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Affected by the light intensity and multiple adjacent stations, the output power of
photovoltaic power stations presents the characteristics of randomness and
correlation, which puts forward new requirements for the safe operation and planning
evaluation of the distribution network. First, in order to accurately describe the
randomness and fluctuation of photovoltaic output, a Gaussian mixture model based
on an improved optimal particle swarm optimization algorithm is proposed, and the joint
probability density function of multiple photovoltaic outputs is solved. Then, the power
flow equation is linearized, the linear expressions of bus voltage and line power flow are
derived, and the joint probability distributions of multi-node voltage and multi-line power
flow are obtained, respectively. Based on this, the reliability index and voltage quality
index in the presence of the distributed renewable energy were constructed. Finally, the
novel power grid planning evaluation index is tested in a real system in China, the
combined weight is determined by the analytic hierarchy process, and the
comprehensive evaluation results are obtained. The simulation results prove the
feasibility of the evaluation index system.
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1 INTRODUCTION

1.1 Motivation
In recent years, China has provided policy support for the development and utilization of clean
energy, which has promoted the development of renewable energy power generation (Zhang et al.,
2022a; Zhang et al., 2022b; Song et al., 2022). The access to distributed photovoltaic energy in the
distribution network brings the operation of the power system more uncertainty and puts forward
higher requirements for distribution network planning (Zhang et al., 2019a). In order to optimize
the operation of the distribution network, (Xiao et al. 2021) proposed a comprehensive control
method for negative sequence current suppression and reactive power compensation. The optimal
placement and sizing of distribution static compensator in radial distribution networks as multi-
objective optimization with the objective of power loss reduction using whale optimization
algorithm is discussed by (Noori et al. 2021). However, the compensation effects are rarely
considered when evaluating distribution network planning options. In addition, the distribution
network planning evaluation system based on a deterministic model and deterministic power flow
will be difficult to be effectively applied to an active power distribution network (Meera and
Hemamalini, 2021).
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1.2 Literature Survey
At present, a relatively standardized comprehensive evaluation
system for distribution network planning (Song and Zhu, 2021;
Dong et al., 2022) has been formed, covering flexibility,
coordination, economy, and power supply reliability. In order
to consider the characteristics of renewable energy, (Zeng et al.
2016) considered the environmental protection effects brought by
a large number of distributed generators connected to the
distribution network, and the index evaluation system of the
new energy distribution network considering environmental
protection and the comprehensive evaluation model of
environmental benefits of intelligent distribution network were
established, respectively. Based on the big data analysis method,
(Visser et al. 2022) realized the comprehensive evaluation of the
distribution network including “performance” and “benefit.” On
this basis, (Li et al. 2018) constructed a four-tier index system
including user energy efficiency and environmental pollution.

However, the existing research has not considered the
volatility and intermittence brought by photovoltaic access to
the power grid. Different from the traditional distribution
network, for the fluctuation of the output power of distributed
photovoltaic power stations and the correlation of the output of
multiple photovoltaic electric fields (Murata et al., 2009), it is
necessary to consider the power flow limit and voltage limit of the
system caused by the aforementioned characteristics in the
evaluation of distribution network (Fermín et al., 2022).

At present, the description of the fluctuation of photovoltaic
output is usually based on the probability density function
method (Liu et al., 2016; Zhang et al., 2019b; Chen et al.,
2020). (Yang et al. 2017) and (Xiang et al. 2019) show the
robust optimization model that effectively reflects the
probability distribution characteristics of new energy. (Wang
et al. 2022) proposed a spectrum analysis method based on an
autoregressive model to analyze the fluctuation characteristics of
photovoltaic output. (Yu et al. 2019) showed that the random
characteristics of the actual output of photovoltaic power station
approximately obey the beta distribution. (Wu et al. 2015) used
the exponential distribution to simulate the variation
characteristics of photovoltaic power and evaluate the short-
term power fluctuation amplitude.

In general, the Pearson correlation coefficient method (Jia
et al., 2021) and the copular function fitting method
(Rajabalizadeh and Tafreshi, 2020) are extensively used to
describe the output correlation of photovoltaic power stations.
The Pearson correlation coefficient method can only characterize
simple linear correlation (Singh et al., 2010). Compared with that,
copular function has higher flexibility, but it is more complex to
find the optimal parameters of copular function with actual data
(Jin et al., 2021).

Existing methods can be categorized into two groups: 1) the
refinement modeling of random characteristics for the output
power of photovoltaic power station; 2) the refinement modeling
of correlation characteristics for the output power of photovoltaic
power station. However, it is hard to simultaneously depict them.
Gaussian mixture model can effectively simulate the random
characteristics of photovoltaic output and can describe the
correlation of output power of multiple photovoltaic power

stations based on their joint distribution (Jiang et al., 2015). In
addition, the voltage and power flow limits will endanger the safe
operation of the power grid. Therefore, when establishing the
distribution network planning evaluation system of distributed
photovoltaic access, it is necessary to consider the over-limit risk
of voltage and power flow at the same time.

1.3 Contributions
To address these important issues, this study proposes a
comprehensive evaluation index system for distribution
networks for distributed photovoltaic access. Relative to the
state-of-the-art, the contributions of this study are threefold:

1) In the modeling of the randomness and correlation of output
power of multiple photovoltaic power stations, the GMM
based on the improved particle swarm optimization algorithm
is proposed.

2) For the solution methodology, the joint probability density
function and joint distribution function of multi-node
voltage and multi-line power flow are solved based on the
linearized power flow equation. By doing so, the novel
distribution network evaluation indexes such as voltage
out-of-limit index are defined based on the probability
density function.

3) After the three novel indexes, such as voltage out-of-limit
risk indicators, voltage deviation indicators, and power flow
cross-section out-of-limit risk indicators are incorporated
into the distribution network planning evaluation system,
the comprehensive evaluation index system of the
distribution network for distributed photovoltaic access
has been formed.

1.4 Organization
The first section of the article is the introduction. Section 2
provides the uncertainty model considering the randomness and
correlation of photovoltaic power stations; Section 3 discusses the
analytical probabilistic power flow analysis method based on a
linearized power flow equation. In Section 4, the evaluation
system of distribution network planning considering power
flow uncertainty are shown. Simulation analysis is presented in
Section 5. The conclusion and limitations are provided at the end
of this article.

2 THE UNCERTAINTY MODEL
CONSIDERING THE RANDOMNESS AND
CORRELATION OF OUTPUT OF
PHOTOVOLTAIC POWER STATION

Distributed photovoltaic access to the distribution network
makes the node voltage and line power flow fluctuate. The
traditional deterministic model is hard to describe the
fluctuation characteristics of renewable energy in detail.
Therefore, considering the randomness and correlation of
photovoltaic power station output, this section first establishes
an uncertainty model for distributed photovoltaic access.

Frontiers in Energy Research | www.frontiersin.org August 2022 | Volume 10 | Article 8925792

Xiao et al. Evaluation of Photovoltaic Network Planning

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


2.1 Gaussian Mixture Model
Gaussian mixture model (GMM) can accurately model non-
Gaussian random variables and can approximate any
probability density distribution with the help of a linear
combination of a certain amount of Gaussian density function
(Angelim and Affonso, 2020), shown as follows:

f ~X(X) � ∑M
m�1

ωmNm(X|μm,Σm), ∑M
m�1

ωm � 1, (1)

Nm(X|μm,Σm) � exp( − 1
2(X − Σm)TΣ−1

i (X − μm))
(2π)W/2det(Σm)W/2 , (2)

where X is the input variable of the expression and represents the
output power vector of the photovoltaic power station; ωm

represents the weight coefficient of the mth Gaussian
distribution sub-component; μm and Σm represent the
expectation vector and covariance matrix of the mth Gaussian
sub-component, respectively, in which the non-diagonal
elements of the covariance matrix are used to describe the
correlation between different photovoltaic power stations. The
parameters of GMM that needs to be further estimated are ωm ,
μm, and Σm.

In parameter estimation, the samples X � {X1,/, XN} based
on the actual collected output active power of the photovoltaic
power station are formed first, and the likelihood function is built
then, as shown in Eqs. 3, 4.the following equations:

L(X1,/XN) � ∏N
j�1

f(Xj), (3)

ln L(X1,/XN) � ∑N
j�1
ln∑M

m�1
ωmNm(Xj). (4)

Then, iterative optimization is carried out with the maximum
likelihood function as the optimization objective, and the
optimization result parameters are the parameters that GMM
needs to be estimated.

2.2 Parameter Solution of the Gaussian
Mixture Model Based on Improved Particle
Swarm Optimization Algorithm
In the traditional GMM parameter solving process, the
expectation maximization (EM) algorithm is extensively used.
Considering that the accuracy of the algorithm depends on the
selection of the initial value, the improper initial value may lead to
the local optimal solution during the iterative optimization,
which will have a negative impact on the next settlement
results. In contrast, the improved optimal particle swarm
optimization algorithm can greatly reduce the influence of
initial value and realize the balance of global optimization and
local optimization ability, so it is easier to obtain the global
optimal solution (Peng et al., 2017). Therefore, this section adopts
the improved particle swarm optimization algorithm.

1) First, the particle swarm x � [ωm, μm,Σm] to be determined is
formed to initialize the particle position and velocity.

2) Then, the position and velocity of particles are updated in each
iteration, as shown in Eqs. 5, 6.the following equations:

vi � λvi + c1random(0, 1)(pi − xi)
+c2random(0, 1)(gi − xi), (5)

xi � xi + vi, (6)
where c1 and c2 represent the acceleration constants.
Generally taken as c1 � c2 ∈ [0, 4], vi and xi represent the
velocity and current position of the particle, pi and gi
correspond to the optimal position and global optimal
position searched by the current particle, and random (0,1)
represents the random number on the interval [0,1]. As the
inertia factor, the research shows that the dynamic value can
obtain a better optimization effect than the fixed value. Here,
the linear decreasing weight (LDW) strategy can be adopted,
that is,

λ(k) � λstart − (λstart − λend)Tmax − k

Tmax
, (7)

where λstart and λend represent the initial weight and final weight,
respectively, k represents the current number of iterations, and
Tmax represents the maximum number of iterations.

3) Calculate the updated particle according to the set objective
function Formula 4, update and record the current optimal
value and the global optimal value of the particle.

4) Check whether the upper limit of cycle times is reached or
whether the difference between algebras meets the error
constraints. If so, the calculation ends and the result is
output, otherwise, go to step 2 to continue the calculation.

3 ANALYTICAL PROBABILISTIC POWER
FLOW ANALYSIS METHOD BASED ON THE
LINEARIZED POWER FLOW EQUATION
After Gaussian mixture model modeling, the output power of the
photovoltaic power station follows the Gaussian distribution. For
the occasions that need to repeat large-scale power flow
calculations, such as distribution network reliability assessment
and distribution network probabilistic power flow, the use of a
linearized power flow model can improve the calculation
efficiency, and there is no convergence problem.

3.1 Linear Power Flow Model of Distribution
Network
The structural configuration of the traditional distribution
network is that there is only one generator as the swing bus,
and the rest are all PQ nodes, excluding PV nodes. The research
on the linearized power flow equation of the distribution network
has been relatively mature. However, since the distribution
network is connected to the distributed photovoltaic power
station, sometimes it needs to be processed as a PV node in
the power flow calculation, and the ZIP load is getting more and
more attention in the analysis of the distribution network. Thus, it
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is necessary to establish a more applicable power flow calculation
method for the distribution network.

In this section, the DG access node is regarded as a PV node,
the load is set as the ZIP model, the node injection power
equation is used as the original power flow equation, the
power flow equation is linearized, and the linear power flow
equation between node voltage amplitude and line power and
injection power is derived. The final linearized power flow
equation is as follows:

V � A1X + B1,
S � A2X + B2,

(8)

where V and S are the output variables and represent the node
voltage amplitude and branch power flow, respectively. X is the
input variable and represents the photovoltaic active output. A1,
A2, B1, and B2 are linearization expression coefficients. In order to
simplify the expression, all linearized expressions are uniformly
expressed as shown in Eq. 9 the following equation:

W � BX + C, (9)
where W is the output variable, representing the node voltage
amplitude and branch power; X is the input variable and
represents the active output of new energy. B and C are the
coefficients of linearization expression.

3.2 Description Diagram of Node Voltage
and Section Power Flow Probability
Distribution
If the random variable obeys Gaussian distribution, it still obeys
Gaussian distribution after linear transformation. Therefore, the
output power X of a photovoltaic power station is modeled based
on multivariable Gaussian distribution Nm (x) first, and after
linear transformation in Eq. 9, the node voltage and line power
flow also obey Gaussian distribution. Here, the node voltage is
selected for derivation. The amplitude of the node voltage follows
Gaussian distribution, in which the expectation vector is Aμm +
B1, the covariance matrix is AΣmA

T, so the joint probability
density function (PDF) of node voltage can be expressed as

Nm(W|μm,Σm) � 1

(2π)K/2det(BΣmB
T)1/2

× e
(−1

2(W−Bμm−C)T∑−1

i
W−Bμm−C)

,

(10)

where K represents the number of nodes. By multiple integrations
of Eq. 10, the joint cumulative distribution function (CDF) of
node voltage V can be obtained, as shown in the following
equation: Eq. 11,

Fm(W) � ∫/ ∫W
−∞

Nm(W∣∣∣∣μm,Σm)dW1/dWk. (11)

When photovoltaic power X is modeled by GMM with
multiple weights and variables, the joint CDF of node voltage
can be expressed as

F(W) � ∫/∫W

−∞
∑M
m�1

ωmNm(W∣∣∣∣μm,Σm)dW1/dWK,

� ∑M
m�1

ωm
⎡⎣∫/∫W

−∞
∑M
m�1

Nm(W∣∣∣∣μm,Σm)dW1/dWK
⎤⎦,

� ∑M
m�1

ωmFm(W).

(12)

Accordingly, the joint probability density function of node
voltage V can be obtained by differentiating Eq. 12.

f(W) � zK

zW1/zWK
∑M
m�1

ωmFm(W),

� ∑M
m�1

ωm
zK

zW1/zWK
Fm(W),

� ∑M
m�1

ωmNm(W).

(13)

Eqs 12, 13 are the node voltage joint CDF and joint PDF when
the photovoltaic output power is modeled by GMM.

4 EVALUATION SYSTEMOF DISTRIBUTION
NETWORK PLANNING CONSIDERING
POWER FLOW UNCERTAINTY
According to the analysis in Section 3, the joint probability
distribution density function of multi-node voltage and multi-
section power flow is obtained to effectively describe the
uncertainty of power flow. Then, combined with the severity
function description and the active distribution network planning
evaluation method based on probabilistic power flow analysis,
three evaluation indexes are added in this section to describe the
voltage and power flow fluctuations caused by photovoltaic
access.

4.1 New Evaluation Index of Distribution
Network Planning Considering Distributed
Photovoltaic Access
Under the influence of light intensity, the output power of the
photovoltaic power station meets a certain probability
distribution, which will lead to fluctuations in the voltage of
key nodes in the power grid and the transmission power of key
power flow section. Distributed photovoltaic grid connectionmay
also cause the bus voltage of the power grid to deviate to varying
degrees at different times. The degree of system voltage offset is an
important factor in evaluating voltage quality. Excessive voltage
offset may lead to “voltage collapse” and eventually large-scale
power outage (Zhang et al., 2021). In addition, because the
random fluctuation of line power flow is not considered, the
distribution network planning evaluation based on traditional
power flow will not accurately measure the risk. Therefore, in
order to form a distribution network planning evaluation system
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that is suitable for distributed photovoltaic access, the
aforementioned factors are added here, and the following
evaluation indexes are defined:

1) The risk index of voltage over-limit Risk (V). In order to
measure the voltage quality of the distribution network at the
key bus under the condition of random fluctuating power
output, based on the voltage joint cumulative distribution
function obtained in Section 3, the voltage out-of-limit risk
index is defined as follows:

Risk(V) � F(V)Sevhv(Vmax), (14)
where F(V) represents the joint probability density function of
multi-node voltage, Sevhv (Vmax) represents the severity function
of voltage over-limit, which is defined as follows:

Sevhv(Vmax) �
⎧⎪⎨⎪⎩

1.1 − Vmax

1.1
, Vmax ≥ 1.1

0, Vmax < 1.1
, (15)

where Vmax = max{V1,V2,. . .Vk}, when calculating the severity of
the voltage of k nodes crossing the limit at the same time, select
the node voltage with the largest deviation from the rated voltage
to replace it with the severity function.

2) The index of voltage deviation BVDI. The calculation formula
of voltage deviation index is as follows:

BVDI �
�����������������
1

m − 1
∑m

i�1(Ui − �U)2√
, (16)

where Ui represents the voltage observation value of the ith time,
which is obtained by sampling calculation; �U represents the average
value of sampling voltage; m represents the sample size of the
sampling survey. The value of BVDI represents the concentration
or dispersion of power grid bus voltage distribution. The smaller the
voltage distribution index, themore concentrated the power grid bus
voltage distribution and better power quality.

3) The risk index of power flow over-limit Risk (P). By analogy
with the voltage out-of-limit risk index, based on the joint
cumulative distribution function obtained in Section 3, the
voltage out-of-limit risk index is defined as follows:

Risk(P) � F(P)Sevop((ΔP)max), (17)
where F(P) represents the joint probability density function of
line power flow and Sevop((ΔP)max) represents the severity
function of line power flow out-of-limit. The specific
definition is shown in Eq. 18.

Sevop((ΔP)max) � {max{P − Pn}, P>Pn

0, P≤Pn
, (18)

where max{P-Pn} is the maximum deviation between the line
power flow and the rated transmission power. When the power
flow of all lines is not greater than the rated transmission power
P ≤ Pn, the severity function value is 0, otherwise, the maximum
value of the power flow deviation is taken.

4.2 Comprehensive Evaluation Index
System of Distribution Network Planning
Considering Distributed Photovoltaic
Access
The voltage out-of-limit risk index, voltage deviation index, and
line overload risk index are incorporated into the existing
comprehensive evaluation index system of distribution
network planning, that is, considering reliability, economy,
safety, and adaptability at the same time, a three-tier
distribution network index evaluation system considering
distributed photovoltaic access is formed, as shown in Figure 1.

In addition to the three indicators defined in Section 4.1, the
definitions of relevant traditional indicators in the figure are
shown in the study by (Guo et al. 2021), and the weight of
indicators shown in Figure 1 is calculated by the analytic
hierarchy process.

1) Establish the importance matrix of the benchmark layer and
the index layer under each benchmark layer. When
constructing the importance matrix, the relative importance
of the elements of each layer is quantified by numbers 1~9,
and finally the importance matrix P � (pij)n×n is obtained.
According to the Figure 1, there are four elements of the
benchmark layer in the study. Therefore, four important
matrices needed to be formed in this study, that is the
attribute of the criterion layer to the target layer
M � (mij)4×4, the power supply reliability A � (aij)4×4,
voltage quality B � (bij)3×3, adaptability C � (cij)3×3, and
economy D � (dij)2×2.

2) Calculate the weight coefficient of all attributes in the criterion
layer to the importance matrix M in the target layer based on
the arithmetic average method. Similarly, the importance
matrix of A, B, C, and D are calculated. Then multiply the
weight of each element of the index layer by the weight of the
corresponding reference layer, and the combined weights W
are obtained.

3) Calculate the comprehensive evaluation value of the
distribution network. Based on the combined weights and
index initial score S, the comprehensive score TS of
distribution network planning is calculated as follows:

TS � ∑λ
j�1
SjWj, (19)

where Sj represents the score of the jth index of the index layer,Wj

represents the comprehensive weight of the jth subordinate index
of the index layer, and λ represents the number of elements
contained in the index layer of the index system.

4.3 Flow Chart of Comprehensive
Evaluation of Active Distribution Network
Planning Based onProbabilistic Power Flow
Analysis
In summary, this section forms the following flow chart of
comprehensive evaluation score of active distribution network
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planning based on probabilistic power flow analysis, as shown in
Figure 2.

5 SIMULATION ANALYSIS

5.1 Simulation System
In order to verify the rationality of the active distribution network
planning evaluation method based on probabilistic power flow
analysis proposed in this study, two areas, M and N, of an urban
distribution network in China are used as simulation examples in
this section. The distribution network in this area is connected
with a large number of distributed photovoltaics. The system
structure diagram is shown in Figure 3, and the dotted line in the
figure indicates that it is not directly connected.

5.2 Simulation Analysis
5.2.1 Probabilistic Power Flow Analysis
According to the flow chart shown inFigure 2, the output power data
of the photovoltaic power station was obtained first, which comes
from the real data collected in areas M and N. According to the
parameter determination steps of the Gaussian mixture model based
on the improved particle swarm optimization algorithm shown in
Section 2.2, let the number of sub-components of the Gaussian
mixture model be two, and the solution of the weight of the
probability density function of photovoltaic output in area M are

ω1 � 0.4817, ω2 � 0.5183; weight of probability density function of
photovoltaic output in area N is ω1 � 0.2721 and ω2 � 0.7279. The
parameter expectation and covariance results of theGaussianmixture
model are shown in Table 1. μm1 and Σm1 represent the expectation
vector and covariance matrix of the first Gaussian sub-component,
μm2 and Σm2 represent the expectation vector and covariance matrix
of the second Gaussian sub-component. The non-diagonal elements
of two covariance matrices can describe the correlation between the
outputs of two photovoltaic power stations.

Calculate the node voltage probability density distribution
function according to Eqs 11–13. The Monte Carlo algorithm
(MCS) has high calculation accuracy, but it is limited by the
calculation speed, which is used to compare the advantages and
disadvantages of different methods. This section obtains the
probability power flow distribution of node voltage and line flow
in the system based on the EM algorithm and the method proposed
in this study and compares them with the MCS algorithm to
illustrate their accuracy. First, the probability distribution
calculation of node voltage is used to verify the accuracy of the
proposed improved algorithm. In this section, node M1 in area M is
selected as the observation point to obtain the corresponding voltage
probability density distribution. The results are shown in Figure 4.

According to Figure 4, the black line is obtained byMCS. The red
line is obtained by the proposed improved optimal particle swarm
optimization algorithm. The blue line is obtained by the traditional
EM method. It can be obviously observed from Figure 4 that the

FIGURE 1 | Index evaluation system of distributed photovoltaic power generation access to the distribution network.

Frontiers in Energy Research | www.frontiersin.org August 2022 | Volume 10 | Article 8925796

Xiao et al. Evaluation of Photovoltaic Network Planning

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


proposed method is more consistent with MCS compared with the
traditional EM method. The average root mean square error and
maximum absolute error (Yang et al., 2017) when calculating the
probability distribution of voltage amplitude of bus 5 in Figure 4

based on the EM algorithm are 0.044 and 0.305, respectively, while
the two error indices are reduced to 0.000295 and 0.0472,
respectively, based on the method proposed in this study, which
verifies the superiority of the method proposed in this study in
improving the modeling accuracy of GMM. From Figure 4A, the
PDF is maximum in the interval 0.995-1, which represents that the
node voltage has the highest probability of belonging to this interval.
From Figure 4B, the randomness of photovoltaic output makes the
node voltage fluctuate between 0.98 and 1.02. In other words, the
probability that the voltage amplitude is less than 1.02 is 1, and the
voltage amplitude does not exceed its limit. In terms of calculation
time, the analytical method proposed in this study takes 0.053 s and
the MCS method takes 24.43 s, which proves that the calculation
efficiency of this method is better than that of MCS.

Based on the more accurate GMM proposed in this study, it
has higher accuracy in describing the randomness of photovoltaic

FIGURE 2 | Flow chart of the comprehensive evaluation of the distribution network.

FIGURE 3 | Distribution network system diagram of an urban area.

TABLE 1 | Gaussian mixture model parameter results.

μm1 μm2 Σm1 Σm2

Area M [ 0.4268
0.7194

] [ 0.2448
0.5289

] [ 0.0087 0.0080
0.0080 0.0183

] [ 0.0151 0.0059
0.0059 0.0097

]
Area N [ 0.25060.5390 ] [ 0.60400.8786] [ 0.0158 0.0047

0.0047 0.0032 ] [ 0.0091 0.0083
0.0083 0.0190]
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output, so that a more accurate node voltage out-of-limit index
can be established, and finally, a more accurate voltage quality
evaluation index of active distribution network planning can be
obtained.

The joint probability density of line power flow can be used to
describe the probability that multiple random variables are in the
same state. Here, it is used to evaluate the probability that two or
more line of power flows cross the limit at the same time.

According to Figure 5, the yellow area represents the area with
the largest probability density of power flow combination of the
two lines, and the blue area represents the part with the smallest
probability density. Take Figure 5A as an example, that is, in the
measured output power time interval of a photovoltaic power
station, the active power flow on lines LM1 and LM2 in area M is
mostly concentrated in the yellow area. Due to the limitation of
dimension, it is difficult to show the joint power flow probability
density distribution of three or more lines in the form of a
diagram.

5.2.2 Comprehensive Evaluation Index
According to Figure 5, the joint probability density distribution
of power flow in multiple lines of areas M and N can be obtained.
In order to verify the proposed evaluationmethod for distribution
network planning and the randomness and correlation of
photovoltaic output, according to the Gaussian mixture model
of the output power of photovoltaic power plants inM area and N

FIGURE 4 | The voltage amplitude probability distribution of bus M1. (A) The voltage amplitude probability density function of bus M1. (B) The cumulative
distribution function of voltage amplitude at bus M1.

FIGURE 5 | Joint probability density distribution of power flow of regional
important lines. (A) The joint probability density of the line LM1 and the line
LM2 in area M. (B) The joint probability density of the line LN1 and the line
LN2 in area N.

TABLE 2 | Evaluation index results of distribution network for photovoltaic access.

The index of
voltage deviation

The risk index
of voltage over-limit

The risk index
of tidal current

section over-limit

Area M 0.027 0.045 0.062
Area N 0.015 0.033 0.056
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area established in Table 1, the joint probability density function
of the voltage at the nodes N1–N5 and nodes M1–M5 is
calculated respectively. Combined with the definition of
severity function in Eq 15, 18, we calculated the novel index
of distribution network planning evaluation according to Eq 14,
16, 17, and the results are shown in Table 2 below.

The three indicators in Table 2 are equivalently transformed
according to the percentage system, and the rest of the indicators
in the indicator system in Figure 1 are scored by experts. Taking
the sum of the index scores of the two areas as the benchmark, the
percentage system scores are converted to obtain the relative
scores of all the indicators. The results are shown in Table 3.

According to the distribution network index evaluation system
shown in Figure 1, the weight of the reference layer, the weight of
the index layer, and the comprehensive weight of the two areas

are calculated respectively based on the analytic hierarchy
process. The results are shown in Table 4.

The final comprehensive evaluation score of the two regional
distribution networks is calculated based on Eq. 19, as shown in
Table 5 below.

According to theTable 5, comparedwith the distribution network
in the area M, the energy storage unit is equipped in the area N
distribution network, which alleviates the impact of the fluctuation of
the output of the photovoltaic power station on the power grid to a
certain extent and improves the power supply quality and safety. The
comprehensive score of the indicators is increased, and the planning
and construction of the distribution network are better.

In order to further verify the rationality of the proposed
comprehensive index system of distribution network, the
present method is used as the control group, which does not
contain the new power grid planning evaluation index
constructed in this study. According to the calculation process
of the analytic hierarchy process in Section 3.2, the scores of
comprehensive indicators of power grid planning by the present
method are calculated, and the results are shown in Table 6.

According to Table 6, based on the present method, the
comprehensive index scores of the two areas are 75.3392 and
76.0126, respectively. Since the adverse effects such as volatility
and randomness caused by photovoltaics are not considered, the
results obtained are higher than in this study. At the same time,

TABLE 3 | Relative scores of all indicators.

Datum layer Index Weight

Area M Area N

Power supply reliability A1. Average outage frequency of customers 50.03 49.97
A2. Average interruption hours of customers 50.57 49.43
A3. Reliability rate of power supply 50.15 49.85
A4. Key cross-section tidal risk index 47.46 52.54

Voltage quality B1. Comprehensive voltage qualification 41.28 58.72
B2. Voltage deviation 35.71 64.29
B3. Bus voltage over-limit risk index 42.31 57.69

Adaptability C1. Expansion margin 48.90 51.10
C2. Power supply capacity margin 54.77 45.23
C3. Expandability 50.26 49.74

Economy D1. Total investment cost 60.56 39.44
D2. Ratio of line loss 48.08 51.92

TABLE 4 | Calculation results of benchmark layer weight, index layer weight, and comprehensive weight.

Datum layer Weight Index Weight Comprehensive weight

Power supply reliability 0.3798 A1. Average outage frequency of users 0.2148 0.0816
A2. Average interruption hours of customers 0.2217 0.0842
A3. Reliability rate of power supply 0.2785 0.1058
A4. Key cross-section tidal risk index 0.2850 0.1082

Voltage quality 0.3757 B1. Comprehensive voltage qualification 0.3734 0.1403
B2. Voltage deviation 0.2533 0.0952
B3. Bus voltage over-limit risk index 0.3733 0.1402

Adaptability 0.1142 C1. Expansion margin 0.5660 0.0646
C2. Power supply capacity margin 0.2826 0.0323
C3. Expandability 0.1514 0.0173

Economy 0.1303 D1. Total investment cost 0.3465 0.0451
D2. Ratio of line loss 0.6535 0.0852

TABLE 5 | Comprehensive score of the two phases of the project.

Area M Area N

Power supply reliability 18.7815 19.1985
Voltage quality 15.1230 22.4470
Adaptability 5.7975 5.6225
Economy 6.8276 6.2023
Comprehensive index score 46.5296 53.4703
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the difference between the comprehensive scores of the two areas
calculated based on the present method is 0.6869, and the
difference between the comprehensive scores of the two areas
calculated by the proposed method in this study is 6.9407. That is
to say, the proposed comprehensive evaluation index system can
describe the compensation effect of the energy storage, which
provides an effective reference for the distribution network
planning and construction. Therefore, the proposed method is
more adaptable for the evaluation of the new distribution network
with photovoltaic access.

6 CONCLUSION

Focus on the phenomenon of node voltage fluctuation and lines
power flow fluctuation caused by distributed photovoltaic access,
this study establishes a comprehensive evaluation system of
distribution network considering distributed photovoltaic
access, which mainly has the following innovations:

1) The Gaussian mixture model based on an improved particle
swarm optimization algorithm can effectively describe the
fluctuation and the correlation of active power output of
photovoltaic power plants.

2) Considering the access characteristics of distributed
generation, based on the linearized power flow equation,
the joint probability density function of multi-node voltage
and multi-line power flow can be obtained.

3) Based on the joint probability density function of multi-node
voltage, the comprehensive evaluation index system of a
distribution network for distributed photovoltaic accessing
is defined. The distribution network evaluation system is
improved, which can provide a theoretical reference for the
planning, design, and optimal operation of a distribution
network with a high proportion of new energy access in
the future.
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