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This paper proposes a hierarchical modeling framework for micro energy grid (MEG) from the perspective of cyber-physical integration, including three layers: object layer, integration layer and decision layer. This modeling framework can fully reveal the interplay of the information flow and energy flow in MEG. The energy hub approach is used to uniformly describe the conversion and distribution of different energy sources in the object layer. The state machine is used to describe the characteristics of energy flow and information flow and their dynamic relationships in the integration layer, where the energy flow describes the dynamic balance of energy between the supply side and demand side and the energy changes of each unit in MEG, and the information flow describes the transferring process of each unit’s operating state and the conditions triggering the state transformation. The optimization objective of the decision layer is established based on the actual requirements with optimal operation. The combination of the three-layer model forms the overall model of the MEG. Finally, a typical MEG system is taken as an example to verify the proposed modeling approach, and the results show that the proposed modeling method effectively improves the observability and optimal operation of the MEG.
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INTRODUCTION
Micro energy grid (MEG), as an extension of the microgrid (Xu et al., 2020), integrates the functions of interconnection, conversion, coupling and storage of multiple energy sources (cooling, heating, electricity and gas), which can effectively improve the comprehensive utilization efficiency of energy and reduce environmental pollution through multi-energy complementation and the cascade utilization of energy (Liu et al., 2019a; Zhao et al., 2021). As an essential part of the energy internet, MEG is one of future energy system development (Zhang et al., 2021).
The current domestic and foreign research on MEG mainly focuses on modeling (Lu et al., 2020; Martinez Cesena et al., 2020), planning and design (Chen et al., 2019a; Wei et al., 2019), optimal operation strategy (Qin et al., 2020) and demand response (Mohseni et al., 2021). Among them, modeling is the basis of MEG for planning and design, optimal operation, etc. It is also a research hotspot in recent years, and this paper is also mainly devoted to the modeling research of MEG. There is a body of research that has focused extensively on the modeling of the MEG, which can be divided into two categories: building up model for MEG from the holistic perspective (Geidl et al., 2007; Chicco and Mancarella, 2008; Almassalkhi and Towle, 2016; Wang et al., 2019a; Liu et al., 2019b; Huo et al., 2019; Li et al., 2020a) and the local perspective (Ma et al., 2017; Li et al., 2018; Chen et al., 2019b; Wang et al., 2019b; Ju et al., 2020).
The first type proposes MEG models from the holistic perspective. It mainly describes the MEG from a holistic perspective without focusing on modeling the individual devices in the MEG. The typical representative is the energy hub (EH) method proposed in (Geidl et al., 2007; Liu et al., 2019b; Li et al., 2020a). EH abstracts the MEG as a multi-port network with multiple inputs and output ports and attempts to describe the coupling relationship between energy inputs and outputs in terms of conversion, distribution and transmission, etc., by using a coupling matrix. The EH model has been widely used in the planning and design, optimization operation of MEG, etc. The difficulty of its application is the coupling matrix formulation. Therefore, a coupling matrix generation scheme based on the path searching method was proposed in (Chicco and Mancarella, 2008). However, the coupling matrix formulation will become complicated as the number of devices in the MEG increases. The reference (Huo et al., 2019) proposed a method to generate automatically coupling matrix for small-scale triple-supply MEGs. Due to the introduction of dispatch factor variables in the coupling matrix, the established EH model optimization problem becomes a nonlinear optimization problem, which leads to difficulty in obtaining the global optimal solution for the EH model. In order to eliminate the nonlinear issue caused by the dispatch factor in the EH model, a method using variable substitution was proposed in (Almassalkhi and Towle, 2016), which avoids the multiplication of variables. The reference (Wang et al., 2019a) proposed a normalized matrix modeling method without dispatch factors based on graph theory to achieve automatically coupling matrix formulation.
The second type proposes MEG models from the local perspective and it builds up models for each type of device and each type of energy system separately. The typical representative is the idea of modeling MEG based on energy bus architecture proposed in Ma et al. (2017), which divides the MEG into electric, thermal and cooling systems and then builds up models for each system separately. Unlike the EH model that focuses on the system port characteristics and abstracts the system’s internal structure, the model based on the energy bus architecture tries to clarify the system’s internal structure and energy flow relationship. That is to say, this model focuses on the internal structure of the system and the conversion relationship of energy flow and is also widely used at present. For example, the references (Li et al., 2018; Wang et al., 2019b) discussed the optimal operation and planning of MEG based on this model, respectively. Reference (Chen et al., 2019b) proposed MEG model by taking the devices of source-network-load-storage links into account. In Ju et al. (2020), the photovoltaic (PV), wind turbine (WT), electric chiller (EC), and gas turbine (GT) devices in the MEG were modeled in detail based on the construction of the MEG, respectively.
The above two types of modeling methods have been well applied in different fields. However, the above modeling methods mainly focus on modeling the MEG physical system and not taking the cyber system into account to develop the MEG model. As MEG is a typical cyber-physical system (CPS) (Deng et al., 2021), the cyber and physical systems of MEG should be studied as an integrated system for modeling analysis. On the one hand, this will help to fully reveal the interplay of the information flow and energy flow in MEG and thoroughly explore the ability improvement brought by the integration of the two systems; on the other hand, it can also point out the direction for the planning and information construction of MEG. Although a large number of papers have combined CPS and power grid and proposed various modeling methods for power grid CPS (Xin et al., 2015; Fu et al., 2019; Li et al., 2020b), very few papers study the modeling of MEG CPS.
Therefore, the research in this paper attempts to introduce CPS into MEG and propose a modeling method for MEG from the perspective of CPS. To the best of our knowledge, the original contributions of this paper are summarized as follows:
1) A hierarchical modeling framework for MEG is proposed, divided into object layer, integration layer and decision layer. The proposed modeling framework is universal and can be applied to arbitrarily complex MEG modeling.
2) The EH-based approach develops the model of object layer for a unified description of the coupling relationship between different energy sources. The state machine approach is used to develop the model of integration layer for describing the characteristics of information flow and energy flow in the MEG and their dynamic relationships. The optimization objective of decision layer is established based on the actual requirements of the system for determining the optimal operation strategy of the system.
The rest of this paper is organized as follows. In The Architecture of MEG Base on CPS, the CPS and CPS-based architecture of MEG is presented. In Modeling Framework for MEG Based on CPS, a hierarchical modeling framework for MEG is proposed, and the modeling approach of MEG is discussed in CPS-Based Modeling of MEG. Modeling verification is presented in Model Verification. Finally, Conclusion concludes this paper.
THE ARCHITECTURE OF MEG BASE ON CPS
The Introduction of CPS
The CPS consists of the cyber system and the physical system and the interface (sensors and actuators) connecting with the two systems, as shown in Figure 1. The sensors are mainly responsible for sensing the environmental information and the physical system and transmitting the sensed information to the cyber system, which analyzes and calculates the information and generates control instructions to send to the actuators. The actuators control the physical entities according to the control instructions issued by the cyber system. This closed-loop process ensures that the CPS can control the physical entities in a safe, efficient, reliable and real-time way.
[image: Figure 1]FIGURE 1 | Structure of the cyber-physical system.
The Architecture of MEG Based on CPS
In this section, the CPS-based architecture of MEG is proposed, as shown in Figure 2. The MEG CPS mainly consists of an energy network layer and a cyber network layer. The energy network layer consists of the following parts:
[image: Figure 2]FIGURE 2 | The CPS-based architecture of MEG.
1) Energy input: including WT, PV, power grid and natural gas; 2) Energy conversion: to complete the conversion from primary energy source to energy and the conversion between different forms of secondary energy, such as GT (to complete the conversion from natural gas to electricity), absorption chiller (AC) (to complete the conversion from thermal energy to cooling energy); 3) Energy storage: to achieve the storage of different forms of energy, including battery storage (BS), thermal storage (TS) and ice storage conditioner (ISC); 4) Energy collection: three types of energy buses (electrical bus, heating bus and cooling bus) are used to achieve the collection of different forms of energy; 5) Energy delivery: three different energy networks (electric network, heating network and cooling network) are used to deliver different forms of energy for users.
The cyber network layer consists of information devices such as information collection and extraction, analysis and control devices of sources and loads to provide the economically optimal energy supply to the users.
The architecture of MEG in Figure 2 can intuitively and distinctly illustrate the energy conversion, the energy flow of MEG and the connection between various devices.
MODELING FRAMEWORK FOR MEG BASED ON CPS
The Modeling Principles
From the perspective of general applicability, in this section, we set up the MEG model based on the following principles.
1) Independence: To meet the scalability of the model, a modular and hierarchical modeling approach should be utilized, with modules being independent of each other and different layers interacting with each other through information.
2) Generic: The model establishment should be conducted from the perspective of general applicability and can describe arbitrarily complex MEG.
3) Accuracy: The established model should accurately describe the interplay of the information flow and energy flow in the MEG and fully reflect the integration relationship between the two.
Hierarchical Modeling Framework for MEG Based on CPS
Based on the above modeling principles, this section abstracts MEG architecture in Figure 2 and proposes a hierarchical modeling framework for MEG from the functional perspective of CPS as shown in Figure 3, dividing the MEG modeling into three layers: object layer, integration layer and decision layer. The internal functions of each layer are relatively independent, and different layers interact through information flow.
1) Object layer: The coupling matrix approach is used to provide a unified description of the relationships between the input and output variables of different energy sources. This layer focus on describing the static characteristics of the system, including the conversion, storage and distribution of energy.
2) Integration layer: The information flow, energy flow and their dynamic relationships in the MEG are described based on the hybrid system theory. Here, the energy flow describes the dynamic balance of energy between the supply-side and demand-side and the energy change of each unit in the MEG. The information flow describes the transferring process of each unit’s operating state and the conditions triggering the state transformation. The conditions include the control instructions issued from the decision layer and the state transfer events generated when the evolution of internal state variables exceeds a specific threshold value.
3) Decision layer: This layer, as the top layer of the MEG, mainly completes the global optimization management decision of the system. The global optimal management strategy of the system can be designed by taking the operational constraints of each device in the object layer into account on the basis of the different optimization objectives of the system.
[image: Figure 3]FIGURE 3 | The hierarchical modeling framework for the MEG.
CPS-BASED MODELING OF MEG
The Object Layer
MEG is a system composed of multiple energy sources, such as cooling, heat, electricity and gas. The conversion between different energy sources can be represented by the multi-input and multi-output port network, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | The multi-inputs and multi-output ports model for object layer.
In Figure 4, P and L denote the energy input and energy output of the system, respectively. C denotes the coupling matrix. Thus, the object layer at the mathematical level is a function of the input P to the output L.
[image: image]
The function f (.) can represent the transmission, conversion and storage of different energy sources. Further, the coupling matrix can be used to describe the relationship between output and input, as shown in Eq. 2.
[image: image]
In Eq. 2, Pi denotes the ith energy source input to the system, Lj denotes the jth energy source output from the system and cij is the coupling factor, which denotes the ratio of Lj to Pi. The cij consists of two parts: the energy distribution factor αij and the energy conversion efficiency factor βij.
The αij represents the percentage of input power Pi converted to output power Lj, as shown in Eq. 3.
[image: image]
The value of αij in Eq. 3 is determined by the decision layer and the following constraints need to be satisfied.
[image: image]
The (4) indicates that the energy allocated to convert to energy source j should be less than or equal to the energy of energy source i. The sum of the energy allocated to energy source j should be equal to the total energy of energy source i.
The βij represents the efficiency of converting the input power Pi into the output power Lj, as shown in Eq. 5.
[image: image]
Then the coupling matrix C can be expressed as
[image: image]
Where β denotes the efficiency matrix and α denotes the dispatch matrix. Then the model of the object layer can be represented by the following equation.
[image: image]
The Integration Layer
The devices in the MEG exhibit a hybrid system characteristic during operation. The interplay of the information flow and energy flow in the MEG cannot be accurately described by a single continuous or discrete modeling method. Therefore, this section employs hybrid system theory to model the integration layer, i.e., state equation and algebraic equation are used to describe the energy flow. The state machines are used to describe the information flow.
The energy flow in the integration layer describes the dynamic balance of energy between the supply-side and demand-side and the energy change of each unit in the MEG. Since there are three systems with different time scale characteristics in MEG: electrical system, heating system and cooling system, energy flow needs to be able to characterize these multi-time scale characteristics. Therefore, the following state equations are established to characterize the slow, medium and fast response characteristics, as shown in Eq. 8.
[image: image]
Where xe, xh and xc denote the state variables related to the electric, heating and cooling systems, respectively, te, th and tc denote the corresponding time scales, respectively. The functions fe, fh and fc denote the continuous dynamic change characteristics of the three subsystems, respectively. u denotes the control input variables of the system y denotes the output of the system and s denotes the current operating state of the system. The function EHC represents the real-time balance equation of energy between the supply-side and demand-side, including the real-time balance equations of electrical power, heating power and cooling power.
The information flow in the integration layer adopts the state machine model shown in Figure 5 to describe the transferring process of each unit’s operating state and the conditions triggering the state transformation.
[image: Figure 5]FIGURE 5 | Illustration of information flow using state machine.
The circles in Figure 5 indicate the operating states of the system. The system can be electric, heating, cooling system or a single device. In each operating state, there is a function that describes how the continuous state variables change, as shown in Table 1.
TABLE 1 | Illustration of energy flow in each operating state.
[image: Table 1]In Figure 5, the directed arcs between the circles represent the transformation relationships between the states of the system. The function G (si, sj) labeled on the edges of the directed arcs represents the conditions that trigger the transfer of the system between the states. The triggering conditions here include state transfer commands from the decision layer and state transfer events triggered by the change of state variables within the system beyond a certain threshold.
The state machine model shown in Figure 5 can sense the signals in MEG and the automatic transformation between different states. The sensing system collects information and triggers the state transformation condition and the operation state of MEG changes accordingly when the external environment or user demand changes. At the same time, the differential equation that characterizes the system state also changes accordingly to respond to the external environment or demand.
The Decision Layer
As the top layer of the MEG, the primary function of the decision layer is to formulate the global optimization operation strategy of the system and issue task objectives, which are executed and completed by the object layer. Considering the characteristics of the decision layer, the model of this layer is built by building the objective function that takes the system’s operation constraints into account, as shown in Eq. 9.
[image: image]
In Eq. 9, obji denotes the optimization objective of the system, which is set according to the actual requirements of the system. h(x) and w(x) represent the equality and inequality constraints that the system requires to satisfy, respectively.
MODEL VERIFICATION
System Description
Figure 6 shows a simple MEG consisting of PV, GT, gas boiler (GB), EC, BS, TS, and AC. The input energy sources include PV input power Ppv, power grid input power Pgrid and natural gas input power Pgas. The output energy is electrical load Le, heat load Lh, and cooling load Lc. The electrical bus and heating bus are connected with energy storage devices, respectively, to maintain the real-time power balance of the system, the energy storage devices will charge when the energy is surplus; otherwise, they will discharge.
[image: Figure 6]FIGURE 6 | The topology structure of MEG.
The Model Implementation of MEG
The Object Layer
To build a unified model of the input-output for the object layer, define ηgt and ηgb as the conversion efficiency of the GT and GB, respectively. Define vgt and vgb as the ratio of natural gas used in the GT and GB for electricity generation and heat generation, respectively. Define vec as the ratio of electrical energy used in the EC for cooling. Define vac as the ratio of heating energy used in the AC for cooling. The following Eq. 10 describes the conversion relationship between different energy sources.
[image: image]
Where Pge and Pgh denote the natural gas fired by the GT and GB, respectively. Pgt, denotes the electricity generated by GT, Hgb denotes the heat generated by GB, Hac denotes the heat fed into the AC. Cec and Cac denote the cooling energy generated by EC and AC, respectively. kec and kac denote coefficients for the performance of EC and AC, respectively.
Taking energy storage devices into account, the input-output unified model of the object layer can be described as follows.
[image: image]
Where Pbs and Hts indicate the power of the BS and TS, respectively, specifying that the discharge power of the energy storage devices is positive and the charging power is negative.
The Decision Layer
Objective Function
The decision layer formulates the global optimization operation strategy of the system according to the operating status and operating constraints of each unit in the integration layer and the object layer based on the actual requirements of the system. In this section, the following objective function is established to minimize the daily operation cost of MEG.
[image: image]
Where Cr denotes the total daily operating cost of the MEG, which consists of two parts: electricity purchasing cost Cpe from the grid and natural gas purchasing cost Cpg.
a) The electricity purchasing cost Cpe.
[image: image]
 [image: image] and [image: image] denote the electricity purchase price and the purchasing power at time t, respectively. [image: image] and [image: image] denote the electricity sales price and the selling power at time t, respectively. [image: image] is the time interval.
b) The natural gas purchasing cost Cpg.
[image: image]
In Eq. 14, [image: image] denote the price of natural gas at time t.
Constraints
a) Energy balance constraints.
1) Electrical power balance.
[image: image]
Where [image: image] and [image: image] represent the BS charging and discharging power at time t, respectively. [image: image] represents the power consumption of EC at time t. [image: image] represents the electric load demand of users at time t.
2) Heating energy balance.
[image: image]
 [image: image] and [image: image] denote the TS heating charging and discharging power at time t, respectively. [image: image] represents the heating load demand of users at time t.
3) Cooling energy balance.
[image: image]
 [image: image] represents the cooling load demand at time t.
b) Device output constraints.
All the devices must work within the allowable range, i.e., the following constraints need to be satisfied.
[image: image]
In Eq. 18, [image: image] and [image: image] denote the maximum and minimum output power of the i-type device, respectively, and [image: image] denotes the output power of the i-type device at time t.
c) Constraints for the electricity exchanged with the power grid.
[image: image]
In Eq. 19, [image: image] and [image: image] are the maximum purchasing power and selling power, respectively. [image: image] is 0–1 variable introduced to constrain MEG not purchasing and selling electricity to the grid simultaneously.
d) Constraints for the gas exchanged with natural gas network.
[image: image]
 [image: image] denotes the maximum power of MEG to purchase gas from the natural gas network.
Case Study
In this section, the built MEG model is applied to the optimal operation of the MEG, i.e., the above Eq. 19 is solved by MATLAB. Figure 7 shows the typical daily loads (electrical, cooling, and heating loads) and the PV day-ahead predicted output power curves of the MEG.
[image: Figure 7]FIGURE 7 | Predicted output power of electrical, heating, cooling load and PV.
To promote the participation of MEG in grid operation and encourage more and full generation during peak hours to alleviate the grid power supply tension, the electricity sales price is set higher than the electricity purchase price during peak hours, equal to the electricity purchase price during the flat period, and lower than the electricity purchase price during valley period in this paper, as shown in Figure 8. Assume that the price of natural gas is fixed at 0.35 ¥/(kW.h).
[image: Figure 8]FIGURE 8 | Time-of-use price of the MEG.
The parameters of the energy storage devices in the simulation are shown in Table 2 and Table 3.
TABLE 2 | Parameters for energy storage devices.
[image: Table 2]TABLE 3 | Other main devices parameters of MEG.
[image: Table 3]Figures 9–11 show the optimal dispatch results of electric power, heating power, and cooling power of each device in the MEG, respectively.
[image: Figure 9]FIGURE 9 | Optimal dispatch results of the electric power.
[image: Figure 10]FIGURE 10 | Optimal dispatch results of the heating power.
[image: Figure 11]FIGURE 11 | Optimal dispatch results of the cooling power.
In Figures 9–11, the upper part of the horizontal axis denotes the energy flowing into the energy bus, while the lower part denotes the energy flowing out from the energy bus. Since the MEG can maintain the real-time balance of electric power, heating power, and cooling power during operation, the optimization results are symmetric about the horizontal axis. The daily operational cost of the optimized MEG is ¥1244.4. The optimized dispatching results have the following characteristics.
1) During the valley period, most of the electric load is supplied by the GT and is purchased from the power grid since the electricity price is low and the price of natural gas is lower than the electricity price. During peak hours, the electricity price is relatively high; in addition to the electricity supplied by PV, the electric load is supplied by BS discharging and GT and the redundant electricity is sold to the grid to bring some revenues. During the flat period, the electric load is mainly supplied by GT, PV, and power grid. The electricity flowing into the electrical bus first meets the electric load, and the surplus electricity is used to generate cooling energy for the EC and charge the BS.
2) Since the system does not contain the heat recovery steam generator, the heating load is mainly supplied by the GB, and the redundant heat is used to store heat for the TS. When the electricity price is high, the TS will release heat to supply the heating load and the AC to generate cooling energy.
3) The cooling load is supplied by AC and EC. When electricity price is high, the cooling load is mainly supplied by AC to reduce system operating costs. Limited by the maximum power of AC, the EC assists in providing surplus cooling energy.
CONCLUSION
This paper proposes a hierarchical modeling framework for MEG modeling from the perspective of CPS, including object layer, integration layer and decision layer. The models of each layer are developed separately based on the design of the functions of the three layers. The combination of the three-layer model forms the overall model of the MEG. The model developed in this paper can clearly describe the interplay of the information flow and energy flow and can present the operation state of each unit in the MEG and the transfer process of the state. This is not only helpful to design the optimal operation state trajectory of the system but also can fully explore the ability improvement brought by the integration of the two systems, which can point out the direction for the planning and information construction of MEG and thus dramatically improving observable, controllable ability and optimal operation level of the MEG.
However, due to the focus of this paper, the limitation of the current study is that only the feasibility of the built MEG model has been verified and no specific application has been carried out. How to use the established MEG model to design the optimal operating state trajectory to obtain the optimal configuration of the system and how to plan the optimal capacity of the system is what we need to consider in our future work.
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