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SUMMARY: In order to make a scientific analysis and increase the adaptability of the
protective device, this paper introduces an assessment method based on loop analysis and
Monte Carlo simulation. First, loop analysis is used to detect any variation in operating
parameters in the distribution network. A voltage sensitivity matrix is established in order to
get the sensitivity network loss for the distributed generation connected to the grid. A better
three-point estimation algorithm is introduced for simplification of the probability calculations
while a third-order polynomial normal transformation is used to standardize the arbitrary
random variables. Moreover, the reliability evaluation of the protection device in the
distribution network is conducted using the sequential Monte Carlo approach. At last, the
probability distribution function of random variables is determined using the Edgeworth series
expansion method. With the help of sensitivity assessment method based on loop analysis,
dynamic detection of weak areas of the protective device can be carried out in the distribution
network. Relative to the traditional Monte Carlo simulation, the reliability assessment of
distribution network protection under the Monte Carlo simulation has a relatively small
deviation and reaches up to 0.000% in the ASAI index.

KEYWORDS: loop analysis method; Monte Carlo method; improved three-point estimation
method; Edgeworth series; distributed power sources

1 Introduction

Distributed generation (DG) is a new way of power generation that is encouraged by world
policies on environmental sustainability and technology innovation [1, 2]. At the end of the
twentieth century, electric power companies were operating under the principle of centralized
power generation. This means that power was generated in large central stations and delivered
to consumers using a high voltage grid and a hierarchically structured network of high, medium,
and low voltage distribution grids. Power was flowing in one direction from the generating
stations to the grid and then to the consumers [3-6]. With the inclusion of distributed energy
sources into the distribution grid, there have been considerable changes in this pattern of power
generation. Power generation is becoming more localized and closer to consumers. However,
the integration of distributed power generation with the distribution grid has added complexities
in its management [7-10].

The inclusion of DG into the electrical grid system gives rise to several impacts on the
distribution system. The impacts are dependent on the states of the distribution system as well

*mxp_gzdw@163.com
https://doi.org/10.65102/is2026490 Published: 30 April, 2026

@

s


mailto:mxp_gzdw@163.com

Mou et al.

as DG. Conventional distribution systems have a radial structure with a single source of
electricity and hence require particular relay protection settings [11-14]. The inclusion of DG
results in a change in the topology of the distribution system. In case of faults in the distribution
system, the system will provide fault currents to the fault point. The DG sources will inject fault
currents into the fault point as well. Therefore, the injection causes a change in the fault current
levels at the nodes of the distribution system, affecting the protection relay operation [15-18].
Also, the nature, installation sites, and capacities of DG can impact the relay protection in the
distribution system [19, 20]. For safety and reliability of distribution lines, directional
protection devices should be installed alongside other electrical devices. Typical protection
devices used in low-voltage distribution lines include fuses and circuit breakers. Since
sensitivity and reliability are critical aspects in choosing protection devices, these two attributes
should be evaluated and tested [21-24].

The integration of distributed power sources may significantly alter the sensitivity of
protection devices and the reliability of the system. To enhance the adaptability of protection
devices in complex distribution network environments, this paper introduces an evaluation
method based on voltage fluctuation theory and loop analysis to precisely identify and protect
the weak links in distribution network protection devices. In terms of reliability assessment,
this paper proposes an improved sequential Monte Carlo probability assessment method, which
incorporates improved three-point estimation methods and Edgeworth series methods, and
embeds a dynamic island division mechanism. The applicability of this method is studied on
the improved IEEE-RBTS Bus6 F4 feeder system.

2 Distribution network sensitivity analysis method based on
loop analysis

2.1 Voltage Fluctuation Theory

Due to changes in the power flow distribution in the distribution network, this indirectly causes
fluctuations in the node voltages on the distribution network. If we consider two nodes in the
system as a and b respectively, with the current flowing from a to b, Ua and Ub
represent the voltages at the two nodes. R+ jX represents the impedance between the two
nodes, while Pb and Qb denote the active power and reactive power at node b ,
respectively. As shown in Figure 1.
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Figure 1: Contour circuit

You can then obtain the voltage loss formula (1):

B, —JX,

AU:AUZ+AUh:[ j(R+JX) (1)
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In this formula, A, and A, represent the vertical and horizontal components of voltage

changes, respectively. By ignoring the horizontal components of voltage at the two nodes, we
obtain formula (2).

AU=AU ===
z Ub (2)

2.2 Method for analyzing the effects before and after connecting
distributed power sources

To begin with, two simpler distribution network layouts are considered. In the first layout, there
is a distributed power source present, and in the second, there is no presence of such a
distributed power source. Next, the plane effects resulting from the access of the distributed
power source are studied. The circuit diagram of the distributed power source is represented in
Figure 2, and the circuit diagram of the absence of distributed power source is represented in
Figure 3.
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Figure 2: Connects to distributed power rendering

Y

Power supply

Figure 3: Does not access distributed power rendering

Since the impact of distributed power sources on voltage is relatively small after their
integration, the effect on voltage can be neglected. In loop analysis, the voltages are equal. The
capacity of the distributed power source is setto P, + jQps, and the line impedance in loop
analysis is set to R+ jX . The length between the distributed power source and the power
source is L between the distributed power source and the power source, and the length
between the power source and the load end is M, it can be determined that the line losses in
the distribution network are primarily composed of the line losses between the node and the
distributed power source, as well as the line losses from the distributed power source to the load
end, which are setas P, and P,, respectively, thereby deriving equations (3), (4), and (5).

2 2
pzp'%‘%zQ'oad(R+JX)M (3)
BL — (Pload I:>DG) JZ(Qload +QDG) (R+JX)L (4)
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P2 — (Plsad ;?Iiad)z (R+JX)(M _ L) (5)

In view of the above formula, it implies that after the incorporation of the distributed power
sources within the distribution system, the line losses tend to be highly dependent on the
location, size, and generation capability of the said distributed power sources. Where the load
size happens to be twice the size of the distributed power source and where the distributed
power source size is smaller than the load size, there will be some reduction in line losses in the
distribution network. However, if the size of the distributed power source exceeds the load size,
then the line losses will be increased.

2.3 Circuit Analysis Methods

Based on loop analysis [25], the branch association matrix is incorporated. The concept of
matrix B is as follows: when Bij equals 1, the branch is in the loop and the direction is the
same; when Bij equals -1, the branch is in the loop but the direction is opposite; when Bij
equals 0, the branch is not in the loop.

There are two principles for numbering distribution networks: (O Set the nodes in the
distribution network to 0, with node O as the starting point of the distribution network, and
another node i as the focal point, then mark i; 2 Determine the starting and ending points
of the branch nodes based on the direction of the branches, and number them according to the
standard branches. As shown in Figure 4.
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Figure 4: Node distribution grid diagram

Based on this figure, we can obtain the back-linkage correlation matrix B:

Z 0 0 O
B=2 2 O 0 (6)

z, 2, Z, O

zZ, 0 0 Z

After introducing the return impedance matrix Z,, the following results are obtained:

Z, 0 0 O
Z Z, 0 0
Z — 1 2 7
Zuch zZ, Z, Z, O (7)
z, 0 0 Z,

After splitting, we obtain {Z,}={R}+J{X,} (R, denotes the loop resistance
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matrix, and X, denotes the loop reactance matrix).

When the voltage at node 0 and the voltages of the nodes in the distribution network remain
constant, the corresponding equation formula without distributed power sources is derived.
Equation (8) demonstrates it.

Uo _Ul = lel

UO—U2:|121+|ZZ2 (8)
U0 —U3 =1Z +1,Z,+ |3Z3

U0 -U,=1Z+1,Z,

The equation formula for connecting distributed power sources is shown in Formula (9).

Uo-U; =2l
U,-U,=17+1,Z, 9
U,-U;=1Z+1,Z,+1,Z, ©)
U,-U,=1z+1,Z,
Combining the two formulas yields formula (10).

AU, Z, 0 0 0)\AlL

AU, _ Z, Z, 0 0 ||Al (10)

AU, Z, Z, Z, 0 || Al

AU, Z, 0 0 ZzZ,)\Al,

In this formula, AU, represents the voltage change matrix at the loop analysis node, and
Al represents the branch current change matrix in the loop analysis.

I

Analysis of both approaches reveals that once the distributed energy sources are integrated
into the distribution network, there is no change in the topology of the network or the impedance
of the lines. Differences at the nodes are caused by differences in the current in the branches.
The addition of distributed energy sources leads to changes in the currents of the branches,
changing the initial single-source distribution network into a multi-source one. However,
distributed energy sources contribute to the network's flow. However, distributed power sources
also feed back the actual current conditions to all nodes in the network. Under such
circumstances, the nodes where distributed power sources are connected are treated as the end
nodes of the line segments, thereby exerting a certain influence on the current in the loop,
becoming the key factor in the changes of distribution network parameters. The current
sensitivity matrix node voltage in the loop is represented as U,=U,Z0 , so

{Al}={Al;} - j{Al;} is used to construct the sensitivity matrices for the longitudinal and
transverse components of the current, as shown in Equations (11) and (12).

{AL}={U, 1 1}{B"HAR} (11)
{a1,3={U; 1 1}#{B"HAQ,} (12)
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In these two formulas, {U,/1} represents the one-dimensional column vector of the
voltage at the node, AP, represents the one-dimensional column vector of the power change
at the node after connecting the distributed power source, AQ, represents the one-

dimensional column vector of the reactive power change after connecting the distributed power
source, and # denotes matrix multiplication.

2.4  Sensitive construction method for voltage network loss

First, we analyze the sensitivity matrix formula for the longitudinal component of voltage in
the node, as shown in Formula (13).

{AU zi}: _{RLN }{Alzi}_{x LN }{Alhi} (13)

In this formula, RLN represents the resistance matrix in the loop current, and XLN
represents the reactance matrix in the loop current. The construction process is roughly divided
into the following four steps. (O First, the initial data in the line must be clearly defined; @
Next, the topology structure of the distribution network is used to construct the correlation
matrix of the loop DC, the resistance matrix in the loop DC, and the reactance matrix in the
loop DC; 3 Subsequently, the sensitivity matrix of the longitudinal and transverse components
of the current is constructed; @ Finally, the longitudinal component matrix of the node voltage
is constructed.

Next, the sensitivity matrix of the line loss is analyzed to obtain formula (14).

{APLi}z{(APi /Ui)#(zpi /Ui)+(APi /Ui)

+(AQ'1U,)#(A2Q IU, + AQ, /U J}#{R} (4

In this formula, the power change parameters in the branch can be obtained, where # denotes
matrix multiplication. The construction process consists of the following five steps: @ First,
identify the one-dimensional column vector representing power at the branch node, and
multiply it by the associated matrix of the loop DC current to obtain the initial node power
matrix; @ Calculate the initial current horizontal component matrix and current vertical
component matrix by using the initial node branch injection nodes and the corresponding node
voltage matrix; 3 Understand the impedance in the line and construct a one-dimensional
column vector; @ Understand the line loss sensitivity matrix [26]; © Understand the network
loss sensitivity.

3 Probabilistic reliability assessment of distribution networks
based on the Monte Carlo method

3.1 Theoretical basis for probabilistic reliability assessment of distribution
networks
3.1.1 Improving the three-point estimation method

The three-point estimation method [27] is a sampling technique where the feature points are
chosen based on the probability and statistic characteristics of random variables. By doing such,
it avoids the need to model and mathematically transform the process which makes it simple

6
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and easier to execute. The use of even a small number of deterministic computations can result
in comparatively high computational accuracy. To enhance the computational accuracy of the
three-point estimation method, this paper applies the concept of probability theory, namely, the
3o rule along with the concepts of normal distribution theory. Each input variable X, has
some edge points that are taken into account due to the properties of the edge sample data.
First, for the n -dimensional input variable X'=(X,X,,---,X,), the mathematical

expectation 4, standard deviation o;, skewness coefficient 4 ,, and kurtosis coefficient

A, of X (i=12---,n) are calculated. The estimated points for X, are chosen as

X =t +&,0(k=12,---,5), When k=123, X;, isthe estimated point selected by the
traditional three-point estimation method; when k=4,5, X, is the newly added estimated

point by the improved three-point estimation method. The position coefficients and weight
coefficients are one-to-one with the estimated points.
The position coefficient of X, is:

1= A /2"'\/]1,4 _321?3 l4

é:i,Z =0
Ey=Aigl2— A, —34% 14 (15)
i4 :\/ﬁ

fi,s = _\/ﬁ

The weight coefficient of X, measures the importance of each estimated point in the
output variable, that is:

1
Pi=r—(
. gk,l(égk,l_fk,a)
0 ~2n-1 1
2o A, - A2
N N 16
p :_—1 ( )
" §k,1(§k,l_§k,3)
Pra=Pis =
i,4 i,5 an

Then, take out the estimated points X;, of X; one by one, combine them with the

expected values of the remaining variables X; (j # i), and form an estimated point sample.
The final sample generated is:
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T

X1,1 X1,3 X1,4 X1,5 B 2]
x=| fr L fe B (a7)
Hn Hn Hiq Hq o Hy nx(4n+1)

Let the function H () represent the relationship between the input and output variables.

Substitute the sample X into this function and perform multidimensional operations
Y =H(X) toobtainthe m-dimensional output variable Y =(Y,,Y,,---,Y,,). Finally, combine

the weight coefficients to calculate the vth-order origin matrix of the output variable Y :

n 1345

a, = E(YV)ZZ z pi,k[H(/‘l""’xi,k""’ﬂn):lv

i=1 k=1

+Zn: P [H G e )]

i=1

(18)

3.1.2 Third-order polynomial normal transformation

Three-point estimation technique utilizes digital feature sampling and hence produces a sample
X where all variables are not correlated. Therefore, for this study, third order polynomial
normal transformation will be applied in order to reintroduce the correlation between sample
variables.

The third order polynomial normal transformation entails expressing the variables from any
distribution in form of a polynomial expression using standard normal variable(s). The process
does not involve any estimation of the probability distribution of the random variable. Third
order polynomial normal transformation is easy to apply to discrete sample data. The basic idea
behind third order polynomial normal transformation is that a non independent and non-normal
random variable S, can be approximated by using standard normal random variable Z, such

that:

S, =a,+a,Z +a,2} +8,2} (19)

In the equation, a,, a,, a,, and a, are the transformation coefficients of S,
satisfying the conditions &, >0 and a/,—3a,,a,<0.

By performing a Cornish-Fisher series expansion, the formula for calculating the
conversion coefficients using the numerical characteristics of S, is obtained as follows:

&= —0i4;16

8, =0;(33-34,,)/24
a,=04,16
a,=0,(4,-3)/24

(20)

In the equation, x4, o, 4,,and 4, represent the expected value, standard deviation,
skewness coefficient, and kurtosis coefficient of S,, respectively.
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Extend the above transformation to multiple dimensions. S =(S,,S,,---,S,) isan n-

dimensional set of independent and identically distributed random variables. The correlation
coefficients between the elements of S can be described by the matrix o, where the elements

pij(i,j=1,2,~-,n) of p are the correlation coefficients between X, and X, . The
independent standard normal random variables Z =(Z,,Z,,---,Z,) correspond one-to-one
with the elements of S. Let p, be the correlation coefficient matrix of Z,and p,; be the
correlation coefficient between Z; and Z;. p, and p,; satisfy the following relationship:

Gai,saj,3pgij + 2ai,2aj,2p§ij +(a, + 3ai,3)(aj,1 + 3aj,3)poij

(21)
+(@, +ai,2)(aj,0 +aj,z) — P00 — KK = 0

Select solutions that satisfy | p,; [<1 and p;p,; =0 asvaluesfor p, . Solve forall oy
to form p,. p, isasymmetric matrix. Perform Cholesky decomposition on it to obtain the
lower triangular matrix L, i.e.:

Po= LOL-(I—) (22)

In an independent standard normal space, use orthogonal transformation to convert X
into non-independent standard normal random variables:

Z =1,X (23)

Calculate the non-independent, non-normal random variable S, where S represents the
final system state sample that accounts for correlations and is representative of the system. Each
column S, of S denotes aspecific element in the system, such as wind turbines, photovoltaic
output, and load quantities at various load points. Each row of S represents a representative
system state row generated.

To conclude, the numeric attributes of random variables represent key components of the
third-degree polynomial normal transformation. For continuous variables with predetermined
probability distributions and discrete variables with solely historical information, this
transformation works well in handling variable correlations.

3.1.3 Edgeworth series expansion

The Edgeworth series [28] can approximate the probability distribution of any random variable
using the standard normal distribution function. Compared to other asymptotic expansion series,
the calculation process of this series is relatively simple and efficient.

By improving the three-point estimation method and the third-order polynomial normal
transformation, the system state samples S are input into the system reliability calculation

process H (), yielding the output variables Y =(Y,,Y,,---,Y,, ), where each dimension Y, of

Y represents the value of a single reliability metric at each sample point.
For convenience of explanation, let the value Y; of a single reliability indicator at each

estimated point sample be a random variable y. Before performing the Edgeworth series
expansion, calculate the expected value . and standard deviation o, of y, and

standardize them to obtain the standardized variables:
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Y—H,

Oy

y= (24)
The ith-order Hermite orthogonal polynomial H;(y) and the semi-invariant «, of y
are important components of the Edgeworth series, respectively:

Hy(y) =1
H,(y)=y (25)
Hi (Y) =iH;(y) —iH; ()

K, =a,—» Cllxa (26)

In the formula, «, isthe vth moment of the random variable y at the origin.

According to the Edgeworth series expansion, the probability distribution function of the
random variable vy is:

F)=[" py)dy+ ()3 CH,.(y) (27)

i=3

In the equation, (o() is the probability density function of the standard normal distribution;

C, is the coefficient of each term in the Edgeworth series.
The probability density function of y is obtained by differentiation:

f(Y)=F()=0(7)+ 2 oM+ L ADH () - (28)

3.2 Probabilistic reliability calculation methods for distribution networks

Representative states of each sample are selected in this research through the refinement of the
estimation of three points along with the use of a third order polynomial normal transformation.
The next step involves using Monte Carlo simulations to obtain the index value for each sample
and expanding the series to find out the probability distributions of each index.

3.2.1 Sequential Monte Carlo method for considering dynamic islanding in distribution
networks

This paper selects four load point reliability indicators: failure rate A4 (times/year), average
power outage duration per failure r (hours/failure), annual average power outage time

U (h/a), and expected load point power shortage (ENS) (kW -h/a); Five system reliability
metrics that are not correlated: average outage frequency (SAIFI) (times/(user year)), system

average outage duration metric (SAIDI) (hours/(user year)), customer average outage duration
metric (CAIDI) (hours/(outage-affected users year)), average supply availability rate (ASAI)

(%), , and System Energy Shortfall Expectation (ENS) (kW -h/a).

This paper calculates the Time to Failure (TTF) and Time to Repair (TTR) for each device
based on the component failure model:

10
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{tﬂF =—In(U,/ 1) (29)

trg =—In(U, / 1)

Inthe formula, 4 and g are the failure rate and repair rate of the equipment, respectively;
U, and U, are random numbers uniformly distributed in the interval [0,1].

The dynamic islanding mode of islanding division of the distribution system by using the
sequential Monte Carlo scheme is utilized to identify the failed elements at every stage of
sampling and reliability computation of the distribution system in Figure 5.

Initialize the state of each major component in the distribution network, set
all component states to normal operation state traverse all components,
establish a fault mode analysis table, set the calculation age of the
sequential Monte Carlo method N, set the initial calculation moment T to O

v

Calculate the continuous operating time of n components, and determine
=g the faults for this simulation according to

tere, = MiN {tFTF1"“1tFTFI ""'tFTFn} . Component k

v

Calculate the continuous downtime of component k

v

Read the turbine output, PV output, and load demand during the time
period [T e o T+l +tFTTRJ .

v

Based on the distribution network islanding model, form the optimal
island that minimizes the total amount of load shedding.

v

Record and accumulate the outage time and number of outages at
each load point.

v

Update calculation time T =T +1qp +terg

Whether the computational
time t reaches the total computational age N

Calculate the reliability index of each load point and the system reliability
index by accumulating the number of outages and outage time of all load
points.

Figure 5: Distribution network considering dynamic islanding

11
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3.2.2  Steps for calculating the probabilistic reliability of distribution networks

In light of the practical demands for evaluating reliability in the distribution network system,
Figure 6 illustrates the probabilistic reliability analysis technique utilizing the three-point
estimate approach along with the Edgeworth series expansion method.

Input raw data. Set the simulation unit time as 1 h and the total simulation
years as N; initialize the state of each element; initialize the number of
calculated states i =0

v

Based on the correlation coefficient matrix p between the main elements in
the distribution network, calculate the correlation coefficient matrix pq of
the non-independent standard normal random variables. Cholosky
decomposition of pg yields the lower triangular matrix Lo

v

Sample the independent standard normal space with improved three -point
estimation to generate the independent standard normal random variable X

v

Apply the third order polynomial transform transformation. Transform the
independent standard normal random variable X into a non-independent
standard normal random variable Z ; transform Z into a non-independent

arbitrarily distributed random variable S

v

g Record the number of computed states i =i + 1

v

Adopt the sequential Monte Carlo method for distribution network
reliability calculation considering dynamic islanding to calculate the
reliability index in the first i system state in S.

Number of calculated states i < Total
number of system states 4n + 1

Form the reliability calculation results matrix under each state Y, according
to the Edgeworth level expansion, to get the probability distribution
function of each reliability indicator

Figure 6: Distribution network probability reliability calculation process

4 Example calculation and analysis

4.1 Example System

The improved IEEE-RBTS Bus6 F4 feeder is taken as a test system in the current work to study
the impact of distributed power access on voltage level and loss. After the addition of distributed

12
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power to the system, the proposed methodology and the traditional Monte Carlo simulation
method may be used to determine the probabilistic reliability of the distribution network. The
state of operation of the distribution network in the conventional Monte Carlo analysis method
will be evaluated and computed at each discrete time interval. That is how reliability indices of
all states will be determined. Histogram of the calculation result is the probabilistic reliability,
whereas the mean of the results is the expected reliability of the system.

The load data of the time series load model of the distribution system under study are based
on the IEEE-RBTS-79 system. The time series load model is a combination of the system peak
load which is used to compute the annual load profile. One sample of the annual load profile of
the load point LP6 is illustrated in Figure 7. All load points have a correlation coefficient of
0.65.

0.30

0.25 +

o

(3%}

(=}
!

load/ MW
=
O
1

0.10 1

0.05

0.00

4000 6000 8000 10000

time/h

0 2000

Figure 7: Load point Ip6 in a year's timing changes

4.2  Sensitivity Calculations and Analysis

The purpose of sensitivity analysis in the sphere of power systems is to learn the tendencies of
change and interaction between different factors that influence the voltage and losses of a
network. Also, sensitivity analysis will offer some information about the limitations on the
different variables impacting the voltage and losses. The presented sensitivity analysis will
demonstrate how variables are influencing the voltage sensitivity and the network losses.
Considering the point of view on the control of the voltage and network loss, the control theory
may be applied to divide all the variables into three categories. The categories are control
variables, state variables, and output variables. The active and reactive power of the power
sources and active and reactive load powers, as control variables, impact the voltage and losses
in the grid. Depending on the changing conditions of operation, the control variables might
slightly or drastically change, and this would lead to changes in the state and output variables.
Sensitivity analysis can be used to determine the voltage and network loss sensitivities with
varying active and reactive powers in the sources and loads.

Taking into account the DG output for active power generation of 30 MW, 50 MW, and 70
MW, the influence of connecting a DG at node 12 to the system's node voltage and node-voltage
deviation can be illustrated by Figures 8 and 9. Once the DG is connected, there is a noticeable
rise in the node voltage level. As the active power generation of the DG increases, there is a
noticeable rise in the voltage of the connected node. In other words, for a DG active power
generation of 70 MW, the node voltage level is higher than that for a DG active power
generation of 30 MW by 0.035 MW.

13
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Figure 8: The effect of distributed power power on the node voltage
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Figure 9: The effect of distributed power power on the voltage offset of nodes

Figure 10 depicts the effect of integrating DG into the power grid on active power losses on
the line. As the amount of generated power increases, the loss of active power decreases in
some lines (such as lines 1, 2, and 5), while it increases in other lines (for instance, lines 15 and
25). In sum, integrating distributed generation sources may lead to an increase or decrease in
power losses in a power system. The ultimate effect depends on various criteria such as the
connection point of the distributed generator, the proportion of the DG source compared to the
power demand, and the network configuration.

14
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Figure 10: The effect of distributed power supply on net loss

4.3 Comparison of the results obtained using the method described in this
paper with those obtained using traditional Monte Carlo methods

The calculation of load-point reliability measures and system reliability measures under the first
correlation coefficient is done utilizing the approach suggested in this paper, as well as the
standard Monte Carlo simulation approach. The time taken for each approach to execute is
noted down, followed by the comparison of the outputs obtained from the new approach and
the Monte Carlo approach.

4.3.1 Comparison of calculations for system reliability indicators

The system reliability metrics selected in this paper include SAIFI, SAIDI, CAIDI, ENS, and
SASI. Among these, SAIFI, SAIDI, and CAIDI are interconvertible, so in the subsequent
results presentation, only the mutually independent SAIFI and SAIDI are selected for display
and analysis.

Table 1 shows the reliability metric calculation results and relative deviations obtained using
the method proposed in this paper and the Monte Carlo method. The results obtained using the
method proposed in this paper exhibit smaller relative deviations compared to those from the
Monte Carlo method. The relative deviation for the ASAI metric reached 0.000%, and the
largest deviation among all metrics was only 2.199%, indicating that the method proposed in
this paper possesses high computational accuracy.

Table 1: The calculation results are compared and relative

Reliability indicator/unit Monte carlo This The deviation of the method
method method and the monte carlo method
SAIFI/(secondary /(user*Year)) 1.05452 1.03651 1.708%
SAIDI/(h /(user*Year)) 4.82541 4.73564 1.860%
ASAI/% 99.56412 99.56425 0.000%
ENS(kilowatt hour/year) 39.17412 38.31254 2.199%

The system reliability metrics selected in this paper include SAIFI, SAIDI, CAIDI, ENS,
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and SASI. Among these, SAIFI, SAIDI, and CAIDI are interconvertible, so in the subsequent
results presentation, only the mutually independent SAIFI and SAIDI are selected for display
and analysis.

Table 1 presents reliability indices obtained by using the proposed technique along with
their corresponding relative deviations when compared to the Monte Carlo technique. The
deviations from the Monte Carlo simulation technique are lower with the proposed approach.
More specifically, the relative deviation from the ASAI index is 0.000%, and the highest
relative deviation from any other index is 2.199%.
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Figure 11: The probability distribution of system reliability index is compared

4.3.2 Comparison of calculation results for load point reliability indicators

In the current research, a block including load points 2-8 is considered in order to determine the
difference between the obtained mean values of load point indicators through the use of the
proposed approach and the Monte Carlo approach. Figure 12 shows the comparison of indicator
values for each load point in this block. Here figures (a)-(d) depict the values of 4, r, U, and
ENS, respectively.

Differences between the reliability indicators of load points 2-8 found in this study with the
use of the proposed approach and the Monte Carlo approach include the following: for 4 =
1.561%, for r = 2.564%, for U = 2.112%, and for ENS = 0.854%. From these data, it becomes
clear that minor differences arise in the calculation of the reliability indicators of load points
using the proposed approach compared to the Monte Carlo approach.
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Figure 12: The index of the load point is compared

5 Conclusion

In this study, a sensitivity analysis methodology through loop analysis in relation to distribution
grids is provided. Moreover, this study offers an approach to assessing the probability of
reliability through Monte Carlo. It is used to assess the change in reliability and sensitivity at
each node after integrating distributed power sources into the distribution network.

(1) As the DG generation increases, different measures will react according to the system
structure. For instance, with higher DG generation, the increase in voltage level becomes greater
at the individual node. There exist differences in active power loss at the branch level. Branches
1, 2, and 5 witness reduced losses, whereas losses increase for branches 15 and 25. High
penetration of distributed power sources can thus lead to decreased or increased system network
losses after connecting to the distribution network. This method of calculating sensitivity offers
an assessment of sensitivity change in protection device accurately and provides the theoretical
basis and data support for protection device tuning.

(2) In contrast to the ordinary Monte Carlo method, Monte Carlo based probability-based
reliability assessment for directional protection devices in high DG penetration of distribution
network provides much smaller deviations. Relative deviation of ASAI is 0.000%, and
maximum deviation among indexes is 2.199%. The reliability assessment approach provided
in this paper achieves high accuracy when assessing the reliability of protection devices in
distribution networks.
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