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Due to the advantages of effectively integrating diversified loads and renewable sources, hybrid DC/AC microgrids have attracted the common attention of industry and academia. Meanwhile, with the increasing number of power electronic devices connected to the system, the complexity of the system increases, which puts forward higher requirements for galvanic isolation and intelligent control methods. This study proposes a unified decentralized framework for isolated interlinking converters (IICs) in hybrid DC/AC microgrids, which include topology and a control strategy to solve the aforementioned problems. Firstly, in terms of topology, a dual active bridge (DAB) converter is adopted to realize galvanic isolation and DC voltage conversion, which can facilitate the interconnection of DC microgrids or be combined with VSC for the interconnection of DC and AC microgrids. Secondly, in terms of the control strategy, a bidirectional voltage–supporting control strategy is proposed for IICs, in which the frequency and voltage are adopted as the indications to balance the power and strengthen the inertia interaction of microgrids. Furthermore, with the proposed control strategy, the voltage sources of different microgrids can share the power fluctuation, cooperatively. The stability of the proposed strategy is analyzed, and the effectiveness is verified by several HIL experiments.
Keywords: hybrid DC/AC microgrids, decentralized control strategy, unified framework, IIC, bidirectional voltage support
1 INTRODUCTION
With the increasing awareness of environmental protection and public’s expectation of opportunities brought by energy industry upgrade, the transformation of the energy structure of power systems has been widely concerned and promoted. The microgrid framework has been regarded as cost-effective power system architecture due to the advantages of high flexibility and easy integration of multiple types of renewable sources and loads.
Microgrids can be divided into three categories according to their components: DC microgrids (Dragičević et al., 2016a; Dragičević et al., 2016b), AC microgrids (Begum et al., 2017; Semënov et al., 2017), and hybrid DC/AC microgrids (Nejabatkhah and Li, 2015; Ansari et al., 2021). Similar to conventional AC utility systems, renewable energy sources and loads of all types are connected to AC buses either directly or through converters. Because of its good compatibility with the conventional utility grid, the AC microgrid has been researched deeply in the early stage. However, a large number of renewable power generation devices such as photovoltaic and energy storage, as well as loads such as electric vehicles, exhibit natural DC output characteristics. If these DC sources and DC loads connect to the AC microgrid, the DC/AC conversion stage is introduced, which decreases power efficiency. With the development of power electronic device integration techniques and design methods, DC voltage conversion and its interconnection with AC utility have a breakthrough solution. Thus, the DC microgrid has ushered in a massive development because of its advantages on high efficiency without harmonic and reactive power transmission problems. To effectively utilize the benefits of the two types of microgrids, the hybrid DC/AC microgrid emerges as the times require. While integrating various kinds of renewable energy sources and loads, the hybrid DC/AC microgrid can also ensure interaction with the utility grid.
With the increase of renewable energy sources and integration of various loads in the hybrid DC/AC microgrids, the power absorption capacity of the microgrids and smooth operation ability face enormous challenges. The structure and control method of IIC play a vital role in the stability and smooth operation of the hybrid microgrid. From the perspective of the device structure, single-stage conversion topology is commonly adopted in the early hybrid DC/AC microgrids. However, with the extensive integration of renewable generation equipment and diversified loads, single-stage equipment cannot meet the higher needs of control operations. On the one hand, the direct connection between the AC and the DC microgrids using a single-stage converter may introduce a circulating current, which requires an additional suppression strategy (Xia et al., 2018; Xia et al., 2020). On the other hand, the standard of the DC voltage level is not mature, the renewable generations and loads have various voltage levels, and single-stage converters often have specific requirements on DC voltage according to their modulation modes. Thus, the matching of DC voltage will also cause connection problems. In view of the aforementioned issues, the structure of a two-stage converter is proposed, which can be divided into the isolated and non-isolated types. The non-isolated type usually combines a single-stage structure with a non-isolated DC voltage transformation topology such as the Buch and Boost circuit, which still faces the problem of circulating current. By contrast, the isolated two-stage converter structure adds the line frequency transformer module based on the single-stage converter structure. Thus, the topology has the dual functions of isolation and voltage matching. In reality, line frequency transformers are widely adopted because of their reliability, simplicity, and low cost. However, the drawbacks of low energy density and colossal volume occupation of line frequency transformers limit their applications in hybrid DC/AC microgrids. Compared with conventional line frequency transformers, with the development of solid-state transformers (SSTs), the DC transformers are less susceptible to DC offset and possess more controllability when employed in microgrids, with less volume occupation, voltage sag ride-through capability, and current limitation ability. Therefore, DC transformers are gaining increasing concern and promotion. Replacing conventional passive line frequency transformers with the SST-based IIC can be viewed as a potential solution for application in hybrid DC/AC microgrids.
Shamshuddin et al. (2020) have provided a complete overview of SST, such as concepts, topologies, design criteria, and control schemes. There are two different groups of power conversion stages: solid-state transformer block (SSTblock) and solid-stage transformer isolated block (SSTi-block), which can be considered as the base blocks for any SST. SSTi-block is also known as the simplest form of an SST, with a single port available at the primary and secondary sides of the medium frequency transformer (MFT), cascading with SSTblock extension stages to form various configurations of SSTs. The dual active bridge (DAB) is one type of SSTi-block based on nonresonant topology, which was introduced in 1991 for higher power density isolated DC-DC conversion. The connection interfaces of different microgrids in hybrid systems mainly include the interface structure between DC microgrids and the interface structure between the DC and AC microgrids. The connections between the different AC microgrids usually include three-stage AC-DC-AC structures, which can be regarded as the combination of the aforementioned two connection structures. Conventional DC-DC converters such as the Buck and Boost topologies are often utilized to connect different DC microgrids. Comparatively, the DAB can provide galvanic isolation and voltage recovery function under abnormal conditions. In addition, it is challenging to develop a unified topology in multi-voltage-level DC microgrids because of the voltage limitation on both sides in conventional topologies. For instance, a buck circuit is usually used for voltage reduction, while a boost circuit is generally used for voltage lifting. Therefore, when the voltage of the connected microgrid changes, it may involve the trouble of topology transformation. By contrast, the DAB topology has less constraint on both sides’ voltage and has more flexible control modes, which is more beneficial to the interconnection between the multi-voltage-level DC microgrids. In addition to DC microgrids with different voltages, various heterogeneous AC microgrids may be integrated into the hybrid system. The topology formed by the DAB and AC/DC voltage source converter (VSC) can achieve galvanic isolation and facilitate interconnecting between multiple AC and DC microgrids. Therefore, the unified interface structure of hybrid DC/AC microgrids can be built, in which the DAB serves as IIC between the DC microgrids, and the combination of DAB with VSC serves as IIC between the DC and AC microgrids. The unified structure is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Representative hybrid DC/AC microgrids with the unified structure as the interface.
The control methods of converters in hybrid DC/AC microgrids can be classified into three categories according to their dependence on communication. A centralized control requires fast communication to get the overall system operation status (Hossain et al., 2017), which is suitable for optimal operation control and can quickly realize the unified performance of the system through fast communication. However, the centralized control is highly dependent on communication and faces challenges brought by single-point failure. Compared with the centralized control strategy, a distributed control can also realize unified performance through reduced communication requirements, which only needs the status of adjacent points through low-bandwidth communication (Espina et al., 2020; Zhang et al., 2021). The decentralized control has the lowest requirements for system communication and generally only requires obtaining the local status, which is suitable for a modular primary control (Xu et al., 2017; Yang et al., 2020). However, it is challenging to realize unified performance in a decentralized manner. Regardless of the communication requirements, most current control strategies are actually directional. For instance, the control methods for Buck or Boost topologies often assume that the voltage on one side is stable while the voltage on the other side is controlled to a preset value (Konar and Ghosh, 2015; Kumar et al., 2015). A common droop control for the VSC, such as the P-f droop control, can only realize the power support from the DC microgrid to the AC microgrid, which can be viewed as a directional control strategy (Guerrero et al., 2011; Rocabert et al., 2012). When the power imbalance occurs in the DC microgrid, it is difficult for the AC microgrid to achieve reverse power support. In this situation, the P-f droop control needs to be switched into the DC droop or DC voltage control to support the DC microgrid, thus increasing the control complexity.
Many research have focused on power management and control in hybrid DC/AC microgrids to realize a coordinated operation with or without relying on communication links. To form a modular and scalable architecture for interconnection between microgrids, various interlinking units have been proposed by researchers. Yu et al. (2020) presented a novel interlinking converter named smart interlinking unit (SIU), which could provide multiple AC/DC interfaces and diverse operation modes with various control functionalities. Furthermore, an SIU-based hybrid microgrid architecture and a hierarchical control structure were developed. According to the basic configuration of the SIU, a back-to-back (B2B) structure was formed by two VSCs, and a common DC bus was encompassed. However, this study mainly focuses on connecting two AC microgrids and the ESS microgrid at the intermediate DC bus. The proposed method for the VSC in a grid-connected mode is the unidirectional control scheme. In the work by Yu et al. (2022a), a new interlinking converter referred to as the energy networking unit (ENU) has been proposed. The ENU-based hybrid microgrid clustering architecture is established, which is characterized by scalability, reconfigurability, and modularity. A proposed decentralized control strategy for this architecture can realize autonomous power exchange between the microgrids considering the ESS restrictions and a switch to smooth mode. This study mainly focuses on the power interaction between clusters, and the adopted method for clusters belongs to a bidirectional control. Yu et al. (2022b) first introduced the pseudo hierarchical energy management architecture built upon a smart EV charging point. The DAB is the connection interface between the ESS and DC microgrids. The proposed control strategy relies on a simple communication link, and the applied method for VSC in the grid-connected mode belongs to the unidirectional control. In Eghtedarpour and Farjah (2014), Maryama et al. (2014), and Malik et al. (2018), a single-stage VSC was used to interface the DC and AC microgrids. The corresponding droop control and modified droop strategies were designed for load sharing and power interaction. While Yu et al. (2014) proposed a hierarchical power management strategy for the SST-based system, which is mainly used among the DC microgrids as a unidirectional control, Cao et al. (2018) showed that microgrids with conventional power transformers are unsuitable for smart buildings due to their uncontrollability and vulnerability to interference. Thus, the hybrid AC/DC microgrid architecture for smart buildings has been proposed to increase the penetration of DGs and isolate the interference to the grid based on a modular multilevel converter–based solid-state transformer (MMC-SST). The proposed control strategy belongs to the unidirectional control and involves the requirement of mode switching. Based on the current research foundation, a unified topology with isolation and bidirectional control strategy in the DC/AC hybrid system can be established, which is proposed and investigated in this study. Table 1 shows the comparisons of the proposed IIC with other converters and the corresponding strategies mentioned previously.
TABLE 1 | Comparison with control strategies.
[image: Table 1]The main contributions of this study are as follows:
1) A unified framework for IICs is proposed to facilitate the interconnection between microgrids in hybrid DC/AC microgrids, where the DAB is adopted to realize galvanic isolation and DC voltage conversion, and the combination of DAB and VSC is adopted for the connection between the DC and AC microgrids.
2) A bidirectional voltage–supporting control strategy is proposed for IICs, where the frequency and voltage are adopted as the indications to balance the power and strengthen the inertia connection of the microgrids. Besides, the proposed control is decentralized, which can realize the power sharing between voltage sources in different microgrids of the hybrid DC/AC system.
The remaining of this article is organized as follows: Section 2 describes the unified topology of IIC in hybrid microgrids and the operation principle. Section 3 introduces the unified control framework for IIC. Section 4 verifies the stability of the proposed control strategy. This article also depicts some typical applications of hybrid DC/AC microgrids. The proposed control method is verified through hardware-in-loop (HIL) tests in Section 5, and Section 6 presents the conclusion of this study.
2 SYSTEM DESCRIPTION AND OPERATING PRINCIPLE
This section mainly introduces the structure of the interfacing topology of hybrid microgrids. As described in the previous section, interfaces in hybrid DC/AC microgrids include the structure connecting DC microgrids of different voltage levels and the structure connecting DC microgrid and AC microgrid. In the multi-heterogenous hybrid DC/AC microgrids, to make the connecting interface a unified topology, the DAB is adopted for multi-voltage DC microgrid connections, and the combination of DAB and VSC is adopted for DC microgrid and AC microgrid connections. In the proposed topology, the DABs exist in both the independent interface and interface connecting with the VSC, the functions of which are essentially the same. Both DABs are adopted to achieve DC voltage adaption and galvanic isolation. Meanwhile, this study aims to build a modular and unified decentralized control framework. Thus, the control of DAB in the two interfaces should be the same. Therefore, this study takes the combined topology of DAB and VSC as an example to introduce the control framework, which covers the control strategy of DAB as a separate interface.
2.1 Introduction to topology numbering guidelines
In order to introduce the control and modeling methods of the framework more conveniently and clearly in the following sections, it is necessary to design and summarize the numbering guidelines of the multi-heterogeneous microgrid system first. According to the topology shown in Figure 1, the system is composed of multiple DC and AC microgrids. First of all, assuming that there are [image: image] DC microgrids in the system and to number them in sequence, the i-th DC microgrid indicates that the range of i is [image: image]. Similarly, there are [image: image] AC microgrids in the system, the j-th AC microgrid indicates that the range of j is [image: image]. From the perspective of the microgrid terminal, each microgrid, whether it is an AC microgrid or a DC microgrid, corresponds to a terminal bus. Each microgrid port can be labeled as [image: image] for DC bus and [image: image] for AC bus, and the ranges of the subscripts i and j are the same as the aforementioned microgrid number ranges and will not be repeated below. Neglecting the line impedance, the terminal voltage of the i-th DC microgrid is [image: image]. The amplitude and frequency of the terminal voltage of the j-th AC microgrid is [image: image] and [image: image].
The power output from each DC microgrid to the corresponding DC bus is written as [image: image]. The active power and reactive power output from the AC microgrid to the corresponding AC bus are [image: image] and [image: image], respectively. Different buses are connected through the unified IIC structures, which are divided into the connection between the DC buses, which is written as [image: image], where [image: image], and the connection between the DC bus and AC bus is written as [image: image], where [image: image].
2.2 Topology of IIC
As shown in Figure 2, the structure topology of [image: image] interfacing the i-th DC microgrid and the j-th AC microgrid consists of the [image: image] part and [image: image] part. Similarly, the structure topology of [image: image] interfacing the DC microgrids with different voltage levels contains only the identical DAB part. IGBTs [image: image] and [image: image] form the two full bridges of the DAB part. Capacitors [image: image] are adopted for voltage stabilization of the DC microgrid and the middle stage of the [image: image]. The resonant inductor is [image: image] and the middle-frequency transformer is [image: image]. The transfer ratio of the transformer is [image: image]. In the VSC part, the commonly used three-phase half bridge is adopted, IGBTs of which are expressed as [image: image]. [image: image] is the filter inductor of the AC microgrid, and the line inductor is [image: image]. The measured three-phase voltage is expressed as [image: image]. According to the topology shown in Figure 2, there are capacitors on the secondary side of the DAB and the DC side of the VSC, respectively. There is a resistance between the two capacitors. In actual operation, DAB and VSC are closely integrated as a combined IIC module. Thus, the line resistance is small and can be ignored. Therefore, the two capacitors can be combined into one capacitor that is written as [image: image], the value of which is the sum of [image: image] and [image: image]. The intermediate voltage can be written as [image: image].
[image: Figure 2]FIGURE 2 | Typical topology structure of the unified interface [image: image]
The entire structure is composed of two parts, each emphasizing different functions. The DAB part is mainly adopted to realize galvanic isolation and DC voltage conversion. The three-phase VSC part is adopted to connect the DC and AC microgrids. When compared to the conventional two-stage IIC, the proposed topology essentially replaces the passive line frequency transformer with a more controllable DAB structure, which achieves the galvanic isolation and voltage-matching requirements on the DC part. The advantages of the DAB, such as flexible regulation, diverse functions, and high energy density, are fully utilized.
In order to form a unified decentralized framework, in addition to the unified topology, the corresponding control strategy is also of great importance. The control strategies adopted for topologies (not only the conventional topologies such as Buck and Boost but also the SST-based isolated topologies such as DAB) to interface different DC microgrids are usually to fix the voltage on one side and adjust the voltage on the other side. This kind of control strategy is actually a directional control strategy, which presupposes that the voltage on the source side is stable. Therefore, when the source side is in a fault condition, the other side cannot adjust or support in reverse. Furthermore, the droop control is one of the common methods for VSC topology, in which a predefined frequency is changed according to the measured power value. The control mainly involves the situation where the AC side is at risk while the DC side is stable. Thus, the control method is also a directed control in nature, which means the whole system may break down if the DC microgrid is unstable.
Aiming at the aforementioned problems, it is necessary to propose a unified decentralized control framework for hybrid DC/AC microgrids. The proposed control method should be characterized by the following features: 1) the proposed control strategy should be a bidirectional control strategy, which means that the control method should emphasize the relationship between two microgrids rather than assume one is stable to adjust the other microgrid. 2) The proposed control framework should be the primary control framework, and the power levels of the adjacent microgrids should be kept as consistent as possible. These features can keep the power mutuality between heterogeneous microgrids in the hybrid system, regardless of which microgrid is in power shortage or power surplus status.
3 UNIFIED CONTROL FRAMEWORK
3.1 Per unit processing of system
In general, per unit processing of the system is beneficial to the realization of the unified control framework. The normalization procedure divides the measured value by the reference value. On the one hand, the results of different systems or modules can be judged and compared intuitively after the system is standardized, which is equivalent to establishing a unified comparison benchmark. In addition, in the case of multiple voltage levels, the total impedance unit of the line is equal to the sum of all the impedance units. Thus, normalization is helpful to the superposition of impedance on different voltage levels. On the other hand, the per unit processing of the system can be adopted to generalize the control strategy, which means adapting the design of the control strategy or control parameters to different practical systems of the same model. In the multi-heterogeneous hybrid microgrids, the models of different microgrids are basically the same, but there may be significant differences in different microgrid parameters, voltage levels, and even AC microgrid frequencies. The numerical differences of variables and circuit parameters between different microgrids are greatly weakened after unit processing, which makes the control system develop a unified design method and process (Yan et al., 2020).
Without loss of generality, the IIC shown in Figure 2 is taken as an example to illustrate the per unit processing of hybrid DC/AC microgrids. For per unit processing, the selection and calculation of the reference values in hybrid microgrids are shown in Equation 1.
[image: image]
where [image: image] and [image: image] are the reference values of the i-th DC microgrid voltage and the intermediate voltage of [image: image], respectively; [image: image] and [image: image] are the reference values of the i-th DC microgrid current and impedance, respectively; [image: image] represents the inspecting power of the converter; [image: image], [image: image], and [image: image] are the reference values of the j-th AC microgrid voltage, current, and impedance, respectively; and [image: image] is the phase voltage of the j-th AC microgrid.
The corresponding per unit processing is given in: Eq. 2.
[image: image]
Through the aforementioned per unit processing, the core controller and parameters designed for the system of one voltage level can be transferred to similar systems of other voltage levels only with a bit of modification, thus saving much debugging cost. In addition, the numerical range of each variable is narrower after standard normalization, which is more convenient for the digital implementation of the controller.
3.2 Control framework of dual active bridge
DAB is adopted in IIC to realize galvanic isolation and voltage matching. Various control methods for the DAB part currently depend on different control objectives. Most control methods are limited to fixing the voltage on the primary side and controlling the voltage on the secondary side as required. These control methods are directional control methods, and when the voltage of the primary side is unstable, the secondary side cannot support the primary side in time. Therefore, it is necessary to establish a nondirectional control method that can realize bidirectional support for the DAB part.
In terms of the modulation scheme, the most commonly adopted modulation method for DAB is the single phase shift (SPS) modulation. The DAB operates at a constant frequency, and the primary and secondary sides operate at a fixed duty cycle of 50% (Mi et al., 2008; Zhao et al., 2009). The phase shift angle is the phase difference between the primary and secondary sides’ switching signals. The magnitude of the phase shift angle affects the amount of transmission power, and the leading or lagging of the phase shift angle affects the direction of the transmission power. According to Krismer and Kolar (2012), the range of the phase shift angle can be limited to the interval [image: image]. It can be converted into this interval if the phase shift angle operates in other zones. For instance, when the phase shift angle operates in the range [image: image], the power transferred by the DAB is equal to the power transferred when the angle is [image: image], where [image: image] represents the phase shift angle of [image: image]. Similarly, when the phase shift angle operates in the range [image: image], the power transferred by [image: image] is equal to the power transferred when the angle is [image: image]. According to Wang et al. (2020), when the phase shift angle [image: image] exceeds the interval [image: image], the increase in the absolute value of the angle does not lead to an increase in the transmission power, but the RMS current of the switches still increases, and the power loss also increases. To avoid unnecessary power loss, the phase shift angles are limited to the interval [image: image] in this study. As deduced from Krismer and Kolar (2009), without considering all transmission losses, the average active power transferred by [image: image] in a switching cycle can be calculated as given in Equation 3, from which the operating interval of the phase shift angle can be inferred.
[image: image]
where [image: image] represents the switching frequency of the DAB. Ignoring the change of voltages on both sides in the switching timescale, the small-signal model can be derived around the steady-state operation point as given in Equation 4:
[image: image]
According to Equation 4, the transmitted power variation is linearly related to the phase shift angle variation. As shown in Figure 2, two capacitors are on the primary and secondary sides. From the power perspective, the bilateral capacitors’ state–space models are as shown in Equation 5:
[image: image]
Small-signal models are derived from Equation 6 by linearizing and Laplace transforming of Equation 5.
[image: image]
where [image: image] and [image: image] represent the steady-state voltages on both sides of the DAB part; [image: image] and [image: image] represent the small disturbances of voltages on both sides; [image: image] and [image: image] represent the input and output power for the DAB part, which can be viewed as external disturbances and can be ignored on a short timescale; and [image: image] represents the small signal of the phase shift angle. According to Equation 6, the phase angle change is linear to the change of the capacitor’s voltage squared value. Thus, PI control can be adopted to achieve the same voltage level on both sides of the DAB. Since the voltage bases on both sides of the DAB are different, the control target can be set to equal the per-unit values of the voltages on both sides.
In addition to achieving the same power level between different microgrids, converters should also take inertia support, which is one urgent problem for the smooth operation of the hybrid DC/AC microgrids. When compared with the inertia support provided by the synchronous generator in the conventional utility grid, with the increasing proportion of power electronic equipment in the modern power system, generators are gradually replaced by power converters, resulting in a lack of inertia capacity of the entire system. Thus, virtual synchronous generator (VSG) technology is proposed to make the converter mimic the characteristics of the rotating electrical machine, thereby improving the damping and inertia of the system (Fang et al., 2018). However, unlike synchronous generators, an additional energy storage system is required to cooperate with the interfacing converter since the converter itself cannot absorb or generate any kinetic energy. Therefore, the inertia and damping capabilities are essentially provided by those units that absorb and deliver energy, such as synchronous generators, energy systems, and supercapacitors in each microgrid. For making different microgrids capable of inertia interactions than relying only on the energy units inside the microgrid, the interfacing converter should sense and transfer the power fluctuations of the microgrids on both sides on the basis of balancing the power level. In other words, the converter can not only sense the absolute difference between the power levels of the microgrids on both sides but also respond to the rates of the microgrid power changes on both sides, so as to provide a transmission channel for the inertia interaction of different microgrids. Inertia is generally the property of an object to remain stationary or move at constant speed. For a microgrid, the state quantity change can reflect the inertia of the microgrid to a certain extent. Therefore, for the DC microgrid, the changing rates of the DC bus voltages can reflect the inertia of the different microgrids, and a fast changing rate of the microgrid represents limited inertia to some extent, which often brings adverse effects to the power grid. Thus, based on balancing the power levels of the microgrids on both sides, the difference between the voltage changing rates of two microgrids is extracted for proportional control, which gives the system additional inertia transfer and mutual supporting abilities. The proposed control method and its evolution can be expressed as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Control block diagram of DAB.
The proposed DAB control strategy is a nondirectional control strategy, which can realize bidirectional voltage support without additional fault detection devices. In addition, the control method is decentralized, which only needs the operating measurements on both sides of the DAB and does not rely on communication equipment.
A single DAB structure can be adopted to convert voltage levels between different DC microgrids while forming effective galvanic isolation between the microgrids. When adopting the VSC to connect the AC and DC microgrids, it is often necessary to consider the modulation method’s limitation of the voltage amplitude. To avoid saturation, higher DC voltages are usually required. In sinusoidal pulse width modulation (SPWM), the peak phase voltage should be less than half the DC voltage (Kaura and Blasko, 1995). In space vector pulse width modulation (SVPWM), the peak line-to-line voltage has to be less than the DC voltage (van der Broeck et al., 1988). In practice, to preserve a certain margin, a higher DC voltage is often required when connecting to the AC microgrid. Therefore, DAB can be adopted as part of the unified topology to achieve matching voltages of for the AC and DC microgrids. The low-voltage DC microgrid can also be connected to the higher-voltage AC microgrid by introducing an intermediate stage for voltage matching.
3.3 Control framework and model establishment of voltage source converter
The VSC in IIC is responsible for the conversion and interconnection between the AC and DC. The control principle of the DAB is to focus on the same power level of different microgrids instead of controlling the voltage of a specific side to a preset value, in which the measured value of the DC microgrid voltage represents the balance level of active power supply and demand in microgrids. Extending the control principle of equal power level to the DC/AC microgrid connection, using the frequency of the AC microgrid and the voltage of the DC microgrid as the symbols of active power levels of different microgrids, the control objective of the VSC is to make the DC microgrid voltage and AC microgrid frequency to the same level.
As shown in Figure 4, the DC side’s voltage and the AC side’s frequency are measured, and the equalization of the voltage and frequency becomes the control target. Ignoring changes in the AC voltage amplitude on short timescales, the active power transmitted by the VSC can be measured by the d-axis current, and the transmitted reactive power can be measured by the q-axis current. The difference between the per-unit AC frequency and DC voltage can represent the difference in the active power levels of the DC and AC microgrids, which is adopted as the d-axis current reference after passing through the PI controller. In reality, the AC microgrid and DC microgrids have different requirements for the frequency and DC voltage fluctuation range. Many counties and regions have formulated relevant standards according to their actual situation, such as the IEEE, NE, and UL standards in the United States. Among all kinds of standards, the IEC standard designed by the International Electrotechnical Commission is the widely accepted and adopted international standard. According to IEC 60038, which is widely adopted for standard voltage establishments, the supply voltage should not exceed 10% of the rated operation voltage under normal operations. In addition, IEC 61000 permits the frequency deviation of the public power supply system to be within 1 HZ. In fact, the acceptable range of voltage and frequency selected in practice is also related to the load importance and system capacity. Based on the aforementioned standards, the DC voltage fluctuation is expected to be 10% and AC frequency range is 2% in this study. Thus, parameters [image: image] and [image: image]are introduced to standardize the operation range. Due to the non–static-error effect of the PI controller, the active power levels of different AC and DC microgrids will converge in steady state. Since each microgrid has at least one adjacent microgrid, the entire DC/AC system is connected. Thus, the active power level of each microgrid tends to be consistent.
[image: Figure 4]FIGURE 4 | Control block diagram of VSC.
According to Li et al. (2019), from the perspective of power balance, the coupling relationship between [image: image] and [image: image] is established, which can be described by Equation 7:
[image: image]
Analogously, a linear inertia–implementing control is proposed to regulate the [image: image] in proportion to [image: image] in literature such as Fang et al. (2018). According to the power characteristic expression of the DC/AC cross section derived from the principle of power balance, the square of the DC side voltage can be adopted as the state quantity, which has a linear relationship with the AC frequency. The linear function can be derived by following Equation 8:
[image: image]
To make the interfacing converter capable of transmitting the power fluctuation rate, the difference in the differential values of the state quantities should also contribute to the setting of the d-axis current reference value through the proportional controller, which means that the difference of [image: image] and [image: image] is added to the current reference via a proportional controller. Combined with the proposed equal-power control, where the current reference value is set through the proportional-integral controller, the differential values of the state variables on both sides are added to the current reference value through the proportional controller, which is equivalent to using the proportional-integral-differential controller. The proposed control method advances as shown in Figure 4, which enables the interfacing converter to balance the power levels of the microgrids on both sides and sense and transmit the rapid changing trends in power of the different microgrids. Thus, it can support and achieve inertia interaction of different microgrids simultaneously.
From the control principle perspective, the proposed DAB and VSC control methods can balance the power levels between microgrids, which enable seamless switching and bidirectional support for the entire hybrid DC/AC microgrids. In addition, the proposed control strategy introduces inertia interactions between the microgrids on both sides on the basis of the active power level balance, which can further strengthen the bidirectional power interaction and supporting ability. Furthermore, power transfer between AC-to-AC microgrids can be realized via a VSC-DAB-VSC structure topology. The proposed equal-active-power-level method can share the active power between AC microgrids. Besides, the reactive power transfer of different AC microgrids can be realized by specifying the reference value of the q-axis current through a higher-level control strategy.
3.4 Power sharing of voltage sources in hybrid microgrids with proposed IIC control strategy
The distributed power sources in the hybrid DC/AC microgrids mainly include renewable energy sources such as photovoltaic and wind power generation, as well as storage devices such as batteries, flywheels, and supercapacitors, which provide voltage and power support for the system. As shown in Figure 1, this study mainly considers power-support renewable energy represented by photovoltaics and wind turbines and voltage-support distributed power represented by storage systems. A maximum power point tracking (MPPT) control strategy is usually adopted for photovoltaic and wind power generation, which can be regarded as a constant power source on a short timescale. The energy storage in each microgrid is mainly adopted to provide voltage support for the system. Therefore, a control algorithm with a fast response and strong robustness is required, which can quickly compensate for the power shortage of the system to improve the equivalent strength of the microgrid when isolated. In addition, it should be possible for the energy storage between different microgrids to be coordinated. When power fluctuations occur in the system, different energy storages should be capable of sharing power fluctuations according to their energy storage capacity, the SOC state, or the set proportional coefficient. There are many works from literature proposing various control strategies for renewable energy sources, which are not the focus of the control method proposed in this study. In this study, the power-support renewable energy adopts the constant-power control method, and the energy storage or other voltage-support distributed power generation adopts the droop control method.
To clearly illustrate the power-sharing ability of voltage sources, the simplified schematic of the system is shown in Figure 5. In this study, a hybrid DC/AC system consisting of three microgrids is selected for modeling, namely, two DC microgrids with different voltage levels and one AC microgrid. Power-support renewable sources such as photovoltaics, voltage-supported sources such as energy storage, constant power loads, or resistive loads are integrated into each microgrid. Different heterogeneous microgrids are interfaced through the proposed unified topology, and the proposed power balance control strategy is adopted. In addition, it is assumed that the utility grid fails to simulate a relatively poor operation scenario. Thus, the breaker of the PCC point is turned off, and the entire hybrid DC/AC system operates in the island state.
[image: Figure 5]FIGURE 5 | Simplified schematic of the three-microgrids system for analysis.
The external characteristic of the combined ESS in each microgrid is characterized by the droop feature, which can be expressed by the following equations. It should be noted that the following models are based on the per unit normalization proposed in Section 2. In addition, since the i-th DC microgrid and the m-th DC microgrid have the same structure, only the i-th DC microgrid model is listed below as a representative:
[image: image]
for ESS in i-th DC microgrid, while
[image: image]
for ESS in j-th AC microgrid.
For different microgrids, the power balance expression can be expressed by Equation 11:
[image: image]
where [image: image] and [image: image] are the equivalent droop coefficients of the i-th DC microgrid and the j-th AC microgrid after per-unitization, respectively; the subscript * indicates that it is the parameter representation after per-unitization, which will not be repeated in the subsequent introduction of symbols; and [image: image] and [image: image] are the droop coefficients of the k-th ESS in the i-th DC microgrid or the j-th AC microgrid. Since the detected power value generally fluctuates wildly, an inertia link is often added during sampling, and [image: image] and [image: image] are the power sampling inertia coefficients of the DC and AC microgrids, respectively. [image: image] and [image: image] are the numbers of ESSs in the i-th DC microgrid and the j-th AC microgrid.
As the voltage-support source in hybrid DC/AC microgrids, the energy storage can support the microgrid at a time when a fault is detected. Thus, the stable operation of the entire system is maintained, and the system starts the island operation. Therefore, different energy storages in the system should have the decentralized coordination ability, which means that when a power shortage or excess phenomenon occurs in a microgrid, all energy storages in the entire system can respond and provide coordinated support. Since the proposed unified interlinking converters’ control objective is to balance the active power levels of the microgrids on both sides, considering the operational equivalent characteristics of energy storages in the different microgrids as given in Equation 9, the frequency values of the different AC microgrids and voltage values of the different DC microgrids are equal in the per-unit system. Taking the three-microgrids system shown in Figure 5 as an example, the following equation can be obtained in steady state:
[image: image]
where [image: image], [image: image], and [image: image] are the per-unit values of the voltage and frequency reference values in different microgrids, which are equal to 1 generally. Thus, the ratio between the output power of different microgrids can be expressed by the following equation:
[image: image]
This equation can prove that the ratios of different energy storage outputs are inversely proportional to the set droop parameters [image: image] and the operating range limiting parameters [image: image]. Therefore, when the power of the microgrid fluctuates, the different energy storages will share the power according to the preset coefficients. It is shown that the proposed control strategy has good compatibility with the energy storage droop strategy and can ensure the coordinated operation of different microgrids.
4 STABILITY ANALYSIS OF TYPICAL APPLICATION SCENARIO WITH PROPOSED FRAMEWORK
The previous section mainly introduced the unified interfacing topology and control framework of the hybrid DC/AC system with multi-heterogeneous microgrids. This section conducts the stability analysis of typical application scenarios. In the actual design of the system, the design and selection of parameters must first ensure the stability requirements of the system. Therefore, through modeling and stability analysis, the influence of parameter changes on system stability can be observed, by which guidelines for parameter selection can be recommended.
Some basic assumptions are listed before conducting the stability analysis: since there is no reactive power coupling in hybrid microgrids, the reactive power stability only exists in the AC microgrid, which is more straightforward than active power stability. Therefore, this study focuses on the active power stability analysis in hybrid microgrids. Moreover, the voltage amplitude of the AC microgrids can be viewed as constant due to the differences in timescales between the frequency control and voltage control dynamics.
The small-signal model of the interfacing converter can be derived from the following Equation 14:
[image: image]
Linearizing the model near the steady operating point and the small-signal model can be derived as follows:
[image: image]
Analogously, linearizing the characteristics of the power sources as expressed in Equation 9, 10, the corresponding small-signal model is as follows:
[image: image]
By combining Equation 11, the small-signal equations can be derived as
[image: image]
By combining Equations 5 and 15, the small-signal equations of the system composed of the three microgrids can be summarized as
[image: image]
where [image: image], [image: image], and [image: image]. The symbol [image: image] represents the transfer function for DAB from the phase shift angle to transmit power, which is equal to [image: image] according to Equation 5. The other symbol [image: image] has a similar meaning and calculation method.
Defining the vectors [image: image], [image: image], and [image: image], the combination of Equations 17 and 18 can be arranged as
[image: image]
where
[image: image]
Thus, the small-signal model of the hybrid DC/AC microgrids can be derived as
[image: image]
According to the aforementioned model, the small-signal stability of the hybrid DC/AC microgrids in various operating conditions can be analyzed. The stability analyses of typical operating scenarios are carried out, and the circuit parameters and control parameters adopted are shown in Table 2.
TABLE 2 | Circuit parameters and control parameters of typical operating scenarios.
[image: Table 2]The root locus method is used to analyze the stability of several key control parameters. As the selected parameters change, the root locus diagram is shown in Figure 6 and Figure 7. In order to maintain simplicity, only a few dominant poles close to the virtual axis are reserved for display.
[image: Figure 6]FIGURE 6 | Root locus diagram. (A) [image: image] change from 1 to 5. (B) Partially enlarged diagram.
[image: Figure 7]FIGURE 7 | Root locus diagram. (A) [image: image] change from 0.01 to 0.1. (B) Partially enlarged diagram.
According to Figure 6A, the parameters [image: image] change from 1 to 5, while the other parameters remain unchanged. It can be observed from the figure that one of the two real poles closest to the imaginary axis gradually approaches the imaginary axis with the increase of the parameter. At the same time, the other gradually moves away from the imaginary axis, and a pair of conjugate poles tend to approach the real axis. Thus, too-large parameters are not conducive for the stability of the system, but the output ripple voltage may drop. In the parameter change process, the whole system is always stable.
According to Figure 7, the parameter [image: image] changes from 0.01 to 0.1, and it can be observed that the real point closest to the imaginary axis gradually approaches the origin with a small amplitude, while the conjugate poles tend to approach the real axis. The whole system still remains stable.
This method can also analyze the influence of other parameters on system stability, which will not be repeated in this study.
5 HARDWARE-IN-LOOP EXPERIMENTS ON TYPICAL SCENARIOS
To verify the effectiveness of the proposed control strategy, the corresponding HIL experiments are conducted using the RT-LAB and TMS320F28335 digital signal processor (DSP). The equipment of the experiments is as shown in Figure 8, where the circuit is simulated in real-time RT-LAB, and the control algorithm is realized through the DSP. The system configuration and experimental topology are as shown in Figure 1 and Figure 5, respectively, the control methods adopted are as shown in Figure 3 and Figure 4, and the related parameters are set as Table 2.
[image: Figure 8]FIGURE 8 | Experimental equipment diagram.
5.1 Case I: grid-connected mode
Under regular operation, the hybrid DC/AC system is connected to the utility grid, which has ample power capacity and dispatchable sources and can interact with and support the hybrid microgrids in time. Generally, the utility grid is represented as a three-phase ideal voltage source in simulation and experiment. First, this study tests the control strategy in a grid-connected mode, in which the AC microgrid is connected to the utility grid. The loads are integrated into the medium-voltage DC microgrid (the i-th DC microgrid in Figure 5) and the low-voltage DC microgrid (the m-th DC microgrid in Figure 5). It is assumed that the energy storages in both DC microgrids crash and exit to verify the poor operating conditions. Therefore, the utility grid begins to support the entire hybrid microgrids, and the voltages of the DC microgrids have to be established in time. In this experiment, the low-voltage DC microgrid carries a load of 5 kW, and the carrying load of the medium-voltage DC microgrid switches between 10 kW and 20 kW. It should be noted that in order to display the waveform with an appropriate range on the oscilloscope and make the range of waveform change wide and suitable for observation, a specific linear transformation is carried out on the measured value. For the sake of brevity, the change process of each channel is no longer described, but the range represented by each grid and critical value is shown in the figures.
Figure 9 shows the relative changes of hybrid microgrids adopting the control framework proposed in this study when there is a considerable power fluctuation in a certain microgrid. Since the AC microgrid is connected to the stable utility grid, the measured AC microgrid frequency is kept at 50 Hz. According to the proposed unified control framework for balancing bilateral power levels, the voltages of the DC microgrids should also be around the rated voltage values. According to Figure 9A, the voltages of medium-voltage and low-voltage microgrids are 504 V and 202 V in steady-state operations, respectively, which verifies the effectiveness of the proposed control framework. When there is a sudden drop in the power load of the DC microgrid, such as when the load of the medium-voltage DC microgrid is reduced from 20 kW to 10 kW due to the power imbalance, the microgrid voltage has a sudden rise and then returns to the rated value. Since the AC side is connected to the utility grid, which is equivalent to a stable constant voltage source, the AC frequency basically does not fluctuate, and the utility grid can quickly support the DC side. After the steady state is restored, the DC-side voltages are the same as those before the fluctuation. Meanwhile, it can be observed that under severe power disturbance, the peak values of voltage fluctuations on the DC side are within 10% of the operating voltages, which also meets the operating requirements of the general microgrid. According to Figure 9B, when the power load on the DC side drops sharply, the amplitude of the active current output from the AC side to the DC side drops sharply, and the DC voltage of the intermediate stage also fluctuates to a certain extent. After stabilization, the intermediate voltage can still recover to the rated value.
[image: Figure 9]FIGURE 9 | System dynamics in case I. (A) Voltages of DC microgrids and frequency of AC microgrid. (B) Three-phase current of VSC and voltage of intermediate stages.
5.2 Case II: island mode
When compared with the grid-connected operation mode, the island operation mode lacks the support of the utility. Thus, power balance has to be realized within the system and the fluctuation ranges of voltages and frequency may become larger. For the operation fluctuation that is similar to case I, the experiment is carried out in the island mode to confirm whether the system can operate stably. In this case, the AC microgrid is equipped with energy storage, and both DC microgrids still have no energy storage. Only the loads are connected to the DC microgrids. Therefore, the AC microgrid has to establish the voltages of the DC microgrids under the proposed bilateral equal-power control framework.
According to Figure 10A, since the AC microgrid is no longer connected to the utility grid, and the energy storage in the AC microgrid adopts the droop control strategy, the AC frequency has an inevitable decrease when compared with the standard value. At the same time, due to the control method of bilateral power equalization, the DC-side voltages also decrease to a certain extent. The frequency and DC voltage variations are calculated to be consistent with Equation 8. When the load on the DC microgrid increases abruptly, power imbalance occurs, the DC voltage drops suddenly, and the sensation of insufficient power is transmitted to the AC side. The AC energy storage output increases, and the frequency of the AC microgrid decreases. The system returns to the previous level when the DC power is reduced. According to Figure 10B, when the DC load increases, the amplitude of the three-phase current increases, and the DC voltage of the intermediate stage decreases to a certain extent, which verifies the response and support ability from the AC to the DC side.
[image: Figure 10]FIGURE 10 | System dynamics in case II. (A) Voltages of DC microgrids and frequency of AC microgrid. (B) Three-phase current of VSC and voltage of intermediate stages.
5.3 Case III: verification of energy storage sharing
In addition to maintaining the interaction and power support of the AC and DC microgrids, the proposed control framework is also compatible with energy storage sharing. That is, when power fluctuations occur in any microgrid, all microgrids in the whole system can increase/decrease the output in proportion to respond to the fluctuations in time. In order to verify the function of energy storage sharing on the basis of island operation, energy storage is equipped in each microgrid and its output from each microgrid is observed when power fluctuation occurs. The droop coefficients of energy storages and system control parameters are still the same as in Table 1. The load in the low-voltage DC microgrid is 5 kW, and the load in the medium-voltage DC microgrid ranges from 15 to 30 kW.
According to Figure 11A, in this case where three microgrids are equipped with energy storages when compared with case II where only the AC microgrid is equipped with energy storage, the AC frequency and DC voltages are closer to the standard values. When the power load of the DC microgrid increases suddenly, the frequency and voltages decrease until the load recovers. It can be observed from Figure 11B that when the power demand increases, the output current amplitude of the AC microgrid increases. According to Figure 11C, in the initial state, energy storages in the three microgrids equally share the total 20-kW load in the two DC microgrids. With the sudden increase in load in the medium-voltage microgrid, the energy storage output inside the microgrid increases, as do the energy storage outputs of the other microgrids which gradually increase. Then, the storage output of the medium-voltage microgrid gradually decreases. When the steady state is finally reached, the three storages share the load of 35 kW equally again.
[image: Figure 11]FIGURE 11 | System dynamics in case II. (A) Voltages of DC microgrids and frequency of AC microgrid. (B) Three-phase current of VSC and voltage of intermediate stage. (C) Energy storage power output in each microgrid.
In summary, the conducted HIL experiments verify the effectiveness and stability of the proposed control framework, whether the system operates in a grid-connected mode or the island mode. In addition, experiments also prove that the proposed control framework is compatible with energy storage sharing and is suitable for constructing an AC/DC hybrid system with multi-heterogeneous microgrids.
6 CONCLUSION
This study proposes a unified decentralized control framework for hybrid DC/AC systems composed of multiple heterogeneous microgrids, which include the topology and a corresponding control strategy. Topologically, the DAB is adopted to replace the conventional line frequency transformer to realize the functions of galvanic isolation and DC voltage conversion. In terms of the control method, a bidirectional voltage control strategy is proposed for DAB and VSC. Through the proposed unified control framework, the power level of each microgrid in the hybrid DC/AC system can be balanced, and the voltage sources of each microgrid can cooperate to share the power fluctuation. The stability and effectiveness of the control method are analyzed and verified by HIL experiments.
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