy for the interface converter must be improved to provide adequate power flow 

between the ac and dc network. Several authors have developed the control of these devices independently, but there are 

not so many where their operation is studied in a microgrid environment (e.g. [123], [124]). In addition, there are very few 

studies where the control of this converter is synchronized with the control strategies integrated at the devices of the 

microgrid. Therefore, the management of interface converters that takes into account the topology (as discussed in the first 

part of this paper) and control strategy of the microgrid needs to be further developed, which is foreseen an interesting 

research topic. 

Regarding higher control levels of the microgrid, there are many aspects that need improvements to be competitive over 

conventional grid architectures. 

As microgrids are capable of controlling the power flow with the utility grid, a high level control technique that performs 

the management of multiple microgrids can be included. Although this is an interesting solution for the increment of the 

overall efficiency, there is a small amount of studies that cover this topic in the literature [39], [125]. 

Other aspects that need to be further researched are the transition between grid-tied and islanded modes of operation or 

blackstart procedures [11], [27], [126]. Even if these have not been covered in this paper, they are one of the most critical 

aspects that microgrids need to handle. 

Apart from the aforementioned features, the optimization of control strategies is also an interesting approach that has 

not been covered thoroughly before. In this context, control strategies can be optimized taking into account market 

conditions, forecasting of energy production or consumption, computational charges or efficiency issues [REFERENCIA 

REVIEW]. Depending on the requirements and the situation of the microgrid (location, regulatory conditions), the 

optimization process can be carried out to operate in a certain mode. 

It can be observed that even though several studies have been already performed, there are many fields that need to be 

further researched. The aforementioned topics are likely to be studied in the near future. 

5. Conclusions 

Microgrids are one of the most promising alternatives towards the integration of DG units in the conventional power 

network. However, this type of systems require more complex control strategies than the ones employed in the utility grid, 

especially in hybrid microgrids. In these configurations ac and dc networks and the main power controller need to be 

managed for an optimal performance of the microgrid, but most of the literature researches have focused on these 

subsystems independently. 

In order to identify the strategies that can be employed in hybrid microgrids, this paper has reviewed the most used ones 

in the literature for ac and dc microgrids. The main functions that the management strategy should provide have been 

collected, and a classification of the most studied hierarchical controls has been elaborated. 

Three control levels have been distinguished and the variants that are used in this case have been analyzed and explained. 

Regarding the primary control level, it has been concluded that droop-based techniques are the most suitable approach 

towards a scalable microgrid, as they provide high plug-and-play capability while ensuring adequate power sharing of 

devices both in grid-tied and islanded modes of operation. 
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Secondary level techniques have been distinguished depending on whether they are located at a central point 

(centralized) or at the local controller of each device (decentralized). After evaluating the studies found in the literature it 

has been determined that centralized strategies are more adequate for single-user low-scale microgrid configurations, 

whereas decentralized ones are suitable for larger scale systems with multiple users that are constantly being adapted to 

upcoming units. 

Something similar has been concluded with tertiary level strategies. Although decentralized approaches are not as 

common as centralized ones when referring to tertiary level controls, they can improve the integration of new units to the 

microgrid. However, the systems that are based on centralized strategies provide a more accurate performance and better 

reliability thanks to the synchronization of units. 
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