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ABSTRACT

A novel operation control method for relay protection in flexible DC distribution networks with distributed
power supply is proposed to address the issue of inaccurate fault location during relay protection, leading to poor
performance. The method combines a fault-tolerant fault location method based on long-term and short-term
memory networks to accurately locate the fault section. Then, an operation control method for relay protection
based on adaptive weight and whale optimization algorithm (WOA) is used to construct an objective function
considering the shortest relay protection action time and the smallest impulse current. The adaptive weight and
WOA are employed to obtain the optimal strategy for relay protection operation control, reducing the action time
and impulse current. Experimental results demonstrate the effectiveness of the proposed method in accurately
locating faults and improving relay protection performance. The longest operation time is reduced by 4.7023 s, and
the maximum impulse current is limited to 0.3 A, effectively controlling the impact of large impulse currents and
enhancing control efficiency.
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1 Introduction

In recent years, with the development of the power industry and the requirements of environmental
protection, the sustainable utilization of energy and environmental protection have become strategic
issues of global concern. Using new energy to generate electricity has also become the focus of the
power industry research in various countries.

At present, most countries in the world primarily rely on non-renewable resources for power gener-
ation, such as coal, natural gas, and oil. However, there is a global consensus that the depletion of these
resources is becoming a pressing issue. According to investigations conducted by relevant international
authorities in the early 21st century, it was found that the recoverable quantities of oil, natural gas,
and coal are estimated to last for approximately 39.3, 61, and 227 years, respectively. Additionally, the
extensive use of these non-renewable resources has resulted in significant environmental pollution [1].

In the quest for new sources of energy, there is a growing focus on the utilization of renewable
and clean energy, such as wind energy, solar energy, hydropower, and tidal energy. These energy
sources are not only renewable but also have minimal carbon dioxide emissions. They are considered
the optimal choice for fostering a low-carbon economy and achieving sustainable development [2].
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China, being a large developing country, heavily relies on energy for its development. While China
does possess vast territory and abundant resources, it still depends on imports for many of its energy
needs. Consequently, increasing the utilization of clean resources and reducing reliance on imported
energy has become a key component of China’s energy strategy.

Hamidan et al. proposed using distributed generators (DG) and battery energy storage systems
(BESS) to enhance the reliability of distribution networks. Their objective functions, based on a
decomposition-based multi-objective evolutionary algorithm, aimed to minimize ENS, reduce load
loss and cost, and decrease voltage drop in the network [3]. Liu et al. [4] developed an intelligent
management and control system that analyzed four key relay protection systems: OCS, protection
and information system, wave recording system, and traveling wave system. This system improved
power grid coordination control and emergency response capability. Popovic et al. utilized fuzzy sets,
fuzzy mixed integer linear programming, and risk analysis to generate network automation plans. They
assessed risks using the maximum expected monetary value standard and selected the most effective
automation plan to handle load and power generation uncertainties and variability [5]. Motepe et al. [6]
conducted a comparative study on load forecasting performance using ML, DL, ANFIS, and OP-
ELM technologies. They found that incorporating temperature generally improved the performance
of ML and DL models. Wang et al. designed a greedy algorithm to optimize the positioning of feeder
switches for efficient energy usage. If a branch of the distribution network fails, the corresponding
sectionalized feeder switch will trip immediately to eliminate the fault before restoring the network,
ensuring fault-free operation [7]. However, none of these methods addressed fault location research,
leading to inadequate fault location effectiveness and reduced relay protection performance.

Distributed generation(DG), it is a small modular power supply system arranged near users in
a decentralized manner with a power generation power of tens of kW to tens of MW environment
compatible independent power supply [8]. The combination of large power grid and distributed
generation is recognized by many energy and power experts in the world as the main way to save
investment, reduce energy consumption and improve the reliability and flexibility of power system.

In addition, the continuous development and progress of fully controlled power electronic devices
have made the flexible DC distribution technology of voltage source converters more sophisticated.
This advancement has also highlighted the economic advantages, thereby promoting the development
of distributed energy. The global focus on environmental pollution and energy scarcity has further
amplified this trend. Common sources of distributed energy include wind power generation and fuel
cells. The electric energy generated by wind turbines needs to be connected to the AC power grid
through DC-AC and AC-DC converters. However, if the DC power generated by photovoltaic cells is
connected directly to the DC network, the need for an AC-DC link can be eliminated, thereby reducing
commutation losses [9]. Conversely, when the DC power needs to be connected to the AC network, it
requires a DC-AC link. With the increasing use of mobile phones and computers, the demand for
electricity has significantly changed, leading to a growing reliance on DC power. Implementing a
flexible power supply mode through a DC distribution network can greatly reduce the need for DC-
AC links and minimize commutation losses. However, the instability of distributed power can directly
impact the power quality of the flexible DC distribution network. Currently, common relay protection
devices like circuit breakers are employed to safeguard the power quality of the distribution network
against abnormalities.

Based on the aforementioned information, this paper focuses on studying the operation control
method for relay protection in a flexible DC distribution network that is compatible with distributed
power. The aim is to provide valuable technological insights for the operation control of relay
protection in such networks. Experimental results indicate that the maximum impulse current under
the control of the relay protection device in this study is 0.3 A, which is relatively small and effectively
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mitigates the impact of large impulse currents on the distribution network. Furthermore, the longest
operation time is reduced by 4.7023 s, indicating an improvement in control efficiency.

2 Operation Control Method for Relay Protection in Flexible DC Distribution Network
2.1 Fault-Tolerant Fault Location Method of Flexible DC Distribution Network Based on Long-Term
and Short-Term Memory Network

The relay protection device plays a crucial role in accurately identifying and distinguishing between
normal operation and faults within the protected section. It is essential to locate the fault section
accurately, whether it is within or outside the protection area [10]. This paper proposes a fault-tolerant
fault location method for flexible DC distribution networks based on long-term and short-term
memory networks, aiming to precisely locate faults in the distribution network.

The long-term and short-term memory network (LSTM) can process long-term sequences and
effectively extract sequence features [11]. Using its characteristics, this paper proposes a fault-tolerant
fault location method of flexible DC distribution network based on long-term and short-term memory
network. This method realizes fault-tolerant fault location by constructing LSTM network to identify
the characteristics of current and voltage sequences at both ends of each section and combining logic
gate judgment.

2.1.1 Framework of Fault Location Method for Distribution Network

The fault-tolerant fault location method for flexible DC distribution networks, which is based on
long-term and short-term memory networks, consists of two main steps: local training and testing,
and online fault location. The detailed process is illustrated in Figs. 1 and 2.

By conducting local training and testing, a robust LSTM network is developed. When a failure
occurs in the flexible DC distribution network with distributed power supply, real-time electric energy
data is collected and inputted into the pre-trained network. By incorporating logical gate processing
and analysis, the online fault location of the distribution network is achieved [12].

Fig. 1 illustrates the specific steps for network training of local training current sequence LSTM
(I-LSTM), while the network training methods for voltage sequence LSTM (U-LSTM) are similar.
The implementation steps are as follows:

(1) Divide the distribution network into multiple double-ended non-branching sections and collect
the double-ended current and voltage time series before and after the fault, defining the head
and end of each section.

(2) Expand the existing sampling data set, preprocess the data, encode the labels, and split it into
a training set and a test set.

(3) Construct LSTM networks for both the voltage sequence and current sequence.
(4) Calculate the loss value in a single step and optimize it through gradient-based methods.

Adjust the network parameters based on the learning direction provided by the optimization,
representing the learning and training process of the model.

(5) Training of the LSTM network is stopped and the final network is obtained when the set
number of steps is reached. If the set step size is not yet reached, the network parameters are
adjusted and step (4) is repeated to continue training the network.

(6) Online fault location.
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The steps of online fault location are:

(1) In case of failure, load the real-time sampling data at the head and end of each section into the
trained LSTM network, and determine the output voltage and current.

(2) Build logic gates, combine voltage determination with current determination, and divide all
sections into fault section, suspicious section and normal section.

(3) Determine the status of each section of flexible DC distribution network compatible with
distributed power supply.

2.1.2 Current Sequence and Voltage Sequence of the Section

In a distribution network with distributed power supply, it is crucial to designate a power supply
as the system power supply. The active distribution network’s lines are divided into multiple double-
ended non-branching sections. The node that is closer to the system power supply is defined as the
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section head end, while the remaining nodes serve as the section end [13]. This structural standard
provides a sequential configuration for the network.

The voltage sequence Uj and current sequence Ij of section j are defined as:

Uj =
[
uFj−ABC, u′

Fj−ABC, uZj−ABC, u′
Zj−ABC

]
(1)

Ij =
[
IFj−ABC, I ′

Fj−ABC, IZj−ABC, I ′
Zj−ABC

]
(2)

where, subscripts Fj and Zj represent the head end node and end node of section j; The subscript ABC
indicates that the sequence contains ABC three-phase data; u and u′ represent the pre fault voltage
sequence and post fault voltage sequence, respectively.

In this paper, the required sequence input is formed by selecting three-phase current and voltage
sampling sequences (referred to as electric energy data) measured by one cycle line before and after
the fault [14].

2.1.3 Data Preprocessing

In order to better extract the characteristics of electric energy data, it is necessary to preprocess
the data. The data in the voltage sequence and current sequence collected by the section are root mean
square (RMS) per unit value, and the sequence and label are processed as follows:

(1) Data normalization

The data of voltage series and current series are normalized. Normalization can accurately reflect
the relationship between data of different dimensions, prevent small data from being flooded by big
data, and effectively improve the accuracy and convergence speed of the model [15]. The min-max
method is used for data normalization, and the specific method is shown in Eq. (1).

y∗
m = [ym − min (m)] / [max (m) − min (m)] (3)

where, y = [
y1, y2, . . . , yj

]
, j is the dimension of the training set of electric energy data; yj is the electric

energy data set; max (m) represents the maximum data in yj, and min (m) represents the minimum data
in yj.

2.1.4 Label’s One-Hot Processing

One-Hot coding is also known as one-bit effective coding. The encoding method is to use M-bit
status registers to encode M states. Each state has independent register bits, and only one of them is
valid at any time.

Using One-Hot coding can solve the problem that the classifier is difficult to deal with attribute
data, and it also plays a role in expanding features to a certain extent. The coding rules are shown in
Table 1.

Table 1: Coding rules

Section status Natural coding One hot encoding

Normal [0,0] [0,1]
Fault [0,1] [1,0]
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2.1.5 Fault Location Model Combined with Logic Gates

In this paper, we construct an LSTM network through supervised training of voltage sequences
and current sequences separately. The fault location model consists of two LSTM networks and a logic
gate [16]. Specifically, the LSTM network is composed of LSTM blocks, which train the weights and
bias terms over multiple time steps.

After the fault occurs, the Uj and Ij collected by section j are loaded into two networks, and an
output layer is added at the end. Two neuron values are output respectively through the set time step
calculation. The maximum output value of the two neurons is set to 1, and the other output value is
set to 0, that is, [1,0] is used to represent the fault section, and [0,1] represents the normal section. At
the outputs of the two LSTM networks, it can set logic gates, take the setting value of the first neuron
of the respective network output layer as the input, and finally obtain the section state determination
Pm. The specific process is shown in Fig. 3.

... ...

Logic gate

Section
status

qI T

U-LSTM
I-LSTM

LSTM-
block

LSTM-
block

Figure 3: Fault location model combined with logic gate

The basic corresponding rules of logic gates are shown in Table 2.

Table 2: Logic gate rule

Logic gate input Section status

[0,0] Normal
[1,0] Suspicious
[0,1] Fault
[1,1] Fault

The section status in the distribution network is classified into three types: normal section,
suspicious section, and fault section. This classification aims to enhance the method’s fault tolerance
rate and provide directional suggestions.
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To prevent misjudgment of the voltage sequence by the neural network, even when the input is
[0,1], it still indicates a section fault. This means that the judgment of the U-LSTM network serves as
a supporting role.

Based on logical gate rules, if the input current sequence is partially missing or abnormal, and
the I-LSTM is determined to be invalid while the U-LSTM is determined to be successful, the section
can be classified as suspicious.Overall, these measures contribute to improving fault tolerance and
providing more accurate indications for the sections in the distribution network.

2.2 The Operation Control Method for Relay Protection of Distribution Network Based on Adaptive
Weight and Whale Optimization Algorithm

Combined with the fault section located in Section 2.1, it can start the relay protection device in
this section, and use the operation control method for relay protection of distribution network based
on adaptive weight and whale optimization algorithm to realize fault control.

The action characteristic equation of the conventional inverse time overcurrent protection of the
relay is:

With the continuous advancement of relay protection technology, there has been a growing
trend towards utilizing adaptive relay protection devices in the control of distribution networks.
Intelligent protection technology based on expert systems and neural networks has been proposed
and successfully implemented in certain regional power grids. However, the research focus of expert
systems or neural networks mainly centers around fault analysis and calculations, with relatively
limited emphasis on optimizing relay setting values. In comparison to traditional calculation methods,
there have been no substantial changes, and manual intervention is still required [17]. For the
inverse time limit overcurrent relay, its setting optimization is mainly carried out for the two parameters
of time setting coefficient T and impulse current Ia, and its setting difficulty is greater than that of fixed
time limit overcurrent protection [18].

to = 0.14T
/ [(

Ib

Ia

)0.02

− 1

]
(4)

where, to and Ib are the protection action time of the relay and the current flowing through the relay
in turn.

The evaluation of a set of protection schemes should be based on the coordinated actions of relays
throughout the distribution network. Typically, it is required that when a fault occurs, the relay within
the power grid can promptly and accurately detect the fault location and isolate it within the smallest
possible range in the shortest amount of time [19]. Therefore, optimizing the setting of relay protection
can be viewed as achieving mutual coordination among relays in the distribution network. In order
to achieve coordination, the objective is to minimize the weighted sum of the relay action times. For
instance, if only an inverse time overcurrent relay is installed in a power grid, the objective function of
relay protection operation control can be expressed as minimizing the shortest relay protection action
time:

O = min
M∑

m=1

Ib∑
j=1

H∑
h=1

PmTjh (5)

where, Pm is the section where line m fails. Here, it is assumed that the probability of failure of each
line is equal, so that the result of setting optimization is not affected by Pm; Tjh represents the action
time when relay j fails at position h.
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The objective function of all relays in the whole distribution network that have cooperation
relationship with each other is:

O = min
M∑

m=1

Ib∑
j=1

H∑
h=1

0.14T
/ [(

Ij

Iq

)0.02

− 1

]
(6)

where, although the fault current Ij is related to the action time to, it cannot be directly controlled.
The only quantities that can be manually controlled are the time setting coefficient T and impulse
current Iq. Therefore, this paper uses the adaptive weight and whale optimization algorithm to optimize
the operation control strategy of relay protection that can realize the minimum value of time setting
coefficient T and impulse current Iq.

The cooperation between relays and other hardware factors can be described by constraints.

Tj min ≤ Tj ≤ Tj max (7)

Iqj min ≤ Iaj ≤ Iqj max (8)

Eq. (7) indicates that the time setting coefficient can only be taken within the allowable range of
the relay element itself; Eq. (8) indicates that the impulse current of the relay should also be taken
within an allowable range.

In addition, the distribution network itself also has certain requirements for relay protection
system. Therefore, the constraints that Eq. (6) also needs to meet are:

Tjh − Tih ≥ �T (9)

h1 · IL. max ≤ Iqj ≤ h2 · IL. min (10)

wherein, Eq. (9) ensures the mutual cooperation between relays through a time differential �T ;
Eq. (10) guarantees the reliability and sensitivity of each relay action by multiplying the maximum
load current and the minimum short-circuit current by the coefficients h1 and h2, respectively.

2.3 Optimization of Relay Protection Setting Scheme of Distribution Network Based on Adaptive Weight
and Whale Optimization Algorithm

Relay protection setting is a nonlinear programming problem, which is difficult to solve, and can
be solved by intelligent optimization algorithm [20].

Whale optimization algorithm (WOA) is a new heuristic optimization algorithm proposed by
Mirjalili of Griffith University in Australia in 2016 to imitate the hunting behavior of humpback
whales. WOA is mainly composed of three parts: encircling prey, bubble-net attacking and searching
for prey. In this paper, the whale is regarded as the feasible solution of the operation control strategy
for relay protection. The best position for the whale to find food is to realize the operation control
strategy of relay protection with the minimum time setting coefficient T and impulse current Iq.
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(1) Surround prey

Humpback whales representing the feasible solution of operation control strategy for relay
protection should surround their prey during hunting. This behavior can be described by the following
model:{

E = |D · Y ′ (β) b − Y (β) b|
Y (β + 1) = Y (β) b − B · E

(11)

where, Y (β) is the current whale individual’s position vector; Y ′ (β) is the optimal solution position of
the current operation control strategy of relay protection; E is the distance between the current whale
individual and the optimal position; β is the current iteration number; The coefficient vectors B and
D are determined by the following formula:{

B = 2b · s − b

D = 2s
(12)

where, b is a constant, which decreases linearly from 2 to 0 in the iterative process; s is a random vector
between 0 and 1.

(2) Bubble attack

According to the hunting behavior of humpback whales, they swim to their prey in a spiral motion
during hunting. The mathematical model is as follows:{

Y (β + 1) = Y ′ (β) + E · ecz · cos (2πz) b

E = b |Y ′ (β) − Y (β)| (13)

where, Eq represents the distance between prey and whale; e is the error function; c is the shape
parameter of logarithmic helix; z is a random number between 0 and 1.

The whale representing the feasible solution of the operation control strategy for relay protection
swims to the prey in a spiral shape and also contracts the enclosure. Therefore, in this synchronous
behavior model, it is assumed that there is a probability selection contraction enclosure mechanism
of Qj and a probability selection spiral model of 1 − Qj to update the whale’s position Y (β + 1). Its
mathematical description is as follows:

Y (β + 1) =
{

Y ′ (β) − B · E q < Qj

bY ′ (β) + E · ecz · cos (2πz) q ≥ Qj

(14)

(3) Search for prey

In addition to bubble attack strategy, random predation is also an important means for humpback
whales, which represent the feasible solution of operation control strategy for relay protection. If |B| >

1, the distance data E will be updated randomly, indicating that humpback whales conduct random
search according to each other’s positions. At this time, the hunting model is:{

E = |D · Yrand (β) − Y (β)|
Y (β + 1) = Yrand (β) − B · E

(15)
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where, Yrand (β) is the random position vector of individuals selected from the current population,
which represents the set of feasible solutions of operation control strategy for relay protection, and
individuals are single feasible solutions.

Compared to other intelligent algorithms, the Whale Optimization Algorithm (WOA) offers
several advantages, including simple calculations, fast convergence speed, and ease of execution.
However, it also has its drawbacks, such as premature convergence and a tendency to fall into local
optimization. Notably, the weight parameter significantly influences the algorithm’s performance: a
larger weight leads to faster convergence and a broader search range, while a smaller weight reduces
the risk of missing the global optimal solution but slows down the convergence speed. Therefore, it
becomes crucial to adaptively improve the weight parameter.

Nonlinear weights �1 and �2 are introduced into WOA, and the calculation method is:⎧⎪⎪⎨
⎪⎪⎩

�1 = −α cos
(

π · β

βmax

− δ

)

�2 = α cos
(

π · β

βmax

+ δ

) (16)

where, α is the value range of �1 and �2; δ is the value step of �1 and �2. �1 increases nonlinearly with
the increase of iteration times, so that the whale population can fully move to the optimal position; �2

decreases nonlinearly with the increase of the number of iterations, and there is a small step length at
the end of the iteration to accelerate the convergence speed.

The nonlinear weights �1 and �2 are introduced into Eqs. (14) to (15) to improve the process of
surrounding prey, bubble attack and searching prey, and the following results are obtained:

Y (β + 1) =
{

Y ′ (β) − �2 · B · E q < Qj

�1 [Y ′ (β) + E · ecz · cos (2πz)] q ≥ Qj

(17)

Y (β + 1) = Yrand (β) − �2 · B · E (18)

where, q is the probability coefficient. The WOA process based on adaptive weight improvement is
shown in Fig. 4.

3 Experimental Analysis

To validate the effectiveness of the proposed method, the IEEE33 node system is used as
a prototype. A MATLAB-based active distribution network model is constructed for simulation
purposes, and a training and test dataset is generated. The topology of the network is depicted in Fig. 5,
where each black node represents a distribution node. Two distributed power supplies are installed at
nodes 21 and 32, while three relay protection devices (circuit breaker 1, circuit breaker 2, and circuit
breaker 3) are set at nodes 18, 13, and 22, respectively. To supplement the actual data, the historical
fault dataset of the distribution network is incorporated through MATLAB modeling and simulation.
In the simulation, it is assumed that both the load and distributed generation (DG) outputs are subject
to constant changes. The load and DG output data are randomly generated with variances of 4% to
mimic realistic fluctuations.

The method in this paper is used to locate the fault section of flexible DC distribution network
compatible with distributed generation under different conditions. The results are shown in Table 3.
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Table 3: Fault location results of flexible DC distribution network compatible with distributed
generation under different conditions

Actual fault section Information missing
node

Suspicious section This method locates
the section

A1: 28–29 28 (Electric current) – Fault
A2: 14–15 – – Fault
A3: 28–29 28 (Electric current) 28–29 Suspicious
A4: 14–15 14 (Voltage) – Fault
A5: 28–29, 14–15 – – Fault
A6: 28–29, 14–15 14 (Electric current) 14–15 Suspicious
A7: 28–29, 14–15 28 (Voltage) – Fault
A8: 28–29, 14–15 14 (Electric current) 14–15 Suspicious
A9: 28–29, 14–15 28 (Voltage) – Fault

It can be seen from Table 3 that whether the voltage information of the fault section is distorted or
not, if the section current data is accurate, it can be accurately located. If the current data is distorted,
it will be identified as a suspicious section.

From the above results, it can be concluded that the method in this paper is not harsh on the
distortion of topology global data and the number of fault branches, and can accurately locate multiple
faults under the condition of ensuring the normal double-ended current data in the fault section. If the
current data of double-ended data is distorted, it can be identified as a suspicious section, providing
directional results and having certain fault tolerance. When the double-ended voltage data is missing,
the location result will not be affected, and the fault section can still be accurately identified.

In order to better analyze the effect of adaptive weight and whale optimization algorithm on the
setting and optimization of relay protection device settings, this paper lists the short-circuit currents
under various conditions when DG is connected as shown in Table 4.

Table 4: Action time of each protection when DG is not connected

Actual fault section Protection action time/s

Circuit breaker 1 Circuit breaker 2 Circuit breaker 3

A2: 14–15 1.8358 −0.1825 −1.0748
A4: 14–15 3.4998 1.2753 −1.3774
A5: 28–29, 14–15 5.9337 1.6267 −0.6226
A7: 28–29, 14–15 −1.0212 1.9621 0.6228
A9: 28–29, 14–15 −2.3232 1.9826 0.6723

When DG is connected. In case of short circuit at different positions, the operation protection
action time of each circuit breaker under the fixed value when DG is not connected is shown in Table 5.
A negative value here indicates that the operation protection of the circuit breaker is not started.



EE, 2023, vol.120, no.11 2559

Table 5: Action time of each protection when DG is connected

Actual fault section Protection action time/s

Circuit breaker 1 Circuit breaker 2 Circuit breaker 3

A2: 14–15 1.9232 −1.2312 −2.3134
A4: 14–15 4.5432 2.3211 −2.3542
A5: 28–29, 14–15 6.2342 2.3221 −1.2324
A7: 28–29, 14–15 −2.3421 2.1021 1.2434
A9: 28–29, 14–15 −3.2421 2.0982 1.2234

It can be seen from Table 5 that after DG connection, the protection action time of circuit breaker
operation in case of failure of distribution network is relatively long, which has lost its practical
significance.

The adaptive weight and whale optimization algorithm is used to optimize the operation protec-
tion setting during DG access, as shown in Table 6.

Table 6: Protection settings optimized by this method when DG is connected

Circuit breaker Iq/ms T /A

1 855 0.30
2 931 0.08
3 783 0.09

The action time of the operation protection of each circuit breaker is recalculated according to
the optimized setting value, as shown in Table 7.

Table 7: Optimized protection action time when DG is connected

Actual fault section Protection action time/s

Circuit breaker 1 Circuit breaker 2 Circuit breaker 3

A2: 14–15 1.0232 −0.0024 −0.3422
A4: 14–15 1.2321 0.5324 −0.5642
A5: 28–29, 14–15 1.2314 0.6742 −0.1234
A7: 28–29, 14–15 −0.5321 1.0232 −0.1222
A9: 28–29, 14-15 −0.5232 1.0233 0.1023

It can be seen from Table 7 that the operation time after optimization is reduced, The longest
operation time is reduced by 4.7023 s, indicating that the response efficiency of the circuit breaker is
improved at this time.

To assess the practicality of the proposed method, a comparative analysis is conducted to evaluate
its effectiveness, along with two other methods from references [3] and [4], as well as a method without
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relay protection operation control. The analysis considers different fault conditions and examines the
changes in impulse current during relay protection operation control after implementing the proposed
method. The comparison results are depicted in the figure below.

It can be seen from Fig. 6 that in the case of distribution network ground fault, the maximum
impulse current under the control of relay protection device is 4 A before the three methods are used for
relay protection operation control. The maximum impulse current under the control of relay protection
device is 2.2 A after adopting the method in reference [3]. The maximum impulse current under the
control of relay protection device is 2.5 A after the method in reference [4] is adopted. After using the
proposed method, the maximum impulse current under the control of relay protection device is 0.3 A,
which shows that the method can effectively control the distribution network from the impact of large
impulse current.
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Figure 6: Duration change of grounding fault in distribution network

4 Discussion

In the future, the development trend of relay protection is mainly reflected in the high integration
and standardization of hardware and the multi-function of software. Its purpose is to make the relay
protection system realize effective safe and reliable operation control of distribution network on the
basis of increasingly perfect software and hardware.

(1) Computerization

With advancements in computer hardware, relay protection hardware has experienced significant
growth and received strong technical support. As a result, the requirements for relay protection in
power systems have been continuously elevated. Beyond basic protection functions, relay protection is
expected to possess long-term storage capabilities for extensive fault information and data, swift data
processing abilities, robust communication capabilities, networking capabilities with other protection
and control devices, and integration with dispatching systems to facilitate data and resource sharing
across the entire system. Moreover, high-level language programming is desired. These demands
essentially require relay protection devices to function similarly to PCs. The computerization of relay
protection devices is an irreversible trend. Nonetheless, further research is necessary to better meet
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power system requirements, enhance the reliability of relay protection, and achieve greater economic
and social benefits.

(2) Intellectualization

In recent years, artificial intelligence technologies such as neural networks, genetic algorithms,
evolutionary programming, fuzzy logic have been applied in various fields of power system, and
the research in the field of relay protection has also begun. Neural network is a nonlinear mapping
method. Many complex nonlinear problems that are difficult to list equations or solve can be solved
easily by using neural network method. For example, when the system potential on both sides of the
transmission line is tilted, the short circuit passing through the crossover resistance is a nonlinear
problem, and the distance protection is difficult to correctly identify the fault location. Others, such
as genetic algorithm and evolutionary programming, also have their unique ability to solve complex
problems. Combining these artificial intelligence methods properly can make the solution speed faster.
It can be predicted that artificial intelligence technology will be applied in the field of relay protection
to solve the problems that are difficult to be solved by conventional methods.

5 Conclusion

To ensure the reliable operation of relay protection devices, it is crucial that they can automatically,
swiftly, and selectively isolate failed components from the power system. This ensures that faultless
parts can quickly return to normal operation while preventing further damage to the failed compo-
nents. The future reliability of relay protection is an important aspect of its sustainable development.
Therefore, conducting comprehensive research on relay protection operation and control methods
holds significant practical significance. In this paper, a relay protection operation control method for
flexible DC distribution networks with distributed power supply is proposed. The method utilizes the
adaptive weight and whale optimization algorithm to construct an objective function for distribution
network protection operation control. A case study using a basic example system is conducted to verify
the effectiveness of the proposed method. The results demonstrate practical reductions in the longest
operation time by 4.7023 s and a maximum impulse current of 0.3 A under the control of the relay
protection device. However, during the operation control of distribution network relay protection,
the complexity of the algorithm led to longer-than-expected operation times, thereby reducing control
efficiency. In future studies, efforts will be made to improve the algorithm, aiming to shorten operation
times and enhance the control efficiency of relay protection devices.
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