
        

Citation for published version:
Pan, M, Xie, D, Wang, C, Ju, P & Gu, C 2023, 'Optimal Design and Configuration Strategy for the Physical Layer
of Energy Router Based on the Complex Network Theory', IEEE Transactions on Smart Grid, vol. 14, no. 5, pp.
3512-3522. https://doi.org/10.1109/TSG.2023.3243028

DOI:
10.1109/TSG.2023.3243028

Publication date:
2023

Document Version
Peer reviewed version

Link to publication

© 2023 IEEE. Personal use is permitted, but republication/ redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

This article has been accepted for publication in IEEE Transactions on Smart Grid. This is the author's version
which has not been fully edited and content may change prior to final publication. Citation information: DOI
10.1109/TSG.2023.3243028

University of Bath

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 08. Jul. 2024

https://doi.org/10.1109/TSG.2023.3243028
https://doi.org/10.1109/TSG.2023.3243028
https://researchportal.bath.ac.uk/en/publications/ea03185c-6fad-401e-a98f-3bf135aa8125


1 
> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

 
This work was supported in part by the Shanghai Science and Technology 

Commission: Research and Demonstration under Key Technologies of Multi-
Energy Routers (18DZ1203700). (Corresponding author: Da Xie.). 

Mingjie Pan and Da Xie are with the Department of Electrical Engineering 
(the Key Laboratory of Control of Power Transmission and Conversion, 
Ministry of Education), Shanghai Jiao Tong University, Shanghai 200240, 
China (e-mail: pmj19971014@sjtu.edu.cn; xieda@sjtu.edu.cn). 

Chenlei Wang is with Shanghai Shinan Power Supply Company, Shanghai 
200235, China (e-mail: Wangcl@sh.sgcc.com.cn). 

Pengfei Ju is with the School of Electrical Engineering, Shanghai Dianji 
University, Shanghai 200240, China (e-mail: 1521377953@qq.com). 

Chenghong Gu is with the Department of Electronic and Electrical Engi-
neering, University of Bath, Bath BA27AY, U.K. (e-mail: c.gu@bath.ac.uk). 

This article has been accepted for publication in IEEE Transactions on Smart Grid. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TSG.2023.3243028

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: UNIVERSITY OF BATH. Downloaded on March 27,2023 at 14:36:50 UTC from IEEE Xplore.  Restrictions apply. 

mailto:pmj19971014@sjtu.edu.cn
mailto:xieda@sjtu.edu.cn
mailto:Wangcl@sh.sgcc.com.cn
mailto:1521377953@qq.com
mailto:c.gu@bath.ac.uk


1 
> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

Optimal Design and Configuration Strategy for the 

Physical Layer of Energy Router Based on the 

Complex Network Theory 
Mingjie Pan, Da Xie, Senior Member, IEEE, Chenlei Wang, Pengfei Ju, and Chenghong Gu, Member, IEEE 

Abstract—The energy router (ER) is key to realizing the 
coordinated management and efficient utilization of multiple 
forms of energy in Energy Internet. This paper proposes a novel 
design and configuration method for the physical layer of ER by 
using complex network theory. Firstly, an abstract model of the 
physical layer of ER is introduced according to its function, and 
important modules in the model are illustrated in details. 
Secondly, based on the electrical characteristics of ports, the 
community structure of the power networks inside ER is 
analyzed by the improved Girvan-Newman (GN) algorithm to 
design the independent bus systems (IBSs) and generate the 
network topology of the physical layer. Then, the optimization 
model of equipment configuration of the power supply and 
distribution systems of ER is developed considering the economy, 
utilization efficiency, and power supply reliability. Finally, two 
case studies demonstrate that the proposed strategy can 
effectively accomplish the module-level structure design and 
device configuration for the physical layer of ER. 

Index Terms—Physical layer of energy router, the complex 
network theory, structure design, optimal configuration strategy. 

I. INTRODUCTION 
ITH the acceleration of global industrialization, the 
energy problem has become an important issue in 
social and economic development [1]. Replacing 
traditional fossil fuels with renewable energy to 

upgrade the energy structure is an inevitable requirement for 
building high-quality modernized economy and improving the 
environment [2]. In this context, the Energy Internet (EI), with 
the help of Internet thinking, transmits and utilizes distributed 
electricity, natural gas, thermal energy and other forms of 
energy in an integrated system, which can effectively increase 
the utilization proportion of renewable energy resources and 
reduce the comprehensive cost of energy services [3]-[5]. 

Similar to the role of the information router in the Internet, 
energy router (ER), also known as the power router [6] and 
digital grid router [7], can achieve efficient and hybrid 
utilization of various energy, accommodate high proportion of 
renewables and guarantee the stable operation of the tradi-
tional power grid. So ER is the core equipment for building EI 
[8]. With a more secure, efficient and sustainable mode of 
energy utilization, ER has good advantages in power quality 
control [9], hybrid AC-DC distribution [10], active manage-
ment of bidirectional power flow [11], convenient access to 
distributed sources [12] and energy management optimization 
[13], and has attracted more researchers’ attention. 

The current research on ER mainly focuses on two aspects: 
1) modeling the input-output (I/O) characteristics and coupling 
relationships of energy in ER based on the conceptual model 

of energy hub (EH) [14], and applying the above model to the 
planning and operation of multi-energy systems (MES) [15]-
[17]; 2) designing power conversion modules based on power 
electronic technology [18], or studying energy management 
and operation control strategies of ER based on a defined 
topology [19]-[23]. Liu T et al. [14] modeled the nodal I/O 
characteristics of the operating devices in EH and optimized 
the operation. Zhou et al. [15] proposed the concept of virtual 
energy router (VER), and planned the equipment capacity and 
network routing for multi-area MES containing multiple ERs. 
Xu et al. [16] considered EHs as nodal decision-makers and 
proposed a distributed multi-cycle multi-energy operation 
model for MES. Guo et al. [17] introduced a bi-level dispatch 
strategy to reduce the complexity of large-scale centralized 
optimization as well as protect the information privacy of 
different users. Li et al. [18] designed a multi-unit recon-
figurable architecture with multi-input multi-output (MIMO) 
power conversion for multi-port applications such as multi-
source ER, battery balancers and PV optimizers. Chen et al. 
[19] modeled flexible power loads and energy storage as 
stochastic processes, and proposed an energy management 
strategy for ER based on Lyapunov optimization. Liu Y et al. 
[20] proposed a hierarchical control strategy for ER based on 
fuzzy logic with the help of switching array modules and 
bidirectional DC/AC converters, which can achieve plug-and-
play access and reliable energy management for consumers. 
Liu B et al. [21] studied an AC-DC hybrid multi-port ER 
structure and developed a corresponding coordinated control 
strategy to ensure the proper operation of ER. Hussain et al. 
[22] developed an IEC 61850 communication-based power 
routing algorithm to dynamically control and optimize energy 
flow in EI. Sosnina et al. [23] integrated the artificial neural 
network into the decentralized ER control system. 

However, both types of above research are difficult for a 
wide range of production and engineering practices for ER. 
The former regards ER as an energy control unit rather than a 
physical equipment, and the derived extra-functional 
properties of ER cannot guide the design of its internal power 
networks; the latter usually develops structure and components 
of ER for specific targets, which only have a single function 
and no generality. In the context of the future EI, ER needs to 
realize the functions of plug-and-play for devices, centralized 
energy management, voltage transformation and demand 
response within multi-energy networks [24]. This requires that 
the ER should exhibit a flexible and extensible structure at the 
physical layer to achieve a rich variety of functions. In other 

W 

This article has been accepted for publication in IEEE Transactions on Smart Grid. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TSG.2023.3243028

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: UNIVERSITY OF BATH. Downloaded on March 27,2023 at 14:36:50 UTC from IEEE Xplore.  Restrictions apply. 



2 
> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
words, manufacturers should be able to select standardized 
and modular components to integrate generic modules 
according to users’ requirements, and eventually customize 
them into personalized ER equipment for utilization. 

All primary energy sources as well as clean and efficient 
secondary energy sources can both be converted into electric 
energy, and most end-use energy consumption can also be 
replaced by electric energy. At the same time, electric energy 
requires a power balance at all times and has the shortest time 
scale. As a result, electric energy is the core of ER, and 
efficient and flexible power networks are the core architecture 
of the physical layer of ER [25]. This paper focuses on the 
overall structure design of the power networks of ER’s 

physical layer. The network topology inside ER can be 
manifested as the electrical connections between ports, energy 
transmission and conversion devices, and IBSs, which can be 
abstracted as the connection relationships between nodes and 
the affiliation relationships between nodes and clusters. The 
complex network theory, as a mathematical theory that 
analyzes connection relations, can well solve the above 
problem. Power networks have the properties of self-
organization, self-similarity, small world, scale-free and 
community structure, which are typical complex networks. 
Therefore, the complex network theory can represent the 
cyber-physical fusion features of power networks, reflect the 
characteristics of energy inter-connection, and apply to 
modelling power networks [26]-[28]. 

To fill the research gap and provide guidance for designing 
and producing physical ER equipment, this paper proposes a 
generic model of ER’s physical layer, translates the topology 

design problem based on the complex network theory, and 
finally realizes the design and optimization of power networks 
of ER’s physical layer. The main contributions are as follows: 

1) A module-level generic model of ER’s physical layer that 

takes into account both the extra-functional and internal circuit 
characteristics of ER is proposed. The model expresses a high 
degree of abstraction of the devices and components at the 
physical equipment level. 

2) The physical layer topology of ER is viewed from the 
perspective of the complex network theory, and the design of 
IBSs is transformed into a community division problem. The 
design quality is evaluated by modularity to obtain optimal 
topology, which greatly reduces the difficulty of module-level 
design. 

3) The optimization model of device configuration enables 
manufacturers to evaluate the operational performance of ER 
at the design stage. The proposed three indicators of the eco-
nomy, efficiency, and reliability can comprehensively reflect 
EI’s requirements of clean, efficient and safe energy use. 

4) The proposed design and configuration strategy has a 
wide range of applications and can be flexibly extended to 
scenarios with different functions and purposes, which is 
applicable to both single-area and multi-area systems. 

The remainder of this paper is organized as follows. Section 
II introduces the concept, model, and typical structure of the 
physical layer of ER. Section III studies the construction of the 

complex network for ER’s physical layer considering the port 
electrical characteristics, and designs the IBSs based on the 
improved GN algorithm. The optimization model of device 
configuration is given in Section IV. Section V selects two 
case studies to verify the effectiveness and applicability of the 
proposed design and configuration strategy. Brief conclusions 
are drawn in Section VI. 

II. MODEL OF THE PHYSICAL LAYER OF ER 
This section presents the concept and model of the physical 

layer of ER and is the theoretical basis for the research. 

A. Concept of the Physical Layer of ER 
The ER is a multi-level distributed energy interconnection 

system with power networks as the backbone, integrating 
power electronic conversion technology and information 
technology to realize extensive energy sharing and storage. 
The power electronic conversion technology enables ER to 
provide the required electrical ports for various types of 
distributed power sources, energy storage devices, multi-
energy coupling devices, and loads. The information tech-
nology enables the hybrid AC/DC micro-grid managed by ER 
both to implement self-regulated operation and to serve as an 
interactive interface to the external grid, responding to the 
upper-level dispatch center to achieve optimal operation. The 
cyber-physical fusion architecture of ER with electric energy 
as the core is shown in Fig. 1(a). 
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(a) Cyber-physical fusion architecture 
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(b) Abstract structure diagram 

Fig. 1.   Physical layer of ER with electric energy as the core. 

The physical layer of ER should be designed as a modular 
structure, including three main parts: standardized electrical 
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ports, independent bus systems, and power conversion circuit 
collection. Externally, ER equals to different energy ports in a 
“plug-and-play” form. ER can be seen as a “black box” where 

distributed energy sources and energy conversion devices are 
connected in the form of electric energy through the “plug-
and-play” ports. The port device is not concerned with the 

complex coupling relationships between different energy 
sources within the system, but only needs to ensure the energy 
state of the port. Internally, ER acts as interconnected power 
networks consisting of IBSs and power conversion circuits. 
Through the combination of converters in different operating 
modes, ER achieves the unified transmission, storage and 
forwarding of energy. Simultaneously, the whole ER system 
aggregates and distributes electric energy by extending and 
interconnecting to each port through independent buses. 

Therefore, the architecture in Fig. 1(a) can be abstracted as 
a schematic diagram of the physical layer structure of ER 
based on the standardized electrical ports, independent bus 
systems, and power conversion circuits in Fig. 1(b). 

B. Abstract Model of the Physical Layer of ER 
1) Standardized Electrical Ports: The standardized ports 

provide “plug-and-play” energy access for generation and 
consumption devices, and can automatically scan the 
operating information to identify the state of various port 
devices. Each type of grid-connected equipment connected to 
ER operates according to the goal set by each part, such as 
photovoltaic (PV) and wind power according to the maximum 
power generation. The ER fulfills the information interaction 
between each part and itself through information collection 
and transmission devices, and performs port energy control as 
well as energy routing through the internal power networks. 

2) Independent Bus Systems: The concept of IBS in ER is 
introduced to enhance the flexibility of ER’s structure while 
ensuring supply reliability. Multiple IBSs are set up to ensure 
reliable operation depending on the practical requirements. 
IBSs of the same voltage level are represented as segmented 
buses or physically are converted from IBSs of other voltage 
levels. The independent buses inside ER are divided into the 
two following categories. 

(1) Independent DC Bus (IBDC): DC buses are the core and 
foundation of IBS. The power supply systems of ER with IBDC 
as the core can facilitate the flexible access of generating 
units, energy storage, loads, etc., and can also give full play to 
the energy buffer effect of DC buses to maximize the 
utilization rate of distributed renewables. Also, in DC systems, 
the only criterion to measure the active power balance is the 
bus voltage, and there are no power quality problems such as 
frequency stability and reactive power compensation in the 
AC grid, ensuring the transmission of high-quality power. 

(2) Independent AC Bus (IBAC): AC buses are set up to 
provide ports mainly for the internal AC loads in the system. 
IBAC is inverted by IBDC and is not connected to the external 
grid. The IBAC systems are highly flexible and variable. 
Through the control of the inverters, the frequency, voltage, 
phase sequence and other operating conditions of IBAC can be 
changed to meet the diverse power supply needs of the loads, 

which facilitates the energy management of ER. 
3) Collection of Power Conversion Circuits: There are two 

types of converters in ER: DC/DC converters and AC/DC 
converters, which play the role of energy conversion and 
voltage conversion. The power conversion circuits inside ER 
collect the information about the energy state. Such infor-
mation is then fused to generate control signals to achieve the 
regulation of the energy flow. In addition, most of the ports in 
an open interconnected ER should have the characteristics of 
bi-directional power flow. 

C. Typical Structure of the Physical Layer of ER 
Fig. 2 shows the typical structure of single independent bus 

system and dual independent bus system of ER. Although the 
two structures have similar external ports, their design and 
operational control are quite different. 
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(a) Single independent bus system 
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(b) Dual-independent bus system 

Fig. 2.   Typical structure of the physical layer of ER. 

In Fig. 2(a), the voltage stability of the IBDC is key to the 
stable operation of ER. The voltage stability requirement of 
the single IBDC system indicates both the balance of energy 
supply and demand and the operating constraints inside ER. 
However, at this time, all ports of fluctuating renewables, 
energy conversion devices and loads are connected to the 
same DC bus. The safe and stable operation of the system 
requires precise and reliable control of each port, which makes 
it difficult to maintain the bus voltage. The collapse of the bus 
voltage will make all ports out of control, so the reliability of 
the whole system is relatively poor. 

In contrast, in the dual-independent bus system shown in 
Fig. 2(b), the voltages of the two DC buses are different. Thus, 
it is possible to either connect the two DC bus systems through 
converters or disconnect them to form two different power 
supply systems that operate independently according to the 
actual situation. For example, the output of PV and wind 
power ports might be affected by volatility in solar radiation, 
temperature or wind speed. At this time, the converter between 
two buses can be blocked, while the load is connected at the 
end of the grid-side bus, limiting the fluctuation of the bus at 
the side of fluctuating renewable energy on DC Bus 1. 

With the rapid development of fluctuating renewables, 
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flexible loads and multi-energy coupling devices, the number 
of energy production, consumption and storage components in 
EI has increased significantly, requiring ER to evolve from a 
simple system with only three ports of “source-load-storage” 
to a complex multi-port system. Each port may have different 
voltage level and power form, which inevitably requires 
multiple buses to match.  

Among them, the number of independent buses becomes a 
key factor for the physical layer configuration of ER. Too 
many or too few independent buses will affect the safe and 
economic operation. If the number of independent buses is too 
few, on the one hand, the correlation between different ports is 
strong, so once a port has power fluctuation or the converter 
connected to the port fails, the normal operation of the 
considerable ports belonging to the same independent bus will 
be affected, and the reliability of the system will be reduced; 
on the other hand, the operating conditions available to the 
system are limited, the energy flow path becomes more 
difficult to control, and the system may not operate at the 
optimal economic point. Conversely, too many independent 
buses augment the structure complexity, which greatly 
increases the configuration cost and difficulty, and puts higher 
requirements on the control system. 

Therefore, it is crucial for the stable and efficient operation 
of ER to reasonably divide its ports into several clusters using 
a suitable theory based on the electrical characteristics of each 
port to form the corresponding IBSs. 

III. DESIGN STRATEGY FOR PHYSICAL LAYER TOPOLOGY OF 
ER BASED ON THE COMPLEX NETWORK THEORY 

In this section, the physical layer topology of ER is designed 
based on the complex network theory. Firstly, the ER system is 
modeled as complex network and the basic topology is formed by 
calculating the electrical similarity between nodes. Then the 
"community" concept is used to describe the IBS, and the design 
of IBSs is transformed into a community division problem solved 
by an improved GN algorithm. As a result, the nodes with similar 
electrical characteristics are classified into the same community. 
Finally, a suitable bus voltage is selected to configure the formed 
community as an IBS. 

A. Initial Networks Based on Port Electrical Characteristics 
1) Mapping Relationship Between Electrical Physical Layer 

and Complex Networks: The ports in ER’s power networks 
have different electrical characteristics and there are complex 
linkage relationships between them, making the ER a typical 
complex system. The Complex network based on electrical 
characteristics is a topology diagram that reflects the electrical 
relationships of energy conversion, transmission and storage 
devices within ER. Relevant concepts involved are defined in 
Table I and the typical nodes in ER are shown in Table II. 

TABLE I 
RELEVANT CONCEPTS IN THE COMPLEX NETWORK THEORY 
Name Explanation 

Node 
Nodes are the basic units that compose the networks. The nodes 
correspond to energy conversion devices, energy storage devices, and 
electrical loads of each port in ER at the physical layer. 

Edge 
The links between the nodes form the edges of the networks and 
represent the electrical connections. Edges correspond to energy 
transmission devices and converters at the physical layer. 

Network 
Networks are a topology consisting of nodes and edges. The structure 
of the networks reflects the aggregation and group state of the electrical 
devices inside ER. 

Small 
world 
feature 

The small-world feature means that most of the nodes in the networks 
are not adjacent to each other, but they can reach any other node in a 
few steps. In the power networks of ER, this property means that only a 
limited number of steps are required for energy flow between ports. 

Scale-
free 

feature 

The scale-free feature means that most of the nodes in the networks are 
connected to very few nodes, while a very small number of nodes are 
connected to plenty of nodes. In the power networks of ER, high-power 
conversion circuits are configured at such nodes to achieve electrical 
connections between different independent buses. 

TABLE II 
CLASSIFICATION OF NODES IN POWER NETWORKS OF ER 

Type Nodes included 

Source (ΩS) 
PV, wind power, combined heat and power (CHP) unit, 
power grid, etc. 

Energy Storage (ΩB) Battery energy storage (BES) 
Load (ΩL) AC load, DC load 

2) Description of Port Electrical Characteristics: The three 
factors of power supply/consumption category, voltage level, 
and power characteristics are used to describe the electrical 
characteristics of the port devices. The electrical similarity 
ES(i,j) describes the agreement of the electrical characteristics 
of nodes i and j, which is expressed as follows. 
        , , , + ,C C V V P PES i j ES i j ES i j ES i j        (1) 

 + 1C V P     (2) 

      ,C i jES i j h CA h CA  (3) 

  
max min

, 1 i j
V

V V
ES i j

V V


 


 (4) 

    , ,       ,   ,
1      ,
0                  

P i j S L

B

ES i j R P P i j or i j
i j

otherwise

  

 



 (5) 

  
 

   

cov ,
,

var var

a b
R a b

a b
  (6) 

where ESC(i,j), ESV(i,j) and ESP(i,j) are the similarity of power 
supply/consumption category, voltage level, and power 
characteristics of nodes i and j, respectively; αC, αG and αP are 
their similarity coefficients; CAi(CAj), Vi(Vj) and Pi(Pj) denote 
the power category, operating voltage, and active power curve 
of node i(j), respectively; h is a Boolean variable, whose value 
1/0 represents the node voltage in the form of AC/DC; ⊙ is 
the XNOR operator; Vmax and Vmin are the maximum and 
minimum values of the operating voltage of all nodes; the 
similarity of power characteristics is calculated using serial 
correlation, R(a,b) denotes the correlation coefficient of series 
a and b, cov is the covariance and var is the variance. 

αC, αG and αP indicate the weights of the power supply/con-
sumption category, voltage level, and power characteristics in 
calculating the electrical similarity of nodes, respectively. The 
ER designer can set different values of the three parameters to 
form different basic topologies of power networks according 
to the requirements. It can be seen from (1)-(6) that the 
voltage levels of the port devices play a major role when the 

This article has been accepted for publication in IEEE Transactions on Smart Grid. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TSG.2023.3243028

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: UNIVERSITY OF BATH. Downloaded on March 27,2023 at 14:36:50 UTC from IEEE Xplore.  Restrictions apply. 



5 
> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
weights are close. In addition, the source-side nodes are 
distinguished from the load-side nodes due to the considera-
tion of the power category and the node power characteristics. 

3) Generation of Initial Networks: In the complex networks 
mapped from the electrical physical layer of ER, an edge 
between two nodes represents that they have similar electrical 
characteristics. By setting different thresholds and connecting 
nodes with a similarity greater than this threshold, diverse 
initial topologies of power networks can be obtained. 

A community is a combination of individuals in complex 
networks who behave similarly, are closely connected, or have 
the same interests. Therefore, complex networks can also be 
considered as the collection of multiple communities. On this 
basis, applicable clustering algorithms can be used to find the 
communities in the networks, and nodes with similar elec-
trical characteristics are classified into the same community, 
which can provide a reference for the design of IBSs. 

B. Community Division Based on Improved GN Algorithm 
1) Basic GN Algorithm: The GN algorithm is a classical 

divisive method proposed by Girvan and Newman for finding 
the community structure in complex networks [29]. Its basic 
idea is that one or more shortest paths exist between any two 
nodes, and if most of the shortest paths include a certain edge, 
then there are relatively few other paths between the nodes at 
both ends of that edge, and these two nodes can be grouped 
into two communities. Two important concepts in the GN 
algorithm are betweenness and modularity. 

(1) Betweenness: The betweenness Bet(i,j) of the edge with 
nodes i and j as endpoints in graph G is defined as the number 
of shortest paths passing through this edge in the networks. 
The betweenness reflects the influence of the corresponding 
edge in the whole networks and is calculated in (7). 
    , , ,      ; ,mBet i j f l i j l L i j G     (7) 

where l is a certain shortest path, Lm is the set of shortest paths 
in graph G; f is the judgment function, whose value is 1 when l 
passes through the edge of nodes i and j, and 0 otherwise. 

(2) Modularity: Modularity Q is a measure of the quality of 
network division [30]. The closer its value is to 1, the stronger 
the strength of the community structure of the networks, i.e., 
the better the quality of division. Therefore, the optimal 
community division of the networks can be obtained by 
maximizing Q. The power networks of ER are regarded as 
weighted networks and the modularity is calculated by (8). 
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where M is the sum of the edge weights in the networks; aij is 
an element in the adjacency matrix of the networks, and it is 
the edge weight if nodes i and j are connected, otherwise it is 
0; ki and kj are the degrees of nodes i and j, respectively; 
δ(σi,σj) is the membership function, whose value is 1 when 
node i and j belong to the same community, and 0 otherwise. 

In the power networks of ER, the edge weight is defined 

according to the construction cost of the energy transmission 
equipment, which is calculated in (9). 

 
 
0,

0,min
l ij

ij
l ij

C L
a

C L
  (9) 

where C0,l is the construction cost of per unit length of energy 
transmission equipment; Lij is the line length between nodes i 
and j; min{C0,lLij} is the minimum value of cost among all 
lines to be constructed. 

2) Improved GN Algorithm: The basic GN algorithm does 
not consider the node weight, which may cause the size of 
each subgraph after division to vary widely and the algorithm 
to be trapped in the local optimum. Thus, improvement is 
made by considering the contribution of the nodes to the 
modularity. The contribution value qi of node i to Q is defined 
in (10). 
 ( ) ( )i r i i r iq k k a   (10) 
where kr(i) is the number of the edges between node i and other 
nodes within community r; ar(i) is the proportion of edges 
connected to node i to all edges in the whole networks. 

To be consistent with the modularity, the range of qi should 
also be kept in the range of 0 to 1. So qi is normalized in (11). 

 ( )
( )

r ii
i r i

i i

kq
a

k k
     (11) 

Then the contribution of nodes to the modularity Q is added 
as their weights to the original formula for calculating the 
betweenness, as shown in (12). 

  
 ,

,
i j

Bet i j
Bet i j
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 
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 (12) 

Calculating the betweenness based on the node weight can 
change the order of cutting edges, which in turn can change 
the results of the network division, making the divided 
subgraphs more reasonable. The specific description of the 
improved GN algorithm is shown in Table III. 

TABLE III 
DESCRIPTION OF IMPROVED GN ALGORITHM 

Algorithm1: Improved GN algorithm based on node weight 
Input: Node electrical characteristics, similarity threshold ESt 
Initialization: node set N, adjacency matrix A, node degree K 
Main program: 

Calculate the equation (1)-(5) to get electrical similarity ES; 
for node i ≠ j in N: 

if ES(i,j) > ESt: 
put an edge between node i and j; 

Form the graph G, calculate matrix A; 
Repeat: 

Calculate the betweenness of each edge Bet(i,j) by BFS algorithm; 
for (i,j) in Bet: 

if Bet(i,j) == max(Bet.values()): 
G.remove_edge(i,j); 

end 
for i ≠ j in G: 

Q = Q + (aij - ki*kj/2M)/2M; 
end 

Until G.number_of_edges() == 0. 

C. Design of IBSs Based on Network Communities 
The idea of community division in which individuals with 

similar characteristics in a group are classified into the same 
community is consistent with the nature and goal of ER’s 
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design problem of connecting ports with similar electrical 
characteristics to the same independent bus. Therefore, it can 
be considered that modularity can also be used as a 
quantitative indicator to characterize the quality of IBS. Thus, 
the optimal topology can be obtained by solving the 
community structure with the maximum modularity in ER’s 

corresponding complex networks. 
During the formation of the power networks based on the 

complex network theory, the electrical devices with similar 
characteristics gather into clusters and converge into a group 
under the same power supply system. Thus, a community can 
be considered as an IBS inside ER. After dividing the power 
networks into several communities, the corresponding number 
of IBSs is obtained. Then it is necessary to determine the type 
and the voltage level of each independent bus. 

Compared with AC systems, DC power supply systems 
have advantages such as low line loss, good power quality, 
high operational efficiency, convenient access to renewable 
energy generation, etc., which can provide safe, flexible and 
efficient power supply services. Therefore, the power supply 
and distribution systems inside ER should be mainly DC 
systems, and the access of ports should be mainly to IBDC. 

The voltage levels of IBSs should be set based on 
engineering experience. Common bus voltage levels are given 
in Table IV and they form the alternative set. The voltage of 
each IBS is selected from the set and the value is close to the 
average voltage of the ports that it is connected to. Because 
ER is a piece of active equipment and the voltages of its 
independent buses are decided by the control of power 
electronic converters, the voltages of internal independent 
buses can be set without power flow calculation. In addition, 
when designing a multi-area ER system, each area should be 
configured with an additional converter to the high voltage to 
facilitate the construction of transmission lines. 

TABLE IV 
COMMON BUS VOLTAGE LEVELS 

Bus type Voltage level (V) 
DC bus 48, 240, 375, 540, 750, 1500 
AC bus 220, 380 

IV. EQUIPMENT CONFIGURATION STRATEGY FOR THE 
PHYSICAL LAYER OF ER 

A. Optimization Model for Equipment Configuration 
Each port of ER is connected to the independent bus of the 

community to which it belongs through energy transmission 
devices and power conversion circuits, and the independent 
buses can also be connected through converters. Thus, the 
optimal structural design can be achieved by rational selection 
of the power conversion circuits and the design of the liaison 
relationships between the independent buses. 

1) Objective Function: Engineering economy is the primary 
factor to be considered in the equipment configuration at the 
physical level. Additionally, ER efficiently utilizes distributed 
renewable energy through the coordinated management of 
multiple energy forms, so the energy loss in the operation 
process should also be considered. Furthermore, the design of 
the power networks should ensure the safe and reliable 
operation of power supply and distribution systems. As a 

result, economy, efficiency, and reliability are chosen as the 
three indicators for configuration objectives. 

(1) The economic optimum is equivalent to the lowest cost, 
including investment and construction cost Cinv, and operation 
and maintenance cost Cope. 
 1min inv opef C C   (13) 
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where r is the annual discount rate; T is the lifespan; N is the 
node set; Ci,con, Ci,man and Ci,tra are the construction cost and 
fixed maintenance cost of the power conversion circuit, and 
the operating cost at node i, respectively; Ф is the set of 

independent buses; xjk is a Boolean variable, whose value is 
1/0 when there is/is not an energy transmission channel 
between bus j and bus k; Cjk,con and Cjk,man are the construction 
cost and fixed maintenance cost of the energy transmission 
devices and converters between bus j and bus k, respectively. 

(2) The energy utilization efficiency is described by the 
total energy loss Eloss of the system over time. The highest 
efficiency means the lowest total loss. 
 2 ,min ( )d

w
loss ij loss ijt T

i N j N
f E y P t t
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 

    (16) 
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where yij is a Boolean variable, whose value is 1/0 when there 
is/is not an energy transmission channel between nodes i and j; 
Tw is the set of operating times under study; Ploss,ij(t) is the 
power loss between nodes i and j at time t; ηcvt(t) is the 
transmission efficiency of the power conversion circuit at time 
t, which is calculated from its efficiency curve (loss charac-
teristics); ηpip is the average transmission efficiency of the 
energy transmission pipeline, which is a constant related to the 
pipeline type; Pt(t) is the power transmitted by the converter at 
time t. In (17), the power flow from power-side or storage-side 
nodes to load-side nodes is defined as positive. 

(3) The internal power networks inside ER are a supply and 
distribution system in which we focus on whether the elec-
tricity demands of users (loads) are met. The average service 
availability index (ASAI) can measure supply reliability. 
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where L is the set of load nodes; Ni and Ui are the number of 
users and the annual average interruption time at node i, and 
the latter is calculated by Monte Carlo simulation (details in 
Section IV-B). 

2) Constraints: The constraints mainly include component 
and power flow constraints. 

  
 

0
0

f N
g N
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where f(N) represents the power balance in the system, which 
is shown in (20), and the component constraint g(N) is shown 
in (21). 
        BESgen load lossP t P t P t P t       (20) 
where Pgen(t), Pload(t), PBES(t) and Ploss(t) denote the power 
generated by sources, consumed by loads, absorbed by energy 
storage and lost at time t, respectively. Pgen, Pload and PBES are 
obtained from day-ahead operation curves. Ploss is calculated 
by (17). For the multi-area system, the efficiency of the 
transmission lines between different regions is equated with a 
constant ηpip. To improve the accuracy of results, the power 
transmission loss between regions can be calculated by 
solving the power flow model [31], but this will also increase 
the calculation amount of the proposed model. 
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where for converter k, Vh,k is the voltage of the high-voltage 
side and is determined by comparing the voltages of the port 
and bus to which it is connected, Vkmax is the maximum 
withstand voltage, τcvt,k is the voltage conversion ratio, τkmax is 
the maximum voltage conversion range; Pt,k(t) is the power 
transmitted at time t, and Capk is the configured capacity. 

B. Solution Method of Power Supply Reliability 
The Monte Carlo simulation is used to sample the operating 

state durations of the ports on the source side and the storage 

side as well as the conversion circuit to obtain the state and 

duration of the whole system, on which the reliability index is 

calculated [32], [33]. 

The work-failure two-state model is used to model each 

component. Assuming that the failure rate and repair rate of 

the components are constant λ and μ, respectively, the mean 

time between failure (MTBF) τ1 and mean time to repair 

(MTTR) τ2 of the components are random variables subject to 

an exponential distribution, which can be sampled according 

to (22). Then a sequence of operating state durations of each 

component is formed and the system state can be obtained. 

 1 1 2 2
1 1ln ln   
 

     (22) 

where δ1 and δ2 are random numbers uniformly distributed in 

the interval [0,1], respectively. 

C. Overall Procedures for Design and Configuration of the 
physical layer of ER 

In summary, the procedures of designing and configuring 
the physical layer of ER are shown in Fig. 3. Under the 
condition that the electrical parameters of port devices are 
known, the main objective is to obtain the optimal module-
level topology and equipment configuration. To reduce the 
complexity of the problem, the overall design process is 
divided into two stages. In the first stage, the physical layer of 
ER is mapped into complex networks based on the electrical 
connections, and the number of independent buses and the 
connection relationships between ports and buses are obtained 
by solving the community division problem through the 

improved GN algorithm. In the second stage, the types and 
capacities of the converters and transmission lines in the ER 
system are configured by pursuing multiple goals of economy, 
efficiency, and reliability. It should be noted that the 
optimization model of equipment configuration is a typical 
nonlinear multi-objective problem, which is solved by a multi-
objective particle swarm optimizer (MOPSO) [34], [35]. 

Start

Data input and initialization

Similarity threshold ESt = 0.05

Basic network topology formation based on port electrical characteristics

Community division and IBS generation based on GN algorithm

ESt < 1

End

ESt = ESt + 0.05

Equipment configuration optimization using MOPSO

Yes

No

 
Fig. 3.   Flowchart of design and configuration process of the physical layer. 

V. CASE STUDY 

A. Illustration of Necessary Information 
1) Selection of Power Conversion Circuits: In the practical 

project, different regions and users have different require-

ments for the functions of the designed ER. To reduce the 

configuration difficulty, the power supply and distribution 

components inside ER should have fixed types and uniform 

standards. It is assumed that all power conversion circuits are 

packaged modules and the same type of converters have the 

same parameters including voltage conversion characteristics 

and efficiency curves. 

In this study, five typical power conversion circuits with 

nine levels of technical maturity and wide application in 

engineering practice are used to configure the ER system. 

Their basic parameters and loss characteristics are shown in 

Table V and Fig. 4. The losses of power conversion circuits 

composed of power electronics mainly include conduction loss, 

driving loss and switching loss [36]. The efficiency charac-

teristics is considered for the solid-state transformer (SST) 

circuit, and βT in Fig. 4(b) is the transformer load ratio [37]. 

TABLE V 
TYPICAL POWER CONVERSION CIRCUITS 

Num Type Function Energy flow Cost (¥/W) 
1 Buck or Boost DC/DC unidirectional 0.19 
2 Buck/Boost DC/DC bidirectional 0.23 
3 Bridge rectifier/inverter AC/DC bidirectional 0.29 
4 MMC AC/DC bidirectional 0.33 
5 SST DC/DC bidirectional 1.30 
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Converter 4
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cv
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   0 1

η
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(a) Power electronics circuits                     (b) SST circuit 

Fig. 4.   Loss characteristics of power conversion circuits. 
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2) Reliability Parameters of Components: The reliability 

parameters of the components that possibly fail are given in 

Table VI, assuming that the states of different components do 

not affect each other. Among them, the MTBF of CHP units 

and transmission lines are obtained according to their failure 

rates. Also, the MTBF of transmission lines needs to be 

converted based on their length in the calculation. 

TABLE VI 
RELIABILITY PARAMETERS OF COMPONENTS 

Type MTBF/h MTTR/h Source 
Power grid 8030 5 [38] 

Normal generating unit 2000 4 [38] 
CHP 2.92*105 200 [39] 
BES 2.4*105 8 [38] 

Transmission line 1.35*105 5 [39] 
Buck/Boost 50000 2 [38] 

Bridge rectifier/inverter 20000 2 [38] 
MMC 8.4*105 5 [40] 
SST 7.8*106 6 [38] 

3) Comparative Analysis of Configuration Strategies: The 

following three different methods are used to solve the case 

configuration results for comparative analysis. 

Method 1: The method proposed in this paper. 

Method 2: Based on the network topology of method 1, use 

a fixed optimization method based on expert strategies for 

equipment configuration [41]. 

Method 3: Using the current conventional design method in 

power systems. That is all ports are connected directly to the 

AC bus through power conversion circuits. The equipment 

configuration method is the same as method 2. 

When using methods 2 and 3 to configure the system, the 

output power of PV equals to the average power of the loads. 

And all three methods ensure that the capacity of the power 

conversion circuit at the source node needs to be greater than 

the sum of the maximum power of all nodes connected to it. 

The comparison between methods 1 and 2 aims to show the 

effectiveness of the proposed optimization model of device 

configuration, and the comparison between methods 2 and 3 is 

to demonstrate the superiority of the proposed complex 

network model in the design of ER’s power network structure. 

B. Simulation Analysis of Single-area System 

1) Case settings: An office building system is chosen as a 

single-area system case as shown in Fig. 5(a). The equipment 

parameters and cost factors are given in Table VII. The system 

has 8 ports: ports 1, 2 and 3 are source nodes, port 4 is an 

energy storage node, and ports 5 to 8 are load nodes. The data 

of PV resources and AC/DC loads are selected from the actual 

engineering data of a typical day, as shown in Fig. 5(b). 

PV BES

Power Grid

CHP

AC Load

DC Load (EV)
DC Load 1

DC Load 2

Power network
1

3

2
4

5
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8

7

 
(a) Structure diagram 

 
(b) Port characteristics curve 

Fig. 5.   Illustration of the office building system. 

TABLE VII 
CONFIGURATION PARAMETERS OF THE BUILDING SYSTEM 

Content Value 
Maximum output power of PV 400 kW 

Maintenance cost of PV 0.08 ¥/kWh 
Capacity of BES 150 kWh 

Maintenance cost of BES 0.0018 ¥/kWh 
Rated power of CHP 100 kW 

Maintenance cost of CHP 0.335 ¥/kWh 
Power purchase price at peak time 1.074 ¥/kWh 

Power purchase price at valley time 0.671 ¥/kWh 

2) Configuration Results: As shown in Table VIII, by 

continuously removing the edge with the largest betweenness 

in the networks, the algorithm obtains different community 

division. The maximum modularity is 0.430 when the number 

of communities is 4, which means that the system works best 

when it is divided into four IBSs. 

TABLE VIII 
RESULTS OF COMMUNITY DIVISION 

Number Modularity Number Modularity 
1 0.306 5 0.390 
2 0.380 6 0.363 
3 0.414 7 0.310 
4 0.430 8 0 

The configuration results are given in Fig. 6. It can be seen 

that IBS 1, consisting of nodes 2, 4 and 5, is a 750V DC bus 

system, while the remaining three IBSs in ER are all 375V DC 

bus systems. Therefore, the IBDC of communities 2, 3 and 4 do 

not need to configure power conversion circuits in between 

because their voltage levels are the same. That is, communities 

2, 3 and 4 share the same independent bus and their electrical 

connection with IBS 1 is combined into a single edge, requi-

ring only one converter. Finally, the internal power networks 

of the whole system take the form of a dual bus system. 

2

Converter 1
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Converter 1
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Converter 2
120 kW

Converter 4
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DC 650VDC 690V

Converter3
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DC 375V

AC 220V

AC 220V

4 5

BES DC Load 1PV

Converter 1
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DC 750V
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AC LoadPower Grid
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Fig. 6.   Configuration results of the office building system. 
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3) Comparative Analysis: Table IX gives a comparison of 

the configuration results using the three methods. 

TABLE IX 
COMPARISON OF CONFIGURATION RESULTS 

Method Cost (*104 ¥) Energy loss 
(kWh) 

ASAI 
(%) Construction Operation 

1 37.47 2.72 9917.92 99.927 
2 39.21 2.76 10336.47 99.935 
3 46.83 3.84 13771.76 99.792 

The total costs of methods 1 and 2 are few different due to 

the same topology. The reason for the higher construction cost 

of method 2 than method 1 is that the capacity of the converter 

at the BES port in method 2 is slightly larger than that in 

method 1. In method 3, because all ports will connect to the 

power grid AC bus, the configuration capacity of the power 

conversion circuit at the grid port needs to be greater than or 

equal to the sum of all loads connected to the bus, which 

makes the construction cost significantly higher. 

From the perspective of energy utilization efficiency, IBS 1 

and IBS 2 can exchange power through converter 5 in method 

1, and the configuration capacity of the BES port converter 

only needs to consider the exchange power through converter 

5 and the power of DC Load 1. Thus, method 1 decreases the 

converter capacity at the BES port and the grid port, making 

each converter work near the maximum point of the efficiency 

curve and reducing the energy loss from system operation. 

Concerning power supply reliability, the ASAI values of 

methods 1 and 2 are similar and greatly higher than that of 

method 3. This is because methods 1 and 2 have the same 

power network topology and use dual independent buses for 

power supply, which has more means to cope with component 

failures. Method 2 has a larger capacity of the converter on the 

BES side, which can better satisfy the fluctuation of PV output, 

making the power supply to DC Load 1 more reliable. In 

contrast, method 3 has only one IBAC in the system, which will 

affect all loads in case of failure of important components, and 

therefore has the lowest reliability of power supply. 

C. Simulation Analysis of Multi-area System 

1) Case settings: The multi-park energy system in [15] is 

adopted for multi-area research. It should be noted that the 

construction of energy transmission equipment at each port 

should be considered between different regions in this section. 

2) Configuration Results: As shown in Table X, the maxi-

mum modularity is 0.679 when the networks are divided into 7 

communities. That is a total of 14 nodes in these three regions 

are classified into 7 IBSs. 

TABLE X 
RESULTS OF COMMUNITY DIVISION 

Number Modularity Number Modularity 
1 0.547 8 0.658 
2 0.585 9 0.643 
3 0.597 10 0.624 
4 0.632 11 0.609 
5 0.655 12 0.532 
6 0.664 13 0.351 
7 0.679 14 0 
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Fig. 7.   Configuration results of the multi-park energy local area network. 

Fig. 7 presents the overall configuration results of the multi-

park system. The designed regional power networks take the 

10kV DC network as the backbone and transmits electricity 

between regions through two overhead lines. The system is a 

combination of 4 IBDC systems. Regions 1 and 3 use a 375V 

DC system, and region 2 includes 375V and 750V IBDC 

systems. For the sake of power transmission, a boost converter 
with SST as the core is added to each regional ER to increase 
the voltage to 10kV DC. 

3) Comparative Analysis: Table XI gives a comparison of 

the configuration results using the three methods. The 

construction cost referred to in this section is the construction 

cost of the power networks, excluding that of energy devices. 

Therefore, in the process of establishing a large-scale system, 

the network construction cost is far less than operation costs. 

TABLE XI 
COMPARISON OF CONFIGURATION RESULTS 

Method Cost (*106 ¥) Energy loss 
(MWh) 

ASAI 
(%) Construction Operation 

1 0.4423 24.62 7823.10 99.301 
2 0.4487 26.97 8126.47 99.317 
3 0.5774 32.14 8744.77 98.896 

The operating costs of methods 1 and 2 are close, while that 

of method 3 is much higher than the former two, which shows 

that the network topology designed by the strategy proposed in 

this study can reduce the overall cost of the system. From the 

efficient point of view, the energy loss of method 1 amounts to 

7823.10 MWh, lower than 8126.47 MWh in method 2 and 

8544.77 MWh in method 3, and the prominent loss reduction 

effect reflects the characteristic of high-efficiency energy use 

in the regional level EI. 

The ASAIs of method 1 and method 2 are greater than that 

of method 3, mainly because the dual independent bus 

structure is adopted in region 2, improving the power supply 

reliability of the entire system. Also, the calculation results of 

the reliability index in this multi-area case are relatively 

smaller than those in the single-area case. This is because 

there is only load, no power sources or energy storage in 

region 3, so region 1 and region 2 need to supply energy to it 

through transmission lines, leading to longer power supply 

distance, higher probability of failure, and larger power 

interruption range caused by single component failure. 
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VI. CONCLUSION 
This paper proposes an abstract model of ER and 

establishes the mapping relationship between network 

structure and the actual physical layer based on the complex 

network theory, and finally realizes the design and 

optimization of power networks of the physical layer of ER. 

The main conclusions are as follows. 

(1) The proposed abstract model of ER has a generic 

meaning, which can accurately express the functional charac-

teristics of ER and match the actual physical layer design. 

(2) The complex network theory can map the power supply 

and distribution system of ER into complex networks. The 

improved GN algorithm can reasonably divide nodes into 

communities and realize the design of IBSs inside ER. 

(3) The two cases show that compared with the traditional 
design scheme, the proposed configuration strategy reduces 
total cost by 20.68% and 23.39%, and energy loss by 27.98% 
and 10.54%, respectively, and the designed ER system is more 
reliable. The proposed method applies to both single-area and 

multi-area systems. 
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