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Abstract: In recent years, distributed photovoltaics (DPV) has ushered in a good development situation due to the advantages of pollution-free power generation, full utilization of the ground or roof of the installation site, and balancing a large number of loads nearby. However, under the background of a large-scale DPV grid-connected to the county distribution network, an effective analysis method is needed to analyze its impact on the voltage of the distribution network in the early development stage of DPV. Therefore, a DPV orderly grid-connected method based on photovoltaics grid-connected order degree (PGOD) is proposed. This method aims to orderly analyze the change of voltage in the distribution network when large-scale DPV will be connected. Firstly, based on the voltage magnitude sensitivity (VMS) index of the photovoltaics permitted grid-connected node and the acceptance of grid-connected node (AoGCN) index of other nodes in the network, the PGOD index is constructed to determine the photovoltaics permitted grid-connected node of the current photovoltaics grid-connected state network. Secondly, a photovoltaics orderly grid-connected model with a continuous updating state is constructed to obtain an orderly DPV grid-connected order. The simulation results illustrate that the photovoltaics grid-connected order determined by this method based on PGOD can effectively analyze the voltage impact of large-scale photovoltaics grid-connected, and explore the internal factors and characteristics of the impact.
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1  Introduction

With the strategic objectives of ‘carbon peak, carbon neutralization’ and ‘new power system’ being put forward one after another, power systems have further transformed into a direction with a high proportion of new energy as the main body [1,2]. In recent years, photovoltaics has become the main force of new energy power generations, especially DPV, because of its characteristics of adapting to local conditions and balancing loads nearby, its installed capacity has ushered in explosive growth. In this context, it is an inevitable trend that county distribution networks can carry a high DPV proportion in China [3]. The structure of the county distribution network is generally radial, which supplies power to urban and rural areas under its jurisdiction. It has the characteristics of long line length and large voltage drop. The large-scale DPV connection also has higher requirements for its safe operation, especially in terms of voltage [4,5]. Therefore, in the early development stage of county DPV, it is necessary to analyze the voltage impact of large-scale DPV being connected to the radial distribution network in combination with the photovoltaics carrying capacity of each transformer district.

Scholars have done a lot of analysis on the impact of voltage changes after photovoltaic connection to the distribution network. References [6,7] show that with the increase in the proportion of photovoltaics grid-connected, the local load cannot be completely consumed, resulting in the voltage limit of the distribution network node. References [8,9] show that due to the photovoltaics connection, the distribution network becomes a multi-source power grid, and the power flow situation is more complicated, which in turn affects the voltage stability. Reference [10] analyzes the efficiency of photovoltaic inverters across the range of normal and abnormal grids on voltage impact. When DPV generation fluctuates, the distribution network will have heavy overload or even reverse power flow, which will lead to the node exceeding the limit. Reference [11] uses PSS/E to monitor the voltage of the grid-connected node of a 51 kW photovoltaic power generation system for one day. The results show that the voltage at the grid-connected node exceeds the limit during the photovoltaic power generation period. Furthermore, reference [12] gives the minimum photovoltaic output value when grid-connected node voltage exceeds the upper limit. To further analyze the power flow factors that impact the voltage change in the distribution network, references [13–16] construct the node voltage expressions based on a single radiation line. Through the comparative analysis of the expression before and after the photovoltaic connection, it can be seen that the node voltage will rise with the photovoltaics connection, and the voltage rise of each node is different. In the past, specific research methods for the phenomenon of photovoltaics connection to raise voltage were carried out. On the one hand, the intuitive results of the impact of photovoltaics on voltage under different grid-connected capacity, different grid-connected locations, and different line parameters were discussed respectively [17–19]. On the other hand, only from the inside of the DPV system, the factors and mechanism of its impact on the voltage of the distribution network are discussed [20].

Although previous studies have shown that due to differences in network structure, network parameters, and external grid-connected photovoltaics, the network node voltage will change differently, the main factors of different voltage changes in the network have not been explored. The coupling relationship between node voltage and node injection power shows that with injection powers at grid-connected nodes changing all the time caused by intermittence, randomness, and fluctuation of photovoltaic generation, node voltage also changes [21]. Therefore, it is urgent to further explore the main factors that cause different changes in the voltage of each node in the distribution network.

Moreover, the setting scenarios of previous studies are simple, which leads to that the existing voltage impact analysis method cannot be applied to the case of large-scale photovoltaics connected to the distribution network. The early construction of DPV in the county was only carried out in priority for conditional districts, and there was no reasonable overall planning from a global perspective, which led to the uneven spatial distribution of photovoltaics in various districts of the county, and the different capacity. Nowadays, the overall promotion of large-scale DPV construction in counties is to change photovoltaics from disorderly distribution to orderly distribution. Therefore, to analyze the voltage impact of large-scale DPV connected to distribution networks, an orderly analysis method should be formed to provide a reference for the overall DPV contributions in counties.

Combined with the above two problems, to form an orderly analysis method to analyze the voltage impact of large-scale DPV connected to radial distribution networks. This paper comprehensively considers the following two aspects: 1) Due to different distribution network structures and parameters, when connecting the same photovoltaics to different nodes, their voltage magnitude variations are different. 2) When connecting photovoltaics to one node, the voltage magnitudes of the other nodes in the distribution network also vary difference. So, based on the VMS index of the photovoltaics permitted grid-connected node and the AoGCN index of other nodes in the distribution network, a photovoltaics orderly grid-connected model is established according to the PGOD index, and DPV grid-connected order that can orderly analyze the impact on voltage in the network is obtained. Finally, in a 97-node distribution network of a county in Northern China, the reasonability of the grid-connected order determined by this model is verified according to the constructed order evaluation index, and voltage changes during the DPV grid-connected process were analyzed accordingly, then the main factors impacting different voltage variations of each node in the distribution network were explored.

2  Voltage Increment Model of Photovoltaics Grid-Connected

In this paper, a radial distribution network is taken as the research object. In this section, the voltage increment model of photovoltaics grid-connected is established to analyze voltage variations in the grid-connected process. The schematic diagram of the radial distribution network with large-scale DPV is shown in Fig. 1.
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Figure 1: Schematic diagram of the distribution network with DPV

In Fig. 1, R is the line resistance, X is the line reactance, DPV is the distributed photovoltaics connected to the nearest load, and multiple sets of adjacent ‘load-distributed photovoltaics’ systems are together connected to the superior distribution network. The complex power injected by each DPV to the distribution network is PDPV + jQDPV, and the direction of load power flow is indicated in the diagram.

For a n-node distribution network, the power equation of any node i is

Pi−jQi=U∗i∑k=1nYikU⋅k(1)

where Pi is the active power injected by node i; Qi is the reactive power injected by node i; U∗i is the voltage conjugate phasor of node i; k is the remaining nodes of the distribution network except node i; U⋅k is the voltage phasor of node k; Yik is the admittance of branch i–k; j is the phase imaginary unit.

Eq. (1) reflects that when the structure and parameters of the distribution network are constant, the injection power of a node depends on the voltage of each node. Conversely, the voltage value U of any node i can be determined by the injection power of each node in the network, that is

Ui=f(P1,…,Pi,…,Pn;Q1,…,Qi,…,Qn)   i=1,…,n(2)

When a photovoltaic system is connected, the voltage values of any node i change as follows:

Uinew=Ui+ΔUik=fi(P1,…,Pk−PkPV,…,Pn;Q1,…,Qk+QkPV,…,Qn)i,k=1,…,n(3)

where Uinew is the voltage value of node i after connecting a new photovoltaic system to the network; ΔUik is the voltage increment of node i caused by photovoltaics connected to node k; PkPV is the active power injected into network by photovoltaics connected to node k; QkPV is the reactive power injected into network by photovoltaics connected to node k, which is positive when the power factor is lagging, and negative when the power factor is advanced; n is the total number of node in the distribution network.

It can be seen from Eq. (3) that the voltage increment of node i depends on the power injected into the distribution network by new grid-connected photovoltaics, that is, the voltage increment model of DPV grid-connected is

ΔUik=fiΔ(PkPV,QkPV)   i,k=1,…,n(4)

When continuously connecting DPVs to the r, s, t nodes in Fig. 1 in any order, the voltage increments ΔU1+m,r, ΔU1+m,s and ΔU1+m,t at the node 1 + m obtained by Eq. (4) are also arbitrary in the grid-connected process. In other words, connecting DPV to each node of the distribution network in turn in terms of different orders, the order of the voltage increment variation at the same node is different. The process of the voltage increment variation is random.

When large-scale DPV is connected to the distribution network, to effectively analyze its impact on the voltage of the distribution network, it is necessary to give an orderly grid-connected method to solve the disorder problem of the voltage variation.

3  Distributed Photovoltaics Orderly Grid-Connected Method

The orderly voltage impact analysis method is to reflect the orderliness of the node voltage change in distribution networks during a grid-connected process through a DPV grid-connected sequence, that is, the DPV orderly grid-connected method for voltage impact analysis.

3.1 Methods and Implementation Framework

In the process of voltage impact analysis, with DPV connected, the state of connecting photovoltaics to the distribution network (hereinafter referred to as the state) is changing. Compared with the previous state, the new grid-connected node in the current state is called the photovoltaics permitted grid-connected node. The photovoltaics permitted grid-connected node randomly selected in each state is recorded as Xm, and m is the number of states. Then the process of determining the photovoltaics permitted grid-connected node of the distribution network can be described as such event:

A={X1,X2,…,Xm}(5)

Event set A consists of m sub-events ‘determine Xm', and the sub-event set Bmis

Bm={Xm=dm}={dm=1,  lm,r−=0|r−=1,2,…,n−m+1}(6)

where dm is the node sequence number of the photovoltaics permitted grid-connected node in the state m, mark 1 at the node sequence number, indicating that it is the photovoltaics permitted grid-connected node in the current state; lm,r− is the r– node sequence number that the node is not connected to photovoltaics in the state m, which marked as 0.

To reflect voltage impact degree in an orderly method when photovoltaics are connected to different network nodes, it is necessary to highlight the impact of new grid-connected photovoltaics on the local node voltage as the principle. In other words, when determining the photovoltaics permitted grid-connected node in each state, it has to reflect its large voltage magnitude increase and the relatively small voltage magnitude increase of other nodes in the network. Then, in the process of photovoltaics grid-connected, the voltage incremental variation of the photovoltaics permitted grid-connected node reflects the orderliness of the voltage variation. In this sense, in the process of determining the photovoltaics permitted grid-connected nodes, Eq. (6) of any state is equivalent to Eqs. (7)–(9):

B={max(σ1),min(σ2)}(7)

σ1=g1(ΔUj),j∈NTN(8)

σ2=g2(∑r∈EΔUr)(9)

where σ1 is the measuring voltage increment index of the photovoltaics exploratory grid-connected node; σ2 is the measuring voltage increment index of other nodes in the network; ΔUj is the voltage increment of photovoltaics exploratory grid-connected node j; ΔUr is the voltage increment of the other node r; max and min are taking the maximum and minimum values; g1 and g2 are the corresponding function transformation rules; NTN is the set of photovoltaics exploratory grid-connected nodes; E is the set of other nodes in the network except the photovoltaics exploratory grid-connected node, specifically

E={r|r≠j,j∈NTN,r∈NPQ}(10)

where NPQ is the set of PQ nodes in the network.

The implementation framework of the DPV orderly grid-connected method proposed in this paper is shown in Fig. 2. In a certain state, by comprehensively measuring the index σ1 of each exploratory grid-connected node and the index σ2 of other nodes when the photovoltaics exploratory grid-connected node is given, the photovoltaics permitted grid-connected node is determined, and then the photovoltaics grid-connected state is continuously updated in the network to obtain the DPV grid-connected order that can reflect maximum node voltage increment variations. Compared with the previous state, the number of photovoltaics exploratory grid-connected nodes in the current state is reduced by one, and the number of photovoltaics permitted grid-connected nodes is increased by one, so the photovoltaics permitted grid-connected node in the last state is automatically determined.
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Figure 2: Method implementation framework

3.2 Photovoltaics Permitted Grid-Connected Node Determination Based on PGOD

In the stage of determining the photovoltaics permitted grid-connected node of each state, first of all, to effectively measure the voltage increment of the photovoltaics exploratory grid-connected node, index σ1 considers its response degree to the change of injected power. Firstly, the matrix form of the voltage sensitivity equation is given as shown in Eq. (11) [22], which reflects the coupling relationship between the node injection power and the node voltage.

[ΔδΔU]=[SδPSδQSUPSUQ][ΔPΔQ]=[∂δ∂P∂δ∂Q∂U∂P∂U∂Q][ΔPΔQ](11)

where Δδ is the node voltage phase angle change column vector; ΔU is the node voltage magnitude change column vector; ΔP is the node injected active power change column vector; ΔQ is the node injected reactive power change column vector; SδP reflects the change of node injected active powers impact on the change of voltage phase angles in the network; SUP reflects the change of active powers injected into PQ nodes impact on the change of voltage magnitudes in the network; SδQ reflects the change of reactive powers injected into PQ nodes impact on the change of voltage phase angles in the network. SUQ reflects the change of reactive powers injected into PQ nodes impact on the change of voltage magnitudes of PQ nodes.

It can be seen from Eq. (11) that a node voltage magnitude change of the PQ node has to respond to both active power and reactive power injections of each PQ node at the same time. To comprehensively characterize the sensitivity of the node voltage magnitude to both responses (only considering the value, ignoring its increase or decrease), the active weight coefficient WP and the reactive weight coefficient WQ are introduced, that is

WP=∑i∈NPQ∑k∈NPQ|∂U∂P|ik|∑i∈NPQ∑k∈NPQ|∂U∂P|ik|+∑i∈NPQ∑k∈NPQ|∂U∂Q|ik|(12)

WQ=∑i∈NPQ∑k∈NPQ|∂U∂Q|ik|∑i∈NPQ∑k∈NPQ|∂U∂P|ik|+∑i∈NPQ∑k∈NPQ|∂U∂Q|ik|(13)

where ∂U∂P|ik is the row i and column k element of SUP; ∂U∂Q|ik is the row i and column k element of SUQ.

The sensitivity of the node voltage magnitude to the change of node injection power is defined as VMS. Because only the VMS of the PQ node is considered, the SUP and SUQ are the same order square matrices. Combining the corresponding position elements in the two square matrices, the VMS vector S is obtained:

S={Sk|Sk=∑i=1N(WP∂U∂P|ik+WQ∂U∂Q|ik)}(14)

where N is the total number of the PQ node, i, k = 1,…, N; Sk is the k column element of the VMS vector. It needs to be stressed that elements of SUP and SUQ are added by column.

From Eqs. (8) and (14), it can be seen that the VMS value can reflect the voltage magnitude variation degree when different network nodes are connected to the same capacity photovoltaics. Therefore, VMS can be used as index σ1 to measure voltage increments of the photovoltaics exploratory grid-connected node.

Secondly, to effectively measure the voltage increment of other nodes in the network, index σ2 considers the acceptance of photovoltaics permitted grid-connected node of other nodes in the network due to their voltage changes, that is AoGCN.

The voltage magnitude relative variation Cr of the other node r in the network is

Cr=|Urnext_state−Urcurrent_state|Urcurrent_state(15)

where Urnext_state is the voltage magnitude of node r in the next state; Urcurrent_state is the voltage magnitude of node r in the current state.

After connecting DPV to the network at node j, the AoGCN value Aj is

Aj=∑r∈NPQr≠jlog0.5⁡(Cr)N−1(16)

From Eqs. (9), (15) and (16), it can be seen that the AoGCN value can reflect the voltage magnitude variation degree of other nodes in the network when the given exploratory grid-connected node is connected to photovoltaics, that is, the larger the Aj value, the smaller the voltage magnitude relative variation of the other node in the network, and the higher the acceptance of the current photovoltaics permitted grid-connected node. Therefore, AoGCN can be used as index σ2 to measure voltage increments of the other nodes in the network.

Further, to comprehensively reflect whether the exploratory grid-connected node j of any state can be used as the photovoltaics permitted grid-connected node through index σ1 and index σ2, a comprehensive index σ3 based on PGOD is constructed:

σ3=h1(σ1)+h2(σ2)(17)

where h1 and h2 are the transformation rules of index σ1 and index σ2.

Then, the PGOD value Oj of node j is

Oj=WjSSj+WjAAj(18)

where WjS is the weight coefficient of VMS when the photovoltaics is connected to node j; WjA is the weight coefficient of AoGCN when the photovoltaics is connected to node j; Sj is the VMS value of node j.

The S value of the photovoltaics exploratory grid-connected node j and the A value determined by other nodes in the network are all functions of the voltage increment ΔU. Then, WjS and WjA can be expressed as

WjS=ΔUjΔUj+∑r=1N−1ΔUrN−1(19)

WjA=∑r=1N−1ΔUrN−1ΔUj+∑r=1N−1ΔUrN−1(20)

where ΔUj is the voltage magnitude absolute variation of node j; ΔUr is the voltage magnitude absolute variation of node r.

From the above, the larger the S value is, the larger the index σ1 is, and the larger the voltage variation of the photovoltaics permitted grid-connected node is; the larger the A value is, the smaller the index σ2 is, the smaller the voltage variation of the other node in the network is, and the greater the acceptance of photovoltaics permitted grid-connected node is. Therefore, in one state, the photovoltaics permitted grid-connected node with the largest O value of index σ3 can comprehensively reflect the maximum impact of the new grid-connected photovoltaics on the network voltage by characterizing the S value of index σ1 and the A value of index σ2.

3.3 Photovoltaics Orderly Grid-Connected Process

Based on determining the photovoltaics permitted grid-connected node of a given state based on the PGOD, the photovoltaics grid-connected state is continuously updated in the network, and the photovoltaics orderly grid-connected model is obtained. The model is characterized by a directed row vector, as shown in Eq. (21).

D→={d1,…,dN|max{OmNS}=WdmSSdm+WdmAAdm,m=1,…,N}(21)

where OmNS is the set of the photovoltaics permitted grid-connected node in state m.

According to this model, the DPV grid-connected order of orderly voltage impact analysis can be obtained, which reflects two voltage variations:

1)   m is a constant value

At this time, there is a max {ONS} value at node dm, which reflects the maximum impact of the new grid-connected photovoltaics on node voltage in the current state.

2)   The m value is increasing

In this process, the node dm is continuously determined, and the max {ONS} value is continuously changed, which reflects the variation of the maximum node voltage increment in the network, and orderly reflects the impact of photovoltaics connected to different nodes on the voltage.

The implementation process of determining the DPV grid-connected order according to this model is shown in Fig. 3, where the initial state m = 0 is the state of no photovoltaics connected to the grid. It has to be noted that, in the process of DPV orderly grid-connected, the voltage impact should be analyzed at the same time.
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Figure 3: The process of getting the DPV grid-connected order

3.4 Grid-Connected Orderliness Evaluation Index

To illustrate whether the grid-connected order determined by the method proposed in this paper can analyze the voltage impact of large-scale DPV grid-connected in an orderly method, the grid-connected orderliness evaluation index is given in this section.

1)   Order coincidence degree

αm=arccos⁡(Ummax,f−Um−1max,f)2+(Ummax,s−Um−1max,s)2+2−(|Ummax,f−Um−1max,f|−|Ummax,s−Um−1max,s|)22(Ummax,f−Um−1max,f)2+1(Ummax,s−Um−1max,s)2+1m≠0,1(22)

where αm is the order coincidence degree of the photovoltaics permitted grid-connected node in state m; Ummax,s is the maximum voltage increment after photovoltaics are connected to the photovoltaics permitted grid-connected node in state m; Um−1max,s is the maximum voltage increment after photovoltaics are connected to the photovoltaics permitted grid-connected node in state m − 1; Ummax,f is the actual maximum voltage increment in state m; Um−1max,f is the actual maximum voltage increment in m − 1 state. In this paper, nodes with αm less than 1.00 × 10−4 are defined as orderly grid-connected nodes.

2)   Maximum voltage increment degree

β1=|U1max,s−U1max,f|U1max,f×100%(23)

where β1 is the maximum voltage increment degree of the photovoltaics single-connected state; U1max,s is the maximum voltage increment of the photovoltaics single-connected state in the order determined by Eq. (21); U1max,f is the actual maximum voltage increment of the photovoltaics single-connected state.

4  Case Analysis

4.1 Parameters Setting

To verify the effectiveness of the proposed method, a 97-node distribution network of a county in Northern China is used as the example system, and MATPOWER is used to calculate its power flow.

The structure of the example system is shown in Fig. 4. Line 1–2 is a 35/10 kV transformer with rated capacity of 20 MVA. The line parameters and load parameters are shown in Tables 1 and 2. The load is from 12:00 on the maximum load day of the example system, and its power factor is 0.95. Node 1 is a balanced node, node 2 is a PV node, and the other nodes in the system are PQ nodes. Therefore, a total of 95 nodes can be connected to DPV. Only active power injections of DPV are considered when connected to the grid, that is, the power factor of the photovoltaic system is 1.

[image: images]

Figure 4: The structure diagram of the example system
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In the process of connecting DPV, as the degree of photovoltaics dispersion increases, the DPV capacity of each node is configured according to the proportion of the active load of the current grid-connected node to the total grid-connected node. The total active load capacity of the example system is 6.61 MW, and the total DPV grid-connected capacity is half of it, that is, 3.30 MW. The DPV grid-connected order is shown in Table 3.
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4.2 Results Analysis

4.2.1 Verification of the Reasonability of Grid-Connected Order

In Fig. 5, the previous 94 maximum voltage dispersals of the example system are given after each exploratory grid-connected node is connected to DPV (with the increase of dispersal, the number of exploratory grid-connected nodes decreases), and the maximum voltage increment variation process of the example system is given after DPV are grid-connected in terms of the order as shown in Table 3.

[image: images]

Figure 5: Maximum voltage increment variations with DPV connections in order

It can be seen from Fig. 5 that only under the previous 3 dispersals, β1 is 53.51%; α2 is 1.79 × 10−3 and α3 is 2.33 × 10−4, which are greater than 1.00 × 10−4, failing to effectively track the corresponding actual maximum voltage increment. With the increase of photovoltaics dispersal, the subsequent values α are less than 1.00 × 10−4, therefore, it can be considered that the determined photovoltaics grid-connected order can reflect the orderliness of large-scale DPV grid-connected and analyze voltage impact on the network. So, the DPV orderly grid-connected method is effective in this paper.

To validate that the proposed method can be well applied to radial distribution networks with different structures, a comparative example is added. In the comparative example, based on the original 97-node distribution network structure, the trunk line type part of outgoing unit 2 is only changed, its connection relationship changes to: “... -16-33-34-35-36-17...”, then the structure of the comparative example system is a completely radial topology.

The maximum voltage increment variations process of the comparative example system is shown in Fig. 6.
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Figure 6: Maximum voltage increment variations in the comparative 97-node system

As shown in Figs. 5 and 6, actual voltage increments of the network are different due to the difference in topology, but maximum voltage increments can be traced when the number of grid-connected photovoltaic is greater than 3 according to the method proposed in this paper, which further demonstrates its effectiveness.

There are a large number of DPV grid-connected schemes in a given distribution network, which can be summarized as follows: 1) Under the premise of a certain DPV grid-connected capacity, there are many combinations of grid-connected locations in the network; 2) Under the premise of a certain grid-connected location, there are many combinations of DPV grid-connected capacity of each node. To reveal the main factors that voltage variations of each node are different in the distribution network and effectively analyze the impact of large-scale DPV connected on the voltage of the radial distribution network, the following cases are designed.

4.2.2 Voltage Impact Analysis under Different Dispersals and the Same DPV Capacity

In this case, the photovoltaics grid-connected capacity of each node is still configured according to the proportion of the active load of the current grid-connected node to the total grid-connected node, and the total DPV grid-connected capacity is 6.61 MW in the example system.

Fig. 7 shows the voltage magnitude distributions of each node (including node 1) under three different DPV grid-connected scenarios, which are the initial voltage magnitude distribution, the voltage magnitude distribution after the maximum PGOD node (node 33) of the initial network is connected to photovoltaics, and the voltage magnitude distribution after 95 joinable nodes are all connected to photovoltaics.

[image: images]

Figure 7: Voltage magnitude distributions under different DPV grid-connected schemes

From Fig. 7, it can be seen that, first, after all photovoltaics are connected to node 33, the voltage magnitude of node 33 rises most obviously. Then, after gradually increasing photovoltaics dispersals, the fluctuation degree of the node voltage magnitude distribution in the network gradually decreases. Finally, until the photovoltaics dispersal is maximized, voltage magnitudes of node 3–9 and node 37–97 increase slightly.

From the two aspects of VMS and AoGCN: 1) Voltage magnitudes of node 3–9 and node 37–97 are more responsive to their injection power changes; 2) When photovoltaics is connected to node 33 alone, node 3–9 and node 37–97 are less affected by it, and their acceptances of node 33 is high, that is, their voltage magnitude increment contributes the most to A33 value; 3) Combined with Fig. 4, it can be seen that compared with the branch of node 33, branches of node 3–9 and node 37–97 belong to different outgoing line units, and the electrical distance from node 33 is far, so they are less affected by the photovoltaics connected to node 33, that is, electrical distance determines the A value. In summary, due to the limitation of the node’s own VMS and electrical distance between nodes, the node voltage magnitude of the example system varies differently.

Based on the above analysis, the area where the outgoing line unit 2 is located is called the main action area of node 33 photovoltaics, and the remaining area is called the secondary main action area of node 33 photovoltaics. Fig. 8 shows the division of the photovoltaics action area of node 33 based on VMS and electrical distance. The electrical distance in different directions is characterized by the total reactance of the branch, as shown in Table 4. In Fig. 8, the shadow area is the main action area of photovoltaics connected to node 33, voltage magnitude variations of this area mainly depend on the photovoltaics connected to node 33, and the main action area with an electrical distance less than 1.4039 entirely depends on the electrical distance from node 33. The non-shadow area is the secondary main action area of photovoltaics connected to node 33, voltage magnitudes in this area are more impacted by the photovoltaics connected to the own location. And the attributes of the two area boundaries are the same as the shadow area.
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Figure 8: Division of the DPV action area
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Further, the distribution of photovoltaics main action areas in the example system is given in Fig. 9, based on its actual spatial distribution map of the outgoing line unit. It can be seen from Fig. 9 that each outgoing line unit of the distribution substation (the total number is 7) is a photovoltaics main action area, and in this area, the voltage magnitudes are mainly impacted by photovoltaics grid-connected. Although the spatial geographical distance between the outgoing line unit 4 and the outgoing line unit 5 is relatively close, they still belong to different photovoltaics main action areas, this is because voltage magnitudes of the other outgoing line unit are less affected and AoGCN is higher when photovoltaics is newly connected to a certain outgoing line unit due to the limitation of electrical distance. On each outgoing line unit, VMS determines different voltage magnitude variations of each node.
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Figure 9: The distribution diagram of photovoltaics main action areas in the example system

Next, we will explore the impact degree of different positions on voltage. In this paper, the dual voltage impact degree of the new grid-connected node and the other node in the network under each state from photovoltaics is comprehensively considered. This impact degree is described by PGOD value. Therefore, the distribution of PGOD under each state is given in Fig. 10, to further explain the impact degree of different photovoltaics grid-connected locations on voltage.

[image: images]

Figure 10: The distribution of PGOD in the grid-connected process

To more intuitively reflect the change process of the PGOD value in Fig. 10a, the X–Z perspective is given in Fig. 10b. It can be seen that PGOD values of each state gradually decrease, with the gradual increase of the photovoltaics location, which means that the increment of voltage magnitude gradually decreases in the network. Therefore, the more photovoltaics locations, the lower the impact degree on node voltage. The impact degree of photovoltaics connected to each node on voltage gradually decreases along the determined descending grid-connected order. It can be seen from Fig. 10b that the impact degree on the voltage of the photovoltaics full connection is 77.72% lower than that of the photovoltaics single connection. The reason for the above simulation results is that the more photovoltaics grid-connected nodes, the more photovoltaics that act together on the increment of voltage magnitude, and the less contribution of each node photovoltaics to the increment of voltage magnitude.

4.2.3 Voltage Impact Analysis under Different DPV Capacity and the Same Dispersals

In this case, scenarios of only node 33 connected to DPV and 95 joinable nodes all connected to DPV are selected for analysis. The DPV capacity variations of the given node are characterized by photovoltaics penetration rate, which ranges from 0% to 100%. The total active load capacity of the example system is 6.61 MW. In this paper, photovoltaics penetration rate Pe is defined as

Pe=PPVPload_PQ×100%(24)

where PPV is the total DPV grid-connected capacity; Pload_PQ is the total active load value of the PQ node.

Firstly, the scenario of only node 33 connected to DPV with different capacity is analyzed. In Fig. 11, the voltage magnitude distribution is given when photovoltaics penetration rates are 0%, 20% (the total grid-connected capacity of DPV is 1.32 MW), and 90% (the total grid-connected capacity of DPV is 5.95 MW).

[image: images]

Figure 11: Voltage distributions of different capacity with DPV connected to node 33

It can be seen from Fig. 11 that, as the photovoltaics grid-connected capacity of node 33 increases, all the voltage magnitudes of node 3–97 increase, and the voltage magnitude fluctuates greatly in the example system. Since the electrical distance of the photovoltaics connected to node 33 effect on itself is 0 and the VMS of node 33 is largest, its voltage magnitude rises most obviously. When the total DPV grid-connected capacity exceeds 5.95 MW, the maximum voltage magnitude of the example system will be transferred from the balance node (node 1) to the maximum PGOD node (node 33), and then the voltage magnitudes of the other node will gradually exceed node 1.

The variation of the minimum node voltage magnitude in the above process is shown in Fig. 12. When photovoltaics is not connected, the minimum voltage magnitude of the example system appears at node 32. When the total DPV grid-connected capacity exceeds 1.32 MW, the minimum node voltage magnitude of the example system begins to transfer to other nodes.

[image: images]

Figure 12: The change of minimum voltage in the system under different capacity with DPV connected to node 33

Secondly, 95 joinable nodes all connected to different DPV capacity scenarios are analyzed. In Fig. 13, the voltage magnitude distribution is given when photovoltaics penetration rates are 0, 50% (the total grid-connected capacity of DPV is 3.30 MW), and 100%.

[image: images]

Figure 13: Voltage distributions of different capacity with DPV connected to all nodes

It can be seen from Fig. 13 that, in these scenarios, the voltage magnitude fluctuation range is small in the example system. In this process, the maximum voltage magnitude is always constant at the balance node (node 1), and the minimum voltage magnitude is always constant at node 32.

Next, we discuss the impact degree of photovoltaics capacity on voltage in two scenarios of photovoltaics single-connected and full-connected, as shown in Figs. 14 and 15. Based on the simulation results of Fig. 14, it can be seen that: (1) the node voltage magnitude increases linearly with photovoltaics grid-connected capacity, which is because the active power injected by the photovoltaic system into the distribution network increases; (2) as grid-connected capacity increases, the voltage magnitude of the new grid-connected photovoltaics node increases more than the average voltage magnitude of the other node in the network. With the increase of the photovoltaics grid-connected node, the voltage magnitude of the new grid-connected photovoltaics node gradually decreases, tending to the average voltage magnitude of the other node in the network. It can be seen from Fig. 15 that with the increase of photovoltaics grid-connected nodes, the voltage magnitude increment of the connected photovoltaics node gradually decreases with the increase of grid-connected capacity, which is reduced by 0.50%. Therefore, grid-connected DPV should have a certain dispersal degree.

[image: images]

Figure 14: Voltage magnitude variations with photovoltaics capacity increasing

[image: images]

Figure 15: Voltage magnitude variations of node 33 with photovoltaics capacity increasing

In summary, the more photovoltaics grid-connected capacity, the higher its impact on voltage, but with the locations (grid-connected nodes) increase, this impact degree gradually decreases.

5  Conclusion

Under the background of a large-scale DPV connected to county distribution networks, to reflect the impact of photovoltaics connected to different nodes on voltage in an orderly method, and carry out voltage impact analysis at the same time, this paper presents a photovoltaics orderly grid-connected method based on PGOD. The effectiveness of this method is verified by an example simulation. The conclusions are as follows:

1)    In the process of DPV grid-connected according to the order determined by the method in this paper, the actual maximum voltage increment under each dispersal can be effectively tracked, and the impact of photovoltaics connected to different nodes on voltage can be reflected in sequence.

2)    The variation of node voltage magnitude in the radial distribution network is subject to the dual constraints of voltage magnitude sensitivity and electrical distance. Based on this, the single-node grid-connected photovoltaics form a main action area in its outgoing line unit, and other outgoing line units are the secondary main action area.

3)    Under the premise of a certain total capacity of DPV, the voltage magnitude of each node in the photovoltaics main action area decreases with a gradual increase of photovoltaics dispersal. In the photovoltaics secondary main action area, the voltage magnitude of each node will increase in this process due to the connection to itself.

4)    Under the premise of a certain location of DPV, the grid-connected capacity is gradually increased, and the voltage magnitude of each node is increased. When a single node is connected to photovoltaics, the voltage magnitude fluctuates greatly, and when the photovoltaics penetration rate exceeds 20%, the location where the minimum voltage is located transfers to other nodes; when the photovoltaics penetration rate exceeds 90%, the location where the maximum voltage is located is transferred. When all joinable nodes are connected to photovoltaics, the fluctuation of voltage magnitude is small. Within 100% of the photovoltaics penetration rate, the location where the maximum voltage is located will not transfer.

In summary, when planning DPV constructions, it should be noted that grid-connected DPVs should have a certain dispersal degree. The nodes with the lowest rank (smallest impact degree on voltage) should be given priority when making a reasonable decision on DPV connection nodes based on the VMS value of each node and the electrical distance between nodes. Based on the construction idea of this method, an effective method can be established to analyze the impact of DPV connections on line load rate for the distribution network construction. Further, strategies can be designed to determine the comprehensive impact of grid-connected nodes on the network in the field such as photovoltaics configuration research, and then the distribution of distributed power sources is optimized. We will carry out further research based on the above ideas in the future.
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Table 3: The DPV grid-connected order of the example system

Grid-connected Node serial Grid-connected Node serial Grid-connected Node serial
order number order number order number
1 33 33 62 65 76
2 32 34 61 66 51
3 31 35 89 67 41
4 30 36 88 68 75
5 29 37 87 69 50
6 28 38 14 70 74
7 27 39 60 71 49
8 26 40 86 72 11
9 25 41 85 73 10
10 24 42 59 74 9
11 23 43 84 75 40
12 22 44 83 76 8
13 21 45 58 77 97
14 20 46 46 78 96
15 19 47 45 79 73
16 18 48 82 80 95
17 37 49 57 81 7
18 36 50 81 82 48
19 35 51 44 83 94
20 34 52 56 84 6
21 17 53 13 85 93
22 16 54 80 86 92
23 71 55 55 87 5
24 70 56 43 88 72
25 69 57 79 89 47
26 15 58 54 90 91
27 68 59 78 91 4
28 67 60 53 92 90
29 66 61 42 93 39
30 65 62 77 94 38
31 64 63 12 95 3

32 63 64 52
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Table 4: Limit electrical distances of DPV connected to node 33 in different electrical directions

Electrical direction  Electrical distance

33-10 3.2757
33-32 7.9552
33-36 1.4039
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Table 1: The line parameters of the example system

Outgoing line unit Node r/p.u. x/p.u.

1 2-9 0.00478 0.00303
2 2-10-32 0.00162 0.00382
2 16-33-36 0.00869 0.00382
3 2-37-38 0.00966 0.00424
4 2-39-45 0.00515 0.01213
5 2-46-70 0.00063 0.00148
6 2-71-88 0.00153 0.00226
7 2-89-97 0.00153 0.00226
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Table 2: The load parameters of the example system

Node P/IKW Node P/kW

3 122.628 51 321.984
4 261.012 52 134.768
5 69.828 53 142.968
6 120.192 54 63.189
7 64.928 55 217.548
8 22.592 56 61.416
9 20.880 57 18.846
10 82.608 58 40.488
11 170.976 59 67.964
12 57.34 60 106.950
13 38.988 61 15.951
14 51.096 62 13.947
15 79.719 03 20.253
16 78.372 04 29.235
17 74985 05 48.816
18 54.774 00 110.379
19 27.822 07 27.171
20 78.240 08 58.260
21 79.788 69 6.783
22 78.576 70 81.348
23 93.972 71 32.491
24 4.848 72 99.639
25 41.532 73 103.728
26 40.896 74 52.001
27 54.036 75 52.389
28 109.512 76 41.046
29 09.714 1 35.394
30 40.896 78 26.304
31 49.812 79 92.181
32 25.974 80 50.793
33 46.431 81 45.984
34 04.026 82 84.552
35 44.298 83 70.974
36 57.435 84 00.891
37 17.212 85 17.958
38 102.144 86 13.494
39 41.949 87 28.170
40 05.130 88 17.403
41 72.672 89 72.876
42 39.522 90 00

43 71.571 91 8.370
44 202.116 92 44736
45 137.544 93 48.252
46 214.164 94 70.842
47 133.374 95 43.884
48 23.274 96 39.996
49 38.952 97 49.560

50 45.516
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