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Abstract. The traditional network structure cannot be suitable for the connection of large-scale 

distributed energy resources, thus the high penetration of distributed energy resource (DER) 

will have destructive effects on the security and reliability of the traditional distribution 

network. The paper proposes a new distribution network structure to increase the maximum 

allowable penetration of DER. Firstly, the model and method of the new distribution network 

structure are presented. Secondly, the theory basis of increasing the DER penetration by the 

new network structure is proved. Finally, the proposed model and method are applied to the 

typical test case. And the simulation results show that compared with the traditional structure, 

the new distribution network structure can not only increase the maximum penetration of 

distributed energy resource greatly, but also realize the high energy efficiency, reliability and 

sustainability. Therefore, the issue of future distribution network security with high penetration 

of distributed energy resource can be well solved by the new distribution network structure 

proposed in the paper. 

1. Introduction 

Distributed energy resource (DER) has become an inevitable trend of development in the future 

distribution network so that the sustainability and security of energy utilization can be realized [1,2]. 

However, the allowable penetration of DER has been low in the traditional distribution network 

nowadays [3]. The high penetration of DER will have destructive effects on the security and reliability 

of the traditional distribution network, such as power quality, short-circuit current or relay protection 

[4,5]. That’s because that the traditional network structure cannot be suitable for the connection of 

large-scale distributed energy resources. Therefore, a new distribution network structure has to be 

proposed so as to increase the maximum allowable penetration of DER. 

At present, most research on maximizing the allowable penetration of distributed energy resource 

focused on the optimization algorithm of DER position and capacity [6,7]. Some others also studied 

the operation and control measures to increase the DER penetration [8,9]. However, the traditional 

network structure were used in all of these research, thus the DER penetration was still not high and 

the demand of DER cannot be met in the future distribution network. 

In [10], the structural framework of Future Renewable Electric Energy Delivery and Management 

(FREEDM) system was put forward in America to meet the demand of large-scale DER in future 

distribution network. Some other research results indicated that meshed distribution network could be 

suitable for the safe connection of large-scale DER, such as the distribution network in Singapore [11]. 

The new structure of Active Network Management and Control System (ANMCS) was presented in 

http://creativecommons.org/licenses/by/3.0


2019 4th Asia Conference on Power and Electrical Engineering (ACPEE 2019)

IOP Conf. Series: Materials Science and Engineering 486 (2019) 012064

IOP Publishing

doi:10.1088/1757-899X/486/1/012064

2

 

 

 

 

 

 

the project of the Flexible Plug and Play (FPP) in the UK [12]. However, these new network structures 

mentioned above were too expensive to invest nowadays, such as FREEDM or ANMCS. 

Therefore, the paper proposes a new distribution network structure to increase the maximum 

allowable penetration of distributed energy resource. Firstly, the model and method of the new 

distribution network structure are presented. Secondly, the theory basis of increasing the DER 

penetration by the new network structure is proved. Finally, the proposed model and method are 

applied to the typical test case. And the simulation results and conclusions are followed. 

2. Model and method of the new distribution network structure 

The new distribution network structure is accomplished by constructing new flexible power lines and 

common power lines among key buses in the existing distribution system. The new flexible power 

lines are the power lines on which the appropriate UPFC is installed so as to allocate various energy 

resources optimally and increase the penetration of distributed energy resource. The aim of 

constructing the new common power lines is to realize electric power balance further. 

The advantages of the new distribution network structure model are small investment, high 

penetration of distributed energy resource and high energy efficiency. Therefore, it can solve the issue 

of increasing the allowable penetration of distributed energy resource well. 

2.1. Model of the new distribution network structure 

The model of the new distribution network structure can be described as follows: 
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In equation (1), MF is the model of the new distribution network structure, {R} is the group of 

multi-dimensional resolutions, {AR} is the group of multi-dimensional models with the corresponding 

resolutions, {Bi,j} is the group of inputs and outputs for different multi-dimensional models, G% 

means the output of distributed energy resource in percentage of total power supply, L% means the 

power load in percentage of total power supply, X
R
 represents the inputs for the multi-dimensional 

model with the corresponding resolution R, e0 represents the group of initial states for the model with 

resolution R, E
R
 represents the group of state sequences for the model with resolution R, X

R
 represents 

the outputs for the model with resolution R, R
 represents the functions of state transition for the model 

with resolution R, R
 represents the functions of output for the model with resolution R, i{R}, j{R}, 

F is the objective function of the new network structure optimization model, IC means the investment 

cost of the new network structure, LC means the loss cost of the new network structure, OC means the 

outage cost of the new network structure, VII means the voltage improvement income of the new 

network structure, 1, 2, 3 and 4 represent the weight coefficients of IC, LC, OC and VII.  

 Investment cost (IC) 
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 (2) 

In equation (2), the cost of investment for the ith new power line is denoted as DLi; the maintenance 

and operation cost for the ith new power line is denoted as TLi; DGj means the cost of investment for 

DG which is interconnected with the jth bus; TGj means the maintenance and operation cost for DG 

which is interconnected with the jth bus; the number of new power lines is denoted as M; the number 

of buses with DG interconnected is denoted as N. 
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 Power loss cost (LC) 
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In equation (3), the number of periods in one year is denoted as T; the length of time during the ith 

period is denoted as ti; the power loss during the ith period is denoted as Pli; the unit of power loss cost 

during the ith period is denoted as Ci. 

 Outage cost (OC) 
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In equation (4), the load for the jth node is denoted as Pj; the average outage rate is denoted as i 

when the ith kind of fault occurs; the average outage time is denoted as ti when the ith kind of fault 

occurs; the cost of outage for the jth node is denoted as Wj(ti, i) when the ith kind of fault occurs; the 

number of nodes is denoted as n; the fault type number is denoted as m. 

 Voltage improvement income (VII) 
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In equation (5),  represents the coefficient which converts voltage improvement to 

economic benefit; the normal voltage is denoted as UjN at the jth bus; the voltage at the jth bus is 

denoted as Ujb before new power lines are installed; the voltage at the jth bus is denoted as Uja after 

new power lines are installed. 

In addition, the model of the new distribution network structure must satisfy the constraints as 

follows: 
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 (6) 

In equation (6), the transmission power is denoted as Sij from the ith bus to the jth bus, and its limit 

value is denoted as Slimit(ij); the electric current is denoted as Iij from the ith bus to the jth bus, and its 

limit value is denoted as Ilimit(ij); the normal voltage is denoted as UiN at the ith bus, and its actual 

voltage is denoted as Ui; the limit values of voltage deviation are denoted as dlimit-% and dlimit+;i means 

the actual phase angle at the ith bus, i
limit-

 and i
limit+

 mean their limit values; PGi means the actual 

active power at the ith bus, PGi
limit-

 and PGi
limit+

 mean their limit values; QGi means the actual reactive 

power at the ith bus, QGi
limit-

 and QGi
limit+

 mean their limit values. 

2.2. Method of the new distribution network structure formation 

The aim of building the new distribution network structure is to increase the allowable penetration of 

distributed energy resource and to allocate various energy resources optimally. According to the 

proposed model in section 2.1, the method of building the new distribution network structure can be 

described as follows and shown in figure 1. 
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 Step1: Choose the key buses in distribution system, for instance, connection buses of 

distributed energy resource, points of common coupling, overload buses, weak buses and load 

buses with high reliability requirement of power supply.  

 Step2: Build the proposed model of the new distribution network structure in section 2.1. The 

model is described by multi-dimensional multi-resolution method on the basis of allocating 

various energy resources optimally and economically. Thus investment cost, power loss cost, 

outage cost and voltage improvement income are all considered in the objective function of 

the proposed model. In addition, transmission power, electric current, voltage, phase angle, 

active and reactive power still need to satisfy the constraints. 

 Step3: Construct new flexible power lines and common power lines in the distribution 

network. According to the model established in Step2, some new flexible power lines could be 

constructed among key buses chosen in Step1, where various energy resources should be 

allocated optimally and the penetration of distributed energy resource would be increased. The 

capacity and position of UPFC installed on the new flexible power lines need to be determined 

by means of optimization algorithms. Moreover, some new common power lines could be 

constructed among key buses chosen in Step1, where electric power balance needs to be 

accomplished further. 

 Step4: Check if the new distribution network has been established successfully. Then set 

appropriate relay protection in the new distribution network. If not, go to Step3. 

 

Figure 1．Method of the new distribution network structure formation. 
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3. Theory basis of increasing the penetration of distributed energy resource by the new structure 

The maximum power supply capacity is denoted as SB in a given distribution network. And choose it 

as the reference value. The ratio of the DER power output to the reference value is denoted as a%. The 

power factor of DER is denoted as a. The DER is interconnected with the ith bus, and the voltage is 

Vii at the ith bus. The apparent power of each load bus is Pk+jQk (k=1,2,…,n). One of voltage 

source converters in UPFC can be equivalent to a controlled voltage source in parallel of which the 

voltage is Vshsh, and the other one can be equivalent to a controlled voltage source in series of which 

the voltage is Vsese. 

3.1. The maximum penetration of DER in the traditional distribution network 

The active and reactive power injected by distributed energy resource is as follows: 
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 (7) 

In equation (7), PGi and QGi mean the active and reactive power injected by distributed energy 

resource; Pik and Qik mean the active and reactive power on the kth line which is interconnected with 

the ith bus; Pik and Qik mean the active and reactive power loss on the kth line. 

Thus the maximum penetration of DER in the traditional distribution network can be written as: 
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In addition, the power loss is given by: 
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3.2. The maximum penetration of DER in the new distribution network 

The active and reactive power which is exchanged between the voltage source converter of UPFC in 

parallel and the distribution system can be written as: 
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In equation (10), Psh and Qsh are the active and reactive power which is exchanged between the 

voltage source converter of UPFC in parallel and the distribution system; gsh and bsh are the 

conductance and susceptance of the equivalent controlled voltage source in parallel. 

The active and reactive power which is exchanged between the voltage source converter of UPFC 

in series and the distribution system can be written as: 
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(11) 

In equation (11), PiL and QiL are the active and reactive power which is exchanged between the 

voltage source converter of UPFC in series and the distribution system; gse and bse are the conductance 

and susceptance of the equivalent controlled voltage source in series. 

The active and reactive power injected by distributed energy resource is as follows: 
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In equation (12), PGi and QGi mean the active and reactive power injected by distributed energy 

resource in the new distribution network; PiL and QiL mean the active and reactive power loss on 

the new flexible power line L. 

Thus the maximum penetration of DER in the new distribution network can be written as: 
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In addition, the power loss is given by: 
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Therefore, the penetration of DER can be increased by the new distribution network structure. The 

various energy resources can be allocated optimally, and high energy efficiency can be realized. 

4. Simulation results 

The IEEE typical test case is established to verify the practicability of the new distribution network 

structure, as shown in figure 2. On basis of the test case, four simulation scenes are formed and shown 

in table 1. The comparisons of simulation results between scene 1 and scene 2 have been shown in 

figure 3. It indicates that compared with the centralized connection, the maximum allowable 

penetration of DER has been increased from 20% to 35% by the distributed connection.  
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Figure 2. Typical test case of verifying the new      Figure 3. Maximum allowable penetration of DER  

distribution network structure.                                   in scene 1 and scene 2. 
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Table 1. Placement of four simulation scenes. 

Scene 

number 

Distributed energy resource Model of constructing 

simple new power lines 

only without 

optimization 

Model of the new 

distribution network 

structure proposed in 

this paper 

Connection 

mode 

Number of 

DER 

Connection 

position 

1 
Centralized 

connection 
1 12 No No 

2 
Distributed 

connection 
3 19, 21, 27 No No 

3 
Distributed 

connection 
3 19, 21, 27 Yes No 

4 
Distributed 

connection 
3 19, 21, 27 No Yes 

Figure 4 have shown the comparisons of simulation results between scene 2 and scene 3. It can be 

seen that constructing simple new power lines only without optimization cannot increase the 

maximum allowable penetration of DER. 

The simulation results of scene 2, scene 3 and scene 4 have been shown in Figure 5. Compared 

with scene 2 and scene 3, the maximum allowable penetration of DER in scene 4 has been increased 

from 35% to 53.6% by the new distribution network structure proposed in this paper. 

   

Figure 4. Maximum allowable penetration of DER     Figure 5. Maximum allowable penetration of  

in scene 2 and scene 3.                                                  DER in three different scenes. 

5. Conclusions 

The paper proposes the model and method of the new distribution network structure. Then from the 

aspect of theoretical analysis, the conclusion that the maximum allowable penetration of distributed 

energy resource can be increased by the new distribution network structure has been drawn. In 

addition, the simulation results have also verified the correctness of the proposed model and method. 

And they have shown that compared with the traditional structure, the new distribution network 

structure can not only increase the maximum penetration of distributed energy resource greatly, but 

also realize the high energy efficiency, reliability and sustainability. Therefore, the issue of future 

distribution network security with high penetration of distributed energy resource can be well solved 

by the new distribution network structure proposed in the paper. 
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