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 The purpose of this study was to investigate a simplified distributed generation (DG) 

Position and Capacity Determination model (DG-PCD model) based on the coupling 

relationship between load distribution and voltage stability in the distribution network. 

First, based on the relationship between voltage stability and system equivalent impedance 

and the relationship between system equivalent impedance and load distribution, the 

relationship between voltage stability and load distribution is deduced, and the concept of 

influencing impedance mode is proposed and used in DG site selection. Then, build a DG-

PCD model considering voltage stability, active power loss and line thermal stability 

margin, and use genetic algorithm (GA) to solve the model. Finally, an improved IEEE33-

node system calculation example is analyzed. The results show that compared with the 

existing methods, the proposed method can get better results faster. This Proposed method 

not only simplifies the DG-PCD model, but also quantifies the relationship between 

voltage stability and load distribution. This provides a new reference index for the voltage 

control of the power grid. 
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1. INTRODUCTION 

 

As the concept of green development has entered and 

implemented in the field of electricity generation, DG has 

occupied an increasing proportion in electricity networks, and 

the research focus of domestic and foreign academic circles 

has shifted from centralized power generation to distributed 

power generation [1]. Due to the characteristics of DG [2, 3], 

unreasonable DG access schemes not only waste resources, 

but also lower system operation security [4, 5]. Therefore, 

reasonably and effectively considering the problem of DG 

position and capacity determination is of great significance to 

the safe operation of distribution networks. 

Regarding DG position and capacity determination, 

domestic and foreign scholars have obtained a few research 

results. For example, Hung et al. [6] proposed three different 

analysis expressions to determine the optimal DG capacity and 

operation strategy under the condition of minimum loss, and 

gave the method of optimal position determination. Naik et al. 

[7] took the minimum network system loss as the objective 

function and solved the constructed model using an improved 

optimization algorithm. Moradi et al. [8] established a 

planning model with minimum network loss, minimum 

voltage offset, and minimum short-circuit current as objective 

functions. Borges and Falcao [9] analyzed the relationship 

between the radiation network and the DG and proposed an 

optimal configuration method for connecting a single DG to 

the radiation network. Wang and Zheng [10] considers the 

influence of different types of DG on the DG planning model. 

Mokgonyana et al. [11] further optimizes the economy after 

DG is connected by subdividing DG output characteristics. Tu 

et al. [12] simulates the uncertainty of DG output through data, 

and uses an extreme learning machine to solve the model. 

Acharya et al. [13] analyzed the sensitivity of nodes to the 

active power network loss of the system and took it as the basis 

for DG position selection; however, the robustness of this 

method was not satisfactory. Pham et al. [14] proposed a new 

intelligent algorithm to solve existing models, which has faster 

convergence than existing algorithms. 

The existing research papers seldom consider the voltage 

issue. Wu et al. [15] verifies the influence of DG location and 

capacity on the voltage level of the distribution network from 

the perspective of DG access location, capacity and network 

loss. Shao et al. [16] analyzes the influence of DG penetration 

rate on power loss, reliability and voltage distribution of the 

grid. Moradi and Abedini [17] established a model based on 

typical medium voltage distribution network to study the 

problem of DG access capacity and position from the aspects 

of reverse power and voltage. Moradi and Abedini [18] used 

GA and particle swarm optimization (PSO) to solve the 

problem of DG access capacity and position, so as to minimize 

the system network loss, better regulate the voltage, and 

improve voltage stability. Prakash and Khatod [19] used loss 

formula and voltage sensitivity coefficient to determine the 

position and capacity of DG in the distribution network, which 

effectively reduced the network loss of the system and 

improved the voltage quality. Hu et al. [20] explored the 

maximum penetration rate of DG when the static voltage 

stability of the grid reaches the limit. Existing studies hadn’t 

taken into consideration the coupling relationship between 

load distribution and voltage stability, but taken DG access 

position and capacity as decision variables to construct and 

solve mathematical planning models with voltage stability as 

the objective. However, due to the large number of nodes in 

the distribution network and the large calculation dimension, 

the convergence effects can hardly be guaranteed.  
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Aiming at the shortcomings of existing research, this paper 

started with an analysis of the relationship between load 

distribution and voltage stability, and proposed a scheme of 

DG position and capacity determination with load distribution 

taken into account. First, the coupling relationship between the 

static voltage stability and the equivalent impedance of the 

node system was derived from the Thevenin equivalent circuit 

of the node system. Then, the relationship between the system 

load distribution and the node system equivalent impedance 

was obtained based on the superposition theorem; and the 

influence impedance mode, an evaluation index reflecting the 

impact of loads on voltage stability, was proposed and applied 

to DG position selection with the access capacity of DG as the 

decision variable. The proposed scheme can effectively reduce 

the calculation dimension of the model and improve the 

convergence effects. 

 

 

2. SYSTEM VOLTAGE STABILITY INDEX 

 

In a power system, when the load accessed to the system 

exceeds the system limit, the voltage will drop uncontrollably 

and the system voltage will collapse. Most of the existing 

literatures took static voltage stability as the index to 

characterize the voltage stability of the system. Liu et al. [21] 

derived the static voltage stability index of the distribution 

network from the branch current iteration formula, as follows: 

Figure 1 show the model of the branches of a distribution 

network, in the figure, i is the head node; j is the tail node; 

Ui∠δi and Uj∠δj respectively represent the voltages of the two 

nodes; Pi+Qi and Pj+Qj are the output power values of the two 

nodes; the impedance of branch l is Rl+Xl. 

 

Rl+jXl

Ui δi
Uj δj

Pi+jQi Pj+jQj
 

 

Figure 1. Distribution network branch model 

 

The complex power equation of node j is: 
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The VCR equation of the impedor is: 

 

ll

ji

j jXR

UU
I

+

−
=

••
•

 

(2) 

 

Combine Eqns. (1) and (2) to get the network equation as: 
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Based on the solvability of the equation, define the node 

voltage stability margin index as:  
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According to Eq. (4), when Lj <1, the node voltage is in a 

stable state; when Lj=1, the node voltage is in a critical stable 

state; when Lj>1, the node voltage is unstable. Under the 

condition of an L value less than 1, the smaller the L value, the 

more stable the node voltage. 

In a distribution network with n nodes, the system voltage 

stability index L is defined as: 
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It is the value of the static voltage stability index of the weak 

nodes in the system; this is because the system collapse always 

starts from the weakest branch in the system.  

 

 

3. RELATIONSHIP BETWEEN VOLTAGE 

STABILITY AND LOAD DISTRIBUTION 

 

Essentially, the static voltage stability index evaluates the 

gap between the current operating state and the limit state. 

When there’s not much changes in the current operating state, 

increasing the limit load [22] of the nodes can effectively 

improve their static voltage stability. 

In a multi-node system, when the network structure is 

determined, the equivalent impedance of the node system 

depends on the distribution mode of system load. In order to 

characterize this coupling relationship scientifically and 

reasonably, this paper derived a concept of influence 

impedance mode considering the coupling relationship 

between load distribution and node voltage. 

 

3.1 The relationship between voltage stability and system 

equivalent impedance 

 

Figure 2 is the Thevenin equivalent circuit of node i, at this 

time, the system equivalent voltage is: 
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Substitute Formula (6) into Formula (4), and differentiate ZS 

to obtain: 
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where, 𝑀 = (𝑈𝑖
2 + 𝑃𝑖𝑍𝑠)
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2 , 

θ is the impedance angle of ZS. 

The range of node load under the impedance angle and the 

per-unit value in the distribution network is: 
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 𝜃 ∈ [0,

𝜋

2
]

𝑃𝑖 , 𝑄𝑖 , 𝑈𝑖 ∈ [0,1]

 

 

It can be obtained that before node i reaches the stability 

limit, the values of each term in Formula (7) are: 
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Formula (7) is less than 0, that is, the L value of node i 

decreases as Zs decreases, indicating that the size of the 

equivalent impedance of the node system has an impact on the 

static voltage stability of the node. 
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US

 Ui

Pi+jQi
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Figure 2. Thevenin equivalent of the system 

 

3.2 Relationship between system equivalent impedance 

and load distribution 

 

As shown in Figure 3, in a linear distribution network with 

n nodes, the voltage of the i-th node can be expressed as: 
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where, Zii is the self-impedance of port i; and Zij is the mutual 

impedance of ports i and j. The system equivalent impedance 

Zi(s) of node i and the influence impedance Zij of node j on 

node i are defined as: 
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where, P1/Q1, P2/Q2 are respectively the active/reactive loads 

of node 1 and node 2, obviously there is: 
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Before the system reaches the limit, the voltage amplitude 

of the distribution network does not change much, therefore, it 

is assumed that the voltage amplitude of the distribution 

network remains unchanged. At this time, according to 

Formulas (10) and (11), the smaller the system load, the 

greater the sum of the influence impedance modes of node i, 

and the greater the system equivalent impedance of node i, the 

smaller the L value of the node, and the more stable the voltage. 

That is, the smaller the system load, the more stable the system 

voltage, which conforms to reality. 

Connecting DG to the distribution network will change the 

system load distribution and affect the voltage stability of the 

distribution network. However, due to the different DG access 

positions and capacities, the system voltage stability would be 

different after DG has been connected to the network. 

According to Formula (11), under a same DG penetration level, 

the greater the ΔZij value of access node, the greater the system 

equivalent impedance of the target node. According to 

Formula (7), the smaller the L value of the objective function, 

the more stable the system voltage. In summary, the greater 

the ΔZij value of the access node, the more stable the system 

static voltage. Therefore, the appropriate DG access position 

can be selected according to the influence impedance mode 

index.  
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Figure 3. Node equivalent impedance 

 

 

4. DG CAPACITY DETERMINATION MODEL OF 

DISTRIBUTION NETWORK 

 

4.1 Objective function 

 

This paper established a multi-objective DG-PCD model 

with active power network loss, static voltage stability of 

system and thermal stability margin of circuits as sub-

objective functions, then the weighting method was adopted to 

transform it into single sub-objective functions. 

 

4.1.1 System static voltage stability index 

Reasonable DG access can improve the system voltage 

stability. In this paper, the minimum system static voltage 

stability index had been taken as a sub-objective function, 

namely: 

 

f1=min(L) (12) 

 

4.1.2 Active power network loss index 

Connecting DG to the power grid can reduce branch power 

flow, namely the branch network loss. However, excessive DG 

capacity may cause the power flow of the power grid to flow 

in the reverse direction, which will increase the branch 

network loss. The active power network loss was taken as a 

sub-objective function, that is: 
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where, Pl is the active power loss of the branch; N is the total 

number of power grid branches. 

 

4.1.3 Circuit current index 

After the DG is connected to the power grid, the current on 

some branches may increase, causing the current of some 

circuits to exceed the limit and thus affecting the normal 
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operation of the system. Define Imax as the maximum value of 

the system branch current, namely the thermal stability current 

of the circuit: 
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The minimum thermal stability margin of the circuit was 

taken as a sub-objective function to improve the thermal 

stability of the system circuit, that is: 

 

f3=min(Imax) (15) 

 

4.2 Constraints 

 

(1) Power balance constraint: 
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where, Ps and Qs are respectively the active power and the 

reactive power delivered by the upper-level grid when the DG 

is not connected to the grid; PDGi and QDGi are the 

active/reactive power of each node when DG is connected; 

PLoad and QLoad are the active/reactive power of the distribution 

network; Ploss and Qloss are the active power network loss and 

reactive power network loss of the system. 

(2) Voltage constraint 

In order to ensure the safe and stable operation of the power 

system, the voltage of each node must be kept within a 

specified range, namely: 
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(3) DG access capacity constraint 

According to Lu et al. [23], excessive DG capacity will 

lower the voltage stability of the system, therefore, this paper 

set that the penetration rate of DG did not exceed 30%: 
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4.3 Non-dimensionalization and weighting 

 

Since each sub-objective function had a different dimension, 

the range normalization method in reference [24] was adopted 

to make each of them dimensionless, the method is: 
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where, xij represents the actual value of index j of evaluation 

scheme i. Max{xij}/Min{xij} are the maximum/minimum 

values of xij. yij is the value of the evaluation index after range 

normalization, yij𝜖[0,1]. 

Then the weighting method was adopted to normalize the 

multi-objective function into single objective functions, 

namely: 
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where, wi is the weight coefficient, and f3
* is the dimensionless 

objective function. 

 

 

5. CASE ANALYSIS 

 

5.1 Parameter setting 

 

This paper used an improved GA to simulate an IEEE 33-

node system in Matlab. The topology of the 33-node system is 

shown in Figure 4, which has 32 branches, the system 

reference voltage UB=12.66kV, and the reference power 

SB=10MW; see Appendix A for the loads of each node and the 

branch circuit parameters. In the calculation example, two 

DGs had been installed in the system. Considering the actual 

engineering requirements, the DG capacity was set to be an 

integer multiple of 10, the total capacity installed did not 

exceed 30% of the total load of the system; and the DG power 

factor was set to 0.9. Considering the system voltage stability 

and the circuit thermal stability, this paper set the upper and 

lower limits of node voltage fluctuations to 5%, and the 

maximum circuit current was not allowed to exceed 500A. 

 

 
 

Figure 4. Topology of a 33-node system 

 

The parameters of the improved GA [25] were: initial 

population n=100; chromosome length 33; the maximum 

iterations Genmax=150; crossover factor Pcro=0.5; mutation 

factor Pmut=0.1. According to the data in Literature [24], the 

objective function weights were set as w1=0.4286, w2=0.4286, 

and w3=0.1428. 

 

5.2 Analysis of the example 

 

First, the influence impedance mode was adopted to 

quantify the coupling relationship between the nodes. Taking 

root node 0 as the reference node, the system node impedance 

matrix was obtained. Then, according to the power flow 

distribution of the initial load, the influence impedance mode 

between each node was solved, and the results are shown in 

Figure 5. 

It can be seen from Figure 6 that under the initial load, the 

voltage stability margin index of Node 5 was 0.0133, which 

was much greater than other nodes; therefore, it was the weak 

node of the system. According to Figure 5, the two nodes with 

the largest influence impedance with Node 5 were Node 29 

and Node 5, so they were selected as the DG access positions. 

Then the DG-PCD model was solved based on the above-

mentioned parameters and compared with an existing method 

(DG access position and capacity were taken as decision 

variables of the model, solved by the same GA), the results are 

shown in Figure 7. The traditional method generally takes the 
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DG access position as the decision variable, which would 

result in that the computation amount of the model increases 

geometrically, and it’s easy to fall into the local optimal 

solution. Since the quantification of DG access position 

determination process reduces the computation amount, the 

proposed model has faster convergence speed and better 

solutions. 

 

 
 

Figure 5. Influence impedance modes between nodes 

 

 
 

Figure 6. Values of node static voltage stability index for 

different DG installation schemes 

 

Under the initial load, the power flow can be calculated by 

the forward-back substitution, the system active power 

network loss was 197.3760kW, the maximum static voltage 

stability index was 0.0133, appeared at node 5. According to 

Figure 6, after DG was connected, the system static voltage 

stability index had been greatly reduced, and the system 

voltage stability had been improved. The proposed method 

showed faster convergence speed and obtained better results, 

which had proved that, by reducing the calculation dimension, 

the solution speed had been improved. The proposed method 

had found a better DG access scheme than existing method. 

According to Figure 8, after the DG was connected, the 

voltage distribution in the system had been greatly improved. 

Compared with the existing method, the method proposed in 

this paper better improved the voltage distribution. 

 

 
 

Figure 7. Comparison of convergence of each method 

 

 
 

Figure 8. Per-unit values of node voltage for different DG 

installation schemes 

 

Table 1. DG installation schemes 

 

Scheme 
DG access 

position 

DG access 

capacity/kw 

Influence 

impedance mode 

System voltage 

stability 

margin (×10-3) 

Network 

loss/KW 

Maximum 

branch current 

amplitude /A 

Comprehensive 

objective function 

value 

1 - - - 133 
 

197.3760 
 463.9000 0.8903 

2 
5 290 0.1649 

58  84.8871 327.6500 0.4199 
29 940 0.2227 

3 
5 570 0.1649 

72 92.7513 325.8500 0.4806 
13 660 0.0509 

4 
5 320 0.1649 

72 99.9473  327.7000 0.4929 
8 910 0.0219 

5 
7 350 0.0770 

130 81.3919 327.1500 0.6470 
29 880 0.2227 
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Table 1 shows the comparison results of the function 

indexes of different DG installation schemes, wherein Scheme 

1 shows the target values of the system under the condition of 

no DG access; Scheme 2 is the solution of the proposed 

method; and Scheme 3 is the solution of the existing method. 

After DG had been connected to the power grid, the various 

indexes of the system had obvious improvements. In Scheme 

2, since the influence impedance mode of node 29 was greater 

than that of node 5, therefore the DG access capacity of node 

29 was also greater than that of node 5, which indicated that 

the proposed method is reasonable. Moreover, the comparison 

between Scheme 2 and Scheme 3 also showed the superiority 

of the proposed method in all aspects. Although the values of 

the total objective function and sub-objective functions of 

Scheme 4 were slightly worse than Scheme 3, in terms of sub-

objectives and total objective, it was not as good as Scheme 2. 

Scheme 5 had the least network loss, but in terms of the values 

of other sub-objective functions and the total objective 

function, it was much greater than Scheme 2. In conclusion, 

Scheme 2 should be adopted. 

 

 

6. CONCLUSION 

 

This paper proposed a planning scheme for DG access 

position and capacity in distribution networks. The scheme 

took the influence of load distribution into account and 

separated position determination and capacity determination, 

then a multi-objective model considering the system static 

voltage stability, active power network loss and circuit thermal 

stability margin was established, and an improved GA was 

applied to solve the model. The research conclusions are: 

1) The paper deduced the change trends of node voltage 

stability and system equivalent impedance, and proposed the 

concept of influence impedance mode based on the coupling 

relationship between load distribution and system equivalent 

impedance. Then, through the influence impedance mode, the 

problems of DG position and capacity determination were 

separated, the computation dimension of the model was 

reduced, and the computation speed was improved.  

2) The proposed method not only can effectively simplify 

the DG-PCD model, but also offered a reference for assessing 

the system's static voltage stability. However, the proposed 

method was not able to quantify the coupling relationship 

between load distribution and system static voltage stability. 

3) In subsequent research, we plan to explore the 

relationship between the maximum DG access capacity and 

load distribution of each node in the system, and consider the 

influence of DG type on its position and capacity 

determination, in the hopes of providing more accurate 

references for actual engineering projects. 
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