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Abstract

Currently, the large-scale grid connection of distributed generation, repre-
sented by wind electricity and photovoltaics, into distribution networks has
become a trend. However, this massive integration can lead to a series of
problems including grid frequency and voltage fluctuations, power system
instability, equipment failures, power outages or interruptions, and a decline
in power quality. This paper presents a way for assessing the carrying capacity
of distributed generation under different load levels. Considering various
factors influencing the carrying capacity, a comprehensive evaluation method
is proposed by utilizing a multi-time scale factor matrix, an improved entropy
weight method, and the Analytic Hierarchy Process (AHP) combined with a
comprehensive weight way. Based on the thermal stability limit, the maxi-
mum DG injection is calculated using the reverse load ratio, and the carrying
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capacity of the distributed generation system is determined by gradually
decreasing it at each voltage level to meet the specified criteria, considering
the actual operating conditions and safety boundaries. Finally, through a case
study analysis of a distribution network model in Zhejiang province, the
carrying capacity of distributed generation in that region is obtained.

Keywords: Distribution network, distributed generation, combination of
subjective and objective weighting, capacity assessment.

1 Introduction

With the advancement of economy, the need for electricity in human soci-
ety is on the rise. Given the non-renewable nature of fossil fuels and the
environmental pressures they cause, new energy production technologies
are receiving increasing attention around the world. After distributed power
supply connects to the distribution network, it is utilized more efficiently.
Therefore, it can reduce the loss in the process of power transmission and
improve economic benefits. Distributed power supply connected to the dis-
tribution network will increase the number of power supplies in the grid,
enhance the dependability of electric supply, but also complicate the struc-
ture of the grid, affect the voltage distribution, power flow direction and
relay protection in the grid in [1]. As the penetration rate of wind power
continues to increase, the fluctuation of wind power output, caused by the
stochastic and uncertain nature of wind speed, can impact the security of
the power grid [2, 3]. Wind power output is primarily determined by wind
speed [4]. Bayesian comprehensive optimization method is used to evaluate
the connectable capacity of distributed wind power generation in power
grid in [5] and accurate wind speed forecasting can guide the design of
efficient wind power control strategies, thereby mitigating adverse effects
on the power grid [6]. However, due to the wide geographical distribution
of wind turbines within a wind farm, the wind speed at each turbine varies
in [7]. If the local wind speed of each turbine within a wind farm can be
accurately predicted, it can provide more comprehensive information for
wind farm control, thereby enhancing the flexibility and optimality of wind
farm control in [8]. The impacts of distributed photovoltaics are closely
related to the connection location and grid capacity. Photovoltaic integration
not only affects the current distribution in the distribution network but also
influences line losses [9]. Scholars have conducted research on the impact
of photovoltaic grid integration on static voltage stability and proposed a
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quantitative index for bidirectional static voltage stability margin [10]. Under
different load patterns, photovoltaic grid integration can cause active power
losses in the distribution network [11]. Direct current injection is also one
of the important issues to be addressed in photovoltaic grid integration [12].
The intense random fluctuations in photovoltaic output can lead to voltage
fluctuations, flicker, and other issues. Some scholars have used subjective
evaluation methods to assess power quality but have overlooked the influ-
ence of objective facts and the fluctuation characteristics of the indicators,
and their weighting coefficients do not change [13]. A proposed evaluation
index system based on commutation for unbalanced treatment assesses the
impact of three-phase unbalance treatment through a combination of analytic
hierarchy process and an enhanced entropy weight way [14].

In [15], the analysis and solution of photovoltaic integration capacity with
energy storage system in distribution networks were conducted using the
stochastic scenario method. Reference [16] proposed an evaluation method
based on multiple operational scenario simulations to assess the grid con-
nection capacity of wind power. Reference [17] established a new energy
integration capacity evaluation system for distribution networks, consider-
ing both regional and local indicators. Reference [18] developed a system
evaluation index framework for distributed power generation integration,
taking into account network losses, reliability, quality, environmental impact,
and network upgrade deferral, with the evaluation results obtained through
weighted summation of the indicators’ weights. In [19], an evaluation method
for renewable energy hosting capacity was proposed under frequency stabil-
ity constraints, although the accuracy needs improvement due to simplified
equivalent of synchronous units. Reference [20] presented a linear program-
ming model for assessing renewable energy hosting capacity, but the impact
of harmonics on the grid was not considered.

Literature [24] proposed a simple random scenario simulation method
to evaluate the impact of DG access at different locations with different
capacities on the distribution network. Literature [25] uses random scenario
method to analyze and solve the photovoltaic absorption capacity of distribu-
tion network with energy storage system. Literature [26] proposes a method
based on multi-operation scenario simulation to evaluate the grid-connected
capacity of wind power. Literature [27] established the new energy accep-
tance capacity evaluation system of distribution network from two aspects of
regional and local indicators.

In engineering practice, the assessment of the grid-connected capacity of
distributed power generation often requires iterative calculations based on
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production simulation results, resulting in a complex process and relatively
rough assessment outcomes. However, high-capacity distribution substations
play a significant role as the main scenario and form for demand-side par-
ticipation in comprehensive demand response in the future, making them
highly significant. Therefore, it is necessary to approach this issue from the
perspective of multi-energy complementarity, considering the actual produc-
tion conditions of high-capacity enterprises in China. This approach aims
to explore the mechanisms of demand response that include various types
of adjustable loads (such as time-shiftable loads and controllable loads) as
well as distributed photovoltaic power generation. The evaluation research
on the hosting capacity of distributed photovoltaic (PV) integration into the
grid has been initiated since 2001, yielding significant research achievements.
Currently, the evaluation methods for the hosting capacity of distributed PV
integration can be primarily categorized into two types. The first type is
dynamic simulation, which involves the utilization of power system simu-
lation software such as PSCAD, MATLAB, and OPENDSS to construct grid
models and perform real-time simulation calculations for verifying the secure
and stable operation of the grid. This method offers the advantage of real-time
validation and relatively straightforward principles. However, it necessitates
repetitive calculations, trial and error, and substantial simulation efforts.
The second type is mathematical optimization, which aims to maximize the
installation capacity of distributed PV integration while considering multiple
types of constraints related to secure and stable operation. Different opti-
mization algorithms are employed to obtain optimal solutions based on clear
mathematical computation approaches. This method offers the advantages of
well-defined computational strategies and more reliable results. Nevertheless,
the current solving methods generally encounter challenges such as complex
constraint conditions, extensive computational requirements, and lengthy
solving times.

Given the limitations mentioned above, we propose a method based
on thermal stability, utilizing multiple criteria weighting methods such as
AHP, improved entropy method, and comprehensive weighting method. By
applying weighting methods to obtain constrained weights, we calculate
the numerical value of distributed power integration capacity. Additionally,
taking into account varying capacities at different voltage levels, we establish
corresponding capacity specifications.

The paper is structured as follows. Section 2 presents the Analysis of
Distributed Power Generation Integration Impact on Power Quality. Section 3
critical indicators are chosen through the application of various weighting
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methods. Section 4 explains that according to the key indicators obtained in
the previous section, the grid-connected capacity of distributed generation
is analyzed and calculated in detail. Section 5 explains an in-depth analysis
is conducted utilizing electrical grid data from a specific location in Zhe-
jiang Province. The paper concludes by presenting several key findings and
summarizing the main points discussed throughout the study in Section 6.

2 Analysis of Factors Affecting the Capacity of Distributed
Generation

The “New Distribution Grid” refers to a modernized distribution network
developed based on advanced technologies and intelligent systems to address
the emerging electricity demands of new energy sources, distributed energy,
and electric vehicles.

2.1 Thermal Stability of Equipment and Circuits

Thermal stability of equipment and circuits refers to the ability of the circuits
to withstand the flow of current without generating excessive heat during
equipment operation, thereby ensuring normal operation and safety. Over-
heating of equipment and circuits can lead to shortened lifespan, performance
degradation, or even damage, thereby affecting the reliability and stability of
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the power grid. Circuit exceeding the limits of thermal stability can result
in increased energy losses and decreased energy conversion efficiency. This
means that the power system requires more energy to meet the load demand,
thereby increasing energy consumption and costs. Moreover, circuits exceed-
ing the limits of thermal stability can also pose safety risks such as electric
shock, posing a threat to human life. Currently, certain regions in China
have a high penetration rate of distributed photovoltaic in the distribution
network. Under low load levels and strong solar radiation, the output of
distributed photovoltaic exceeds the electrical load, resulting in reverse power
flow at the upstream transformer and lines, exceeding the limits of thermal
stability. Therefore, the thermal stability margin of equipment and circuits in
the distribution network is a key factor affecting the capacity of distributed
generation.

2.2 Voltage Deviation

Voltage deviation reflects the relative difference between the actual operating
voltage and the nominal system voltage, expressed as a percentage. In the
absence of distributed photovoltaic grid integration, the flow of feeder voltage
is monotonous, meaning the voltage gradually decreases from the starting
point. However, when distributed photovoltaic grid integration is imple-
mented, it increases the node voltage. The larger the capacity of photovoltaic
grid integration, the greater the impact on node voltage. When the capacity
of photovoltaic grid integration is excessive, the voltage difference between
adjacent nodes becomes positive, thereby altering the original monotonicity
of voltage distribution in the distribution network. Node voltage deviation is
not only related to its grid integration capacity but also to its connection point
location and impedance value. The closer it is to the end of the distribution
network, the greater the voltage deviation. Generally, if the distribution
network’s voltage regulation capacity is insufficient, the node voltage will
be excessively high, and in the most severe cases, it can lead to power
outages. Therefore, the permissible voltage deviation range in the distribu-
tion network is also a limiting factor for the impact of distributed power
capacity.

2.3 Short-circuit Current

The short-circuit current is a critical parameter that affects the operation of
the power grid and the safety of equipment. The larger the capacity of dis-
tributed power sources, the greater the short-circuit current. As the distributed
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capacity increases, the distribution network evolves from a single-source
radial network structure to a multi-source grid structure, thereby changing the
magnitude, direction, and duration of the short-circuit current in the power
grid. The connection of distributed power sources increases the sources of
short-circuit current in the power grid, thereby increasing the overall amount
of short-circuit current. Therefore, the short-circuit current is also a limiting
factor for the carrying capacity of distributed power sources.

2.4 Power Quality

Voltage quality standards primarily include voltage deviation, voltage fluc-
tuation, three-phase imbalance, and power supply continuity. The output
of solar and wind power generation systems is closely related to weather
conditions, so voltage fluctuations may occur in cases of severe weather
changes. The larger the short-circuit capacity of the distribution network, the
smaller the impact of photovoltaics on voltage fluctuations. When connecting
distributed photovoltaics to a low-voltage distribution network, the limited
short-circuit capacity of the grid can cause significant impacts on voltage
fluctuations caused by photovoltaic grid integration. Distributed photovoltaic
grid integration can also cause harmonic pollution. On the one hand, the
photovoltaic power source itself acts as a harmonic source, and its harmonic
characteristics are influenced by factors such as grid integration location,
connection method, distribution network structure, and system short-circuit
capacity. On the other hand, background harmonics in the distribution net-
work can exacerbate harmonic distortion. The distribution network contains
a significant amount of unbalanced loads, and the line parameters can exhibit
three-phase imbalance. When the distribution network operates under three-
phase imbalance conditions, negative sequence components can be present in
the voltage, leading to increased equipment losses. Considering that many
residents choose single-phase connections and there is distributed photo-
voltaic single-phase grid integration, this exacerbates the issue of three-phase
imbalance in low-voltage distribution networks. Therefore, power quality in
distribution networks is also a limiting factor for the carrying capacity of
distributed power sources.

Taking into consideration the factors mentioned above, this study selects
voltage deviation, voltage fluctuation, harmonic voltage, short-circuit current,
and three-phase imbalance as evaluation metrics. Voltage deviation reflects
the variance between actual and nominal voltages, serving as a critical indica-
tor of system health; voltage fluctuation reveals system stability under varying
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loads; harmonic voltage assesses the impact of non-desired frequencies on
the system; short-circuit current is crucial for system fault handling capabil-
ity; three-phase imbalance reflects uneven load distribution. By integrating
these metrics, the aim is to deeply analyze the operational characteristics of
power systems, provide a more comprehensive basis for decision-making,
and enhance system reliability and performance.

3 Selection of Key Performance Indicators

This article selects the subjective weighting Analytic Hierarchy Process
(AHP), the objective weighting improved entropy method, and a compre-
hensive weighting method that combines both, to select the key indicators of
distributed power generation.

3.1 The Subjective Weighting Method Based on the Analytic
Hierarchy Process (AHP)

AHP is a multi-objective evaluation method that combines qualitative and
quantitative aspects, proposed by American scholar Saaty. It determines the
relative importance of each indicator through hierarchical comparisons, and
derives the weights of the indicators in the evaluation scheme.

(1) Analyse the relationships between various indicators and establish a
hierarchical structure.
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Table 1 Proportional scale chart

Factor i is Compared to Factor j Quantitative Value
The two indicators hold equal importance 1

One indicator is marginally more significant than another indicator 3

One indicator is relatively more significant than another indicator 5

One indicator is highly prioritized over the other indicator 7

One indicator is of utmost importance compared to the other indicator 9

the midpoint between two closely related indicators 2,4,6,8

If indicator i is relatively more important than indicator j with a inverse

degree of importance a;j, then indicator j is relatively more important
than indicator i with a degree of importance aji.

(2) Evaluate the importance of indicators based on expert judgment using a
proportional scale table, resulting in the formation of matrix A.
(3) Construct judgment matrices to calculate the corresponding weights.

(a) Normalize the judgment matrix A = (a;;)nxn to obtain matrix
B = (Bij)nxn, where the elements b;; are calculated as follows:

[ ..
bij = =n2—0,j=1,2,...,n) (1)
Zp:l Cij
(b) Sum the rows of the normalized matrix B to obtain vector
c = (c1,c2,¢3,¢4,...,cn)T, where the elements of matrix ¢; are

calculated as follows:
n
=Y by (i=12,...,n) ()
j=1

(¢) Normalize the matrix C' to obtain the indicator weight coefficients
u;, which are the eigenvectors of the maximum eigenvalue:

<
23:1 Cp

(d) Calculate the maximum eigenvalue of the judgment matrix:

U; =

(j=12,...,n) 3)

le—j=1
)\m x — — 4
= 4)
=1
(4) Perform consistency check on the judgment matrix.
Amax —
CI = Amax — 7 (5)

n—1
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Table 2 Random consistency index
n 1 2 3 4 5 6 7 8 9
RI 0 0 058 09 112 124 132 141 145

Table 3 Distributed generation grid-connected power quality indicator levels

Voltage Short-circuit ~ Harmonic Voltage Three-phase
Grade Deviation Current Voltage Fluctuation = Imbalance
1 i>7% i>60% i>5% i>2% i>2%
2 i>5% i>40% i>3.5% i>1.5% i>1.5%
3 i>3% i>30% i>2.5% i>1% i>1%
4 i>1.5% i>10% i>1.5% i>0.5% i>0.5%
5 i<1.5% i<10% i<1.5% i<0.5% i<0.5%

The consistency ratio (CR) is defined as CR = CI/RI, where CI represents
the consistency index and RI represents the random index. When CR < 0.1,
it indicates that the consistency test is satisfactory. A smaller value indicates
better consistency.

3.2 The Objective Weighting Method Utilizing the Enhanced
Entropy Weight Approach

The entropy weighting method is a commonly used objective weighting
method. Unlike the subjective weighting of the Analytic Hierarchy Process
that requires the evaluator to construct a judgment matrix for weight calcu-
lation, The entropy weighting method computes weights exclusively from
the information entropy of the indicator data. A higher information entropy
value results in a lower weight for an indicator; conversely, the smaller the
information entropy value, the larger its weight. Regarding the power quality
issues caused by distributed power generation, it is believed that indicators
with higher volatility should have higher weights.

The power quality standards are divided into five levels: unqualified,
qualified, moderate, good, and excellent. The indicator evaluation levels are
shown in Table 1.

To analyze the operational data of distributed power generation with
point-of-common-coupling monitoring, assuming the total measurement time
is T, and y1~yS5 represent the five power quality indicators from Table 1, the
matrix representing the measurement data of power quality indicators at the
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grid point can be represented as:

Y11 Yki2 - Yklj

Y21 Yk22 - Yk2j
Yiij = ) ) )

Ykil  Yki2 - Ykij

In the equation, i represents different measurement points for the indi-
cators, j represents the power quality indicators, and k represents the cycle
number divided by the total monitoring time.

Based on the classification criteria of power quality indicators in Table 1,
let t;; represent the statistical duration of the indicator detection value yj;
at each level. The resulting probability-time distribution matrix for the
combined indicators is as follows:

[t11 tie -+ t1; o tin]
tor too -+ to; - ton
1 RO
o1l : : .
W T [twr Tw2 - 75wj cor twn
Lir1 tr2 - trj R 7

In the equation, ty; to tj respectively represent the statistical duration of
the first indicator within the 1st to rth levels.

(1) Based on the evaluation indicators, construct an indicator matrix (2).
(2) Normalize and shift the matrix indicators:

pmax _ g .
=1 g (6)

Gwj = fmax _ tmin
J J

o = 0.0001
(3) Normalize the data to obtain Q = (quw;)rxn

o
Puwj = = —— (7)

(4) Calculate the entropy values for each indicator:

1 < .
ej = _ln(n);[pwj * 1n(pwj)]’j = {1,2,3. . .,m} 8)
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(5) Calculate the differentiation coefficient (d;).
dj =1- € (9)

(6) Calculate the objective weights of the indicators based on the differenti-
ation coefficient.

vi=d; [ d; (10)
j=1

(7) However, the traditional entropy weight method mentioned above has
some limitations. When e; approaches 1, even slight changes in the
entropy value of an indicator can result in a significant increase in its
weight. Therefore, it is possible to make adjustments to the traditional
entropy weight method by adding a corrective term to address these
limitations. The improved objective weights of the indicators can be
calculated as follows:

1—e;+ 8
Y—(l—e+p)
The adjustment term is a small value. The smaller the value, the closer

it is to the weights obtained from the traditional entropy weight method.
Considering the analysis above, 8 = 0.1

(an

Uj:

3.3 Subjective and Objective Integrated Weighting Method

Combining the Analytic Hierarchy Process (AHP) with the Improved Entropy
Method integrates the strengths of both methods, creating a powerful
decision-making tool. AHP excels in handling subjective factors and complex
judgment matrices, aiding decision-makers in establishing hierarchy struc-
tures, calculating weights, and providing a clear decision framework. On the
other hand, the Improved Entropy Method considers the interrelationships
between indicators, objectively reflecting their importance and overcoming
the limitations of traditional entropy methods. By using these two methods
together, a comprehensive consideration of subjective and objective factors is
achieved, enhancing the accuracy of weight calculations, reducing decision
risks, and improving the stability of decision outcomes. Through mutual val-
idation and supplementation, decision-makers can evaluate decision options
more comprehensively, reducing subjective biases and making the decision-
making process more scientific, rational, and reliable. This approach not only
enhances the quality and efficiency of decision-making but also provides
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robust support for complex decision problems, making it a recommended and
valuable decision-making strategy.

Weighted combination methods such as geometric mean method, mini-
mum deviation combination method, multiplication synthesis method, math-
ematical programming method, etc., are currently used to combine weights in
the assessment of distributed energy resource power quality indicators. The
weighting method is as follows:

W ik (12)

T Vg

u; represents the weights obtained from the subjective weighting method, v;
represents the weights obtained from the objective weighting method, and W
represents the weights obtained from the integrated weighting method.
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4 Distributed Power Generation Capacity Assessment

The unregulated integration of distributed power generation into the grid can
lead to a series of issues, including overloading of grid equipment and lines,
exceeding busbar and line voltage limits, substandard power quality, and
ineffective protection. Therefore, when assessing the capacity of distributed
power generation, it is essential to ensure the safety and stability of the
operational grid as a prerequisite. The thermal stability of grid equipment and
lines is a key factor that needs to be evaluated, ensuring that the integration
of distributed power generation does not cause currents in the grid equipment
and lines to exceed their thermal stability limits and result in overloads. To
mitigate issues such as voltage limits, excessive short-circuit currents, and
power quality problems, measures can be taken, including adjusting the taps
of on-load tap changers, installing reactive power compensation devices,
utilizing the power factor regulation capability of photovoltaic inverters,
adjusting operating modes, and adding energy storage devices. However, the
addition or modification of equipment will incur additional investment costs.
Therefore, before undertaking corresponding grid modifications, calculations
based on thermal stability assessments should be conducted for voltage
deviations, short-circuit currents, harmonics, and other indicators to meet
relevant standard requirements.

4.1 Data Preparation

Conduct analysis based on data related to distributed power generation
grid connection, grid equipment parameters, and extreme data for safe grid
operation.

(1) Distribution network data: The primary network topology diagram of the
distribution network to be evaluated, equivalent impedance parameter
values, operating modes of busbars for different voltage levels, and their
short-circuit impedances.

(2) Rated operating data for equipment: Rated parameters of distribution
network equipment and specified operating limits. The rated parame-
ters of distribution network equipment primarily include the applicable
voltage levels and the current limits that can flow under operating con-
ditions. It also includes the power factor regulation range of distributed
power generation inverters.

(3) Operating data: Operating data for normal operation of busbars, as well
as power source operating data for the distribution network under normal
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operating conditions. This includes historical load time series data for
transformers, historical load time series data for lines, historical output
time series data for each power source, historical time series data for
busbar voltages, and measured values from power quality monitoring
points, including harmonic current and interharmonic voltage distortion
rates.

(4) Extreme data: This includes limits for busbar voltage deviations, short-
circuit current limits, permissible harmonic current values, interhar-
monic voltage distortion rate limits, voltage fluctuation limits, and
frequency limits.

4.2 Calculation Method

4.2.1 Thermal stability assessment

Thermal stability assessment refers to the evaluation of the maximum capac-
ity at which distributed power generation can be integrated based on the
historical load profiles of transformers and lines, ensuring that the thermal
limits of transformers or lines are not exceeded.

_ Po(t) + Po(t) — ALt
Se

In the equation: Pp(t) represents the active power output of distributed
power generation within the supply range of the line at time, P (t) represents
the active power output of other power sources at time, Pr,(¢) represents the
electricity load at time, where it is typically 5 minutes or 15 minutes.

According to the standard regulations on reverse load rate A < 80%, I
will use A = 80% to calculate P! (t).

In the equation, P})(t) represents the maximum capacity at which
distributed power generation can be integrated.

A(t) x 100% (13)

4.2.2 Short-circuit current verification
The short-circuit current verification relies on the principle that the short-
circuit currents of all levels of busbars in the system, before and after
the integration of distributed photovoltaics, do not exceed the short-circuit
current limits.

P — Pp

I, =1,+Kix 2——
! V3UN

I, < I, (15)

(14)
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In the equation, I; represents the actual value of the original short-
circuit current, K1 represents the short-circuit current proportionality factor,
K1 = 1.8 and [,,, represent the allowable short-circuit current limits for the
distribution network.

4.2.3 Voltage deviation verification

Voltage deviation verification is based on nominal voltage, actual voltage
measurements, voltage deviation calculations, standards and regulations, and
corresponding measures and adjustments. By verifying voltage deviations, it
ensures that the voltage in the power system is within an appropriate range
to meet the requirements of equipment and loads, and ensures the safe and
stable operation of the power system. The voltage deviation verification is
conducted based on the principles of reactive power on-site balance and
ensuring that the voltage remains within limits before and after the integration
of distributed power generation into the grid.

AP+ Xp.A
Av =Tt Rl © . 100% (16)
UN
XL AP — RiA
sU = =F 2RL © . 100% (17)
UN
AU_ < +/(0U)? + (AU)? < AU, (18)

In the equation, Ry, and Xj, represent the resistance and reactance of
the grid, AP and AQ represent the active and reactive power output of
the distributed power generation, Uy represents the rated voltage of the
busbar in the distribution network, 60U and AU represent the horizontal and
vertical components of the voltage deviation, and AU_ and AU represent
the maximum positive and negative deviation values.

4.2.4 Voltage fluctuation verification

Voltage fluctuation is measured using the voltage variation value (d), which
is expressed as a percentage of the voltage difference between adjacent peak
values on the root mean square (RMS) voltage curve divided by the nominal
voltage (Un).

d=~ %]:A(}g|cos(¢o +0)] x 100%
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AS
~ S—\ cos(pg + 6)| x 100% (19)
k

dmin <d< dmax (20)

In the equation, Uy represents the rated voltage, AS represents the
change in injected power from the distributed generation (DG), Sy, represents
the short-circuit capacity at the DG connection point, U represents the voltage
at the DG connection point, ¢g represents the equivalent impedance of Zy
with its impedance angle, and 6 represents the power factor angle of the DG.

4.2.5 Harmonic Verification

Due to the use of power electronic devices for power conversion in distributed
energy resources, the nonlinear characteristics of these devices introduce
harmonic currents and voltages, which can have an impact on the power sys-
tem. The total harmonic distortion of voltage and the limit of inter harmonic
voltage distortion rate are considered to assess the compliance with harmonic
requirements.

OB+ VR AR+ V)
Wi
THD, < (THD,), (22)

THD, = x 100% (21)

In the equation, V}, represents the voltage magnitude of all harmonic com-
ponents, V; represents the voltage magnitude of the fundamental harmonic
component, and T'HD,, represents the limit of the total harmonic distortion
rate of the current.

4.2.6 Three-phase balance verification

Due to the different distribution and connection methods of distributed power
generation, it can lead to an imbalance in the three-phase voltage and current
in the power system. The voltage balance ratio is commonly used to verify
the balance.

max{|UiaB — Uiavgl: |Ui,sc — Uiavgl: |Uica — Uiavg|} -

€ (23)
Ui,avg

In the equation, ¢ represents the threshold for the degree of three-phase

voltage imbalance, U; .o represents the effective average value of the three-

phase line voltage at the node, and U; A U; Bc U;,ca represent the effective
values of the three-phase line voltage.
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4.2.7 Evaluation Process

(1) Select key indicators and determine voltage levels.

(2) Measure whether reverse power supply is required. If reverse power
supply is present, do not consider adding distributed power generation
capacity.

(3) Determine the reverse load rate A\ = 80% and calculate Pl’).

(4) Evaluate each voltage level in descending order (e.g., 220 kV, 110 kV,
35 kV, 10 kV). Assess whether the three indicators exceed the limits
for each level. If they do, gradually decrease the allowable capacity
for additional distributed power generation (P},). If not, determine the
capacity for accommodating distributed power generation (PJ,).

(5) After completing the calculation for the current voltage level, compare
the results with the previous voltage level based on the topological
connection. Choose the smaller value as the evaluation result for the
current level. Then, decrease the voltage level gradually and repeat step
(4) until all voltage levels in the network under evaluation have been
assessed.

(6) Based on the maximum capacity of distributed power generation that
can be injected according to each voltage level, draw the distribution
power generation capacity map for the area based on the grid topology.
Determine the capacity level of the area according to Table 4.

Table 4 Power quality indicator levels distributed generation capacity rating classification

Evaluation

Level Judgment Basis Implication

Light P, <10 MW Poor on-site absorption capacity of distributed
Capacity power generation.

Electrical equipment may exhibit reverse load
and poor thermal stability.

Medium 10 MW < Pj, <100 MW  Good on-site absorption capacity of

Capacity distributed power generation.
Electrical equipment exhibits good thermal
stability.
Heavy Pp > 100 MW Excellent on-site absorption capacity of
Capacity distributed power generation.

Electrical equipment exhibits excellent
thermal stability.
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Selected Indicators
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Generation Capacity P,

Comparing with the / Calculation of Distributed
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taking the smaller value / at this Level
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obtain the capacity for
"] carrying distributed power

generation.

Have all voltage level
alculations been complete

Lowering the
voltage level.

Figure 4 Distributed power supply capacity process.

5 Case Study
5.1 Calculation Example System

Based on the data from the user-side distributed energy archives, according
to the proposed assessment method, three random days were selected to
collect data from the distributed power source grid connection points. The
probability-time distribution matrix is obtained by preprocessing and correct-
ing the data. The selected assessment indicators for the distributed power
source carrying capacity in the distribution network are voltage deviation
(AU), three-phase imbalance (g,,), voltage harmonic distortion rate (THD,,),
voltage fluctuation (d), and short-circuit current (/d).
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After expert analysis and research, the judgment matrix A was obtained
based on the rules presented in Table 2.

1 2 1/3 1
12 1 1/4 1/2
A=1|3 4 1 3

1 2 1/3 1
1/3 1/2 1/5 1/3

— W ot N W

The Improved Entropy Weighting Method

0 0 0 0 0
0.801 0 0 0 0
Ty; = | 0.1 0124 0.222 0.085 0.002
0.9 0876 0.593 0.21 0.07
10.009 0 0.185 0.705 0.928

0 0 0 0 0
0.71 0 0 0 0
T; = | 0.108 0.124 0.132 0.086 0

0.08 0.874 0.593 0.213 0.064
10.0182 0.005 0.275 0.701 0.936

0 0 0 0 0
0.602 0 0 0 0
T3; = (0.202 0.113 0.332 0.074 0.011
0.148 0.887 0.493 0.221 0.151
| 0.05 0 0.175 0.705 0.838

The objective weights are calculated by processing and analyzing the
matrices 171, T, and T3;.

Thus, a comprehensive evaluation is conducted on each influencing fac-
tor, and they are prioritized based on the evaluation values. Through the
research, it is concluded that voltage deviation, voltage harmonic distortion
rate, and voltage fluctuation have the highest weightage. Therefore, these
three factors are selected for further assessment of the dispersed power
source carrying capacity within the distribution network. This selection yields
significant results while reducing the number of iterations and accelerating
the computation speed.

In this study, a specific city’s distribution network in Zhejiang Province,
China, is taken as an example. The evaluation focuses on the 220 kV power
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Figure 5 Objective weighting of distributed power source indicators.
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Figure 6 Weight allocation for distributed power source indicators.
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Table 5 Weight allocation for distributed power source indicators

AHP Improved Composite
Indicator Weight  Entropy Weight Weight
Voltage Deviation 0.1844 0.2160 0.2080
Three-Phase Balance  0.1063 0.1740 0.1418
Voltage Harmonics 0.4589 0.2219 0.3326
Voltage Fluctuation 0.1844 0.2068 0.2036
Short-Circuit Current ~ 0.0660 0.1813 0.1140

Table 6 Voltage level capacity assessment

Voltage Level Carrying Capacity Level

220 kv Medium carrying capacity
110 kv Heavy-duty carrying capacity
35 kv Medium carrying capacity
10 kv Medium carrying capacity

supply network. Various factors such as the output level of distributed power
sources and the load level are considered, and a historical typical day is
selected as the reference for evaluation.

The scope of evaluation includes one 220 kV transformer, two 110 kV
transformers, and two 35 kV transformers, with no centralized power source
access.

The evaluation process, as depicted in Figure 2, is applied to calculate the
distributed power source carrying capacity of the case study’s electrical net-
work. Based on the thermal stability of the voltage level lines and equipment,
and considering the national standard A < 80%, the capacity of injectable
distributed power sources is determined. After applying constraints based on
the hierarchical topology, voltage deviation, voltage harmonic distortion rate,
and voltage fluctuation, the distributed power source carrying capacity results
for each level of the bus are obtained, ensuring compliance with all safety
constraints.

The distributed power source carrying capacity within the supply range
of the high-voltage bus of the 220 kV main transformer is determined to
be 35.86 MW. This value represents the total capacity of distributed power
sources planned for construction in the area in the short term. It is important
to ensure that the cumulative capacity of all lower-level buses does not exceed
this value. Please refer to the accompanying figure for the specific numerical
values.
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Figure 7 Grid topology of example.

6 Conclusion

This article focuses on the connection of large-scale distributed power
sources and establishes a model for key impact indicators at multiple time
scales. It proposes a comprehensive weighted indicator selection method and
a distributed power source carrying capacity assessment method. The main
innovations are as follows:

(1) Drawing upon current fluctuation data and key factors aligned with
real safety standards, this article leverages big data inference tech-
niques, ensuring comprehensive coverage with minimal data input
requirements.

(2) In order to accurately and efficiently assess the carrying capacity of
distributed power sources in a distribution network, this study provides
numerical values for the distributed power source carrying capacity of
various voltage levels in the distribution network. This assessment helps
in the planning of the power grid and the development of renewable
energy sources, and it avoids a series of issues such as power system
instability, equipment failures, blackouts or power outages, and a decline
in power quality.
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In conclusion, assessing the capacity for distributed power sources is of
significant importance in enhancing the reliability of power systems, promot-
ing the utilization of clean energy, enhancing grid flexibility, and reducing
energy losses. It serves as a crucial element in driving the sustainable
development of the power industry and energy transition.

This article has achieved good results in the assessment of distributed
power source carrying capacity. However, the dynamic changes on the load
side have not been fully considered. It is recommended to promptly construct
an actual model of the local distribution network in Zhejiang Province and
perform real-time analysis online to address this limitation.
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